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Preparation of uranium metal and dense U0 sﬁapes

by the carbon reduction of U3Oé*
James Keith McClusky

Under the supervision of H. A. Wilhelm
From the Department of Nuclear Engineering
Iowa State University

PART I. THE PREPARATION OF URANIUM METAL BY
THE CARBON REDUCTION OF U;0g
The carbon reduction cf U30g has been successfully
employed to yield high purity uranium metal in massive form
by a two-step laboratory-scale process.
The first step or operation consists of preparing an

electrically conducting uranium intermediate product (oxycar-

between 1550° and 1950°C. The refining step consists of heat-
ing this product by self-induction under vacuum to yield
liquid metal in a uranium oxide crucible assembly at tempera-

tures ﬁp to about 2200°C.

*USAEC Report IS-T-460. This work was performed under
contract W-7405-eng-82 with the Atomic Energy Commission.



Uranium containing a total carbon, oxygen and nitrogen
concentration of less than 400 ppm can be prepared by this
process. The yield of metal in the ingot on a 200-g-of-metal

scale is greater than 80%.

PART II. THE PREPARATION OF DENSE UOo SHAPES

BY THE CARBON REDUCTION OF U30g

A laboratory-scale process for the preparation of dense
UO02 shapes and crucibles by the carbon reduction of U30g has
been developed. The starting oxide, production grade U03, is
first wet ball-milled. Next, excess ammonium hydroxide is
added to the slurry to precipitate the soluble uranium com-
pounds. The resulting uranium trioxide-ammonium diuranate
slurry is then filtered, washed, dried, powderized and cal-
cined to U30g at 700°C. Compacts prepared from charges of
this U30g with 0.7 mole of carbon (graphite powder) by cold
pressing at 30,000 1b/in2 sintered to greater than 95 percent
of theoretical after two hours in COj at 1400°C.

Results of this study were then applied to preparing
dense U0y Erucibles by jolt packing. This was accomplished
by a two-step process. In the first step, the mixed charge
o% U308 anh carbon is jolt-packed in the form of a crucible

within a graphite mold and then heated to 900°C under



nitrogen. Enough densification is produced sc that the
crucible can be removed and sintered under a COy atmosphere

at 1400°C in a graphite-free environment.
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PART I. THE PREPARATION OF URANIUM METAL

BY THE CARBON REDUCTION OF U30g



INTRODUCTION

Prior to World War II, commercial uses of uranium in all
chemical forms were less than 100 tons per year. The widest
applications were as coloring agents in glassware and glazes
used in making porcelain and chinaware. Early in 1940,
uranium began to take on new stature when plans were being
developed in the United States for pursuing the release of
atomic energy by the fission process that had been discovered
in 1939. In planning the first self-sustaining nuclear chain
reaction experiment in early 1942, Fermi and his coworkers
needed tons of high purity uranium, preferably in metallic
form; but only gfam quantities as metal were available from
two industrial laboratories. This need brought about a highly
expanded effort to develop processes for 1la
tion of the metal. By the time the self-sustaining chain
reaction was demonstrated on December 2, 1942, a satisfactory
large-scale process for the metal was in operation.

The methods of interest for the preparation of uranium
metal during the major development period (1941 and 1942)
involved using either a halide or an oxide of the metal.
Efforts were focused on the reduction of a uranium halide by

electrolysis or by a reactive metal and the reduction of an



oxide by a reactive metal or by carbon. The two laboratory-
scale processes that were in operation earlier were expanded
during 1942 in hopes of meeting the growing demand for uranium
metal (1). These processes were the fused salt electrolytic
reduction of KUFg developed at Westinghouse and the calcium
reduction of an oxide developed at Metal Hydrides, Inc. The
metal prepared at Westinghouse was of good quality, but the
metal made by the calcium reduction had high oxygen content.
However, the probability of early tomnage production from
either of these processes appeared quite dim.

Other approaches to the preparation of uranium metal
were studied including the carbon reduction of oxide which was
explored briefly at Iowa State. The quality of the metal
obtained by the carbon reduction indicated that considerable
development work would be required if satisfactory metal
could be obtained. Thus, attention was directed elsewhere and
when uranium tetrafiuoride became available in early August
1942, investigators at Iowa State demonstrated that high qual-
ity uranium metal could be produced by the calcium reduction
of UF4 in a bomb type process. Later developments employed
magnesium instead of calcium and since then that process has

been used for large-scale production of uranium metal.



The exploratory work, in 1942, on the carbon reduction
of uranium oxide, however, indicated some of the factors that
would have to be investigated in order to develop a carbon
reduction process for the metal. Since then, further work

has occasionally been done on this reduction, but the metal

product has been obtained either in low purity or in low

yields. The work reported here was undertaken in an effort
to develop a method for obtaining high yields of good quality

metal directly from the oxide by carbon reduction.

It was obvious, from earlier work, that rather high tem-
peratures would be required to essentially complete the carbon
reduction of the oxide to yield good quality metal. Contain-
ment of the product metal at the high temperatures presented

one major problem. Since uranium dioxide appeared to be a

favorable material for use in the fabrication of containment

crucibles, a study on the preparation of a more dense and

stronger urania crucible was begun. Exploratory tests indi-
cated a number of factors that influenced the final quality
of the fabricated crucible. Also derived in this study were
methods for preparing high density uranium oxide compacts like
those employed in nuclear reactor fuel elements. The results
of this study on the preparation of dense U0y crucibles and

shapes are considered in the second part of this report.



LITERATURE REVIEW

The carbon reduction of oxide as a means for preparing
uranium metal is not a new approach. Klaproth (2), in 1789,
using the highest temperature furnace available'at the time,
thought he had prepared the metal by carbon reduction of a
yellow oxide extracted from pitchblende. In 1841, Peligot (3)
démonstrated that Klaproth's method did not give metal but
gave only a lower oxide of uranium. More than 100 years after
the discovery of uranium, however, Moissan (4) demonstrated
that uranium metal could be prepared by carbon reduction.
Moissan's success was attributed to his carbon-arc furnace
which was capable of heating a charge of oxide and carbomn to
the high temperature required to produce metal under atmos-
pheric pressure. The presence of excess carbon in the envi-
ronment, however, contaminated the metal that was formed and
caused it to be quite brittle. Other workers that followed
Moissan's technique also obtained metal that was highly con-~
taminated with carbon (approximately 2 wt %).

Following the organization of the Plutonium Project in
America in late 1941 (1), various possible means for the
preparation of uranium metal were explored at Iowa State

College. Included was a carbon reduction method similar to



that employed by Moissan. The charge was heated by induction
employing a graphite crucible, but the resulting metal was
still highly contaminated with carbon. Since it appeared to
these investigators that considerable time and effort could be
required to adequately develop this process and since the need
for large amounts of good quality metal at an early date was
urgent, efforts were directed then toward developing other
methods for uranium metal preparation.

The carbon reduction of oxide for preparing uranium metal
was not given further serious consideration in the United
States during the next decade. In 1953, workers at Sylvania
(5) undertook a program to develop a method for preparing
uranium metal by such a process. Early exploratory investiga-
tions were promising enough to warrant an expansion of the
program. FPilot plant operations were set up on a 100-1b batch
bases at Sylvania-Corning and by 1957, the process there had
been tested and evaluated.

The process derived was basically an extension of the
approach reported by Moissan about 60 years earlier. An ingot
of massive uranium metal, contaminated with carbide, was first
formed by reducing a charge of U0y and carbon under vacuum at

temperatures up to 2200°C. This product was then crushed and



the carbide phase hydrolyzed. The remaining metal (in the
form of spongy granules) was separated from the oxide product
of the hydrolysis and further processed to give compact metal
in yields of 307%.

Another study on the carbon reduction process was re-
ported by Wilhelm (6) in 1960. In this research, considerable
effort was directed toward evaluating potential materials for
preparing crucibles suitable for use in the carbon reduction
process. Of the materials tested, good metal was prepared in
crucibles shaped by jolt-packing UOp, but considerable vapori-
zation of this crucible material occurred under heating in the
graphite susceptor during metal preparation. Other crucibles
prepared from thoria and yttria were quite refractory, but
tended to react with the carbon heater and, to a slight extent,
with the liquid metal.

Another investigation of the carbon reduction of uranium
oxide; wherein U0y was employed as the crucible material was
reported by Smiley (7), in 1963. 1In this brief investigation,
four reductions, calculated to yield about 7 grams of metal
each, were carried out by reducing a charge of U0y and carbon
in a urania crucible heated by a tantalum susceptor. In these

experiments, long periods of heating in vacuum at temperatures



below 2000°C were employed. Even though the quality of metal,
as reported, appeared to be comparable to that ocbtained by the
present large-scale uranium process, metal yields were less
than 60%.

In 1966, Wilhelm, Strain and Neubauer (8) reported some
further developments in the carbon reduction of uranium di-
oxide. Their approach was to employ a graphite crucible as
the induction heating susceptor, a suitable ceramic crucible
to contain the product metal at the high temperature required
to essentially complete the reaction and a shield between the
graphite heater and ceramic crucible to inhibit their reaction.
Crucibles of yttria were employed to contain the molten uran-
ium at temperatures up to 2100°C in a tantalum-lined graphite
heater assembly. Yields of at least 907 were obtained, but
the final metal usually contained 0.25 wt 7 carbon. Most of
this carbon precipitated in the form of uranium carbide den-
drites as the liquid metal cooled. Granulation or fragmenta-
tion of these dendrites in the liquid metal permitted segrega-
tion of the less dense carbide near the top of the melt and,
after solidification, a cropping of the ingot permitted

recovery of a major part of the primary metal with relatively

low carbon content.



Results of the efforts reported above partially defined
conditions that would have to be met in corder to prepare good-
quality uranium metal in high yields by this reduction of
oxide. It was obvious that other materials would have to be
employed or new concepts for the processing would have to be
put into operation in order to more nearly approach the full
potential of producing uranium metal by carbon reduction of
oxide. Utilization of the electrical conductivity of an inter-
mediate reduction product for self heating of the charge by
induction to essentially complete the reaction, constitutes a
major and novel part of the process for carbon reduction of

uranium oxide reported here.
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APPARATUS .

Two types of induction heating power units, or converters
were used in this investigation. One was a 6 KW Ajax mercury
arc-gap type unit, while the other was a 25 KW Westinghouse
radio-frequency (450 kilocycles) generator. The preparation
of an oxycarbidenintermediate product and the sintering of
most of the crucibles were carried out using the 6 KW umit,
while the self-induction heating step to yield metal was
carried out using the RF generator.

A photograph of the 6 KW Ajax converter and its asso-
ciated equipment is shown in Figure 1. Power from this con-
verter was supplied to a hoist-type, water-cooled induction
coil. Two coil sizes were available, one four inches inside
diameter and the other seven inches inside diameter, however,
a description of only the unit employing the smaller coil size
will be discussed. The smaller coil was ten inches in height
and consisted of 40 turns. The vacuum furnace chamber used in
this setup was composed of a water-cooled base which supported
a silica sléeve three and three-eighths inches inside diameter
with a one-fourth inch!wall thicknesé and about 32 inches in

length. The vacuum seals used at the ends of the silica

sleeve were neoprene gaskets. A water-cooled head equipped



Figure 1. .. Photograph of 6 KW Ajax vacuum induction furnace
A. O6KW Ajax converter

B. Silica sleeve

C. Induction coil (hoist-type)

D. O0il diffusion pump

E. Roots-type booster pump

F. Wet tegt meter

G. Thermocouple gauge

H. Ionization gauge

I. Thermocouple and ionization gauge control
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with an observation port served as a 1lid for the chamber.

The port was used to make visual observations during the
course of a reduction and to make temperature measurements
with an optical pyrometer. Figure 2 is a diagrammatic repre-
sentation of this chamber.

The vacuum system employed consisted of a three-stage
six-inch diameter oil diffusion pump with a Roots-type booster
pump backed by a Welch Duo-Seal mechanical fore pump. This
vacuum pumping system could readily decrease the furnace
chamber to less than 5x10™° wm Hg. Two thermocouple gauges
and an ionization gauge were used to indicate the pressure
that developed and a wet test meter connected to the exhaust
of the fore pump gave a measure of the quantity of gas evolved
during the course of a reduction.

A typical furnace assembly which was supported inside
the silica sleeve vacuum chamber and heated by the Ajax power
unit is shown diagrammatically in Figure 3. It is composed
of a graphite crucible with carbon powder insulation packed
in a silica beaker. The graphite crucible which sexrved as a
susceptor was one and seven-eighths inches inside diameter
and six inches in height with a three-sixteenths inch wall.

This crucible was fitted with a threaded cap that had a
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chimney which served as an observation port and an exit for
product gases during a reduction. Whenever a substance was
heated that could conceivably react with the graphite heater,
a liner of 30 mil sheet tantalum or molybdenum was employed.
The fused silica beaker was three inches inside diameter and
nine inches in height with a one-gighth inch wall. The carbon
black insulation was a mixture of éiawinigan Black and Thermax
carbon black mixed in a one to one volume ratio. Imn later
experiments, the silica beaker-carbon black insulation combin-
ation was replaced by wrapping the susceptor with graphite
felt and holding it in position with graphite thread.

When the uranium oxycarbide was heated to the liquid
state, the Westinghouse RF generator was employed to increase
the efficiency or coupling between the induction coil and the
conducting charge. This generator supplied power to a sta-
tionary water-cooled induction coil four inches inside diam-
eter and six inches in height consisting of ten turns. The
vacuum furnace chamber used with this unit is essentially the
same as described for the 6 KW Ajax unit. The vacuum pumping
system consisted of a three-stage four inch diameter oil

diffusion pump with a Welch Duo Seal mechanical pump as the

fore pump. This pumping system could evacuate the furnace
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chamber to pressures of less than 5%x10™6 mm Hg. System pres-
sure was determined using either a thermocouple gauge or an
ionization gauge while a wet test meter was used to monitor
gas evolution. Figure 4 is a photograph of this entire setup.
The furnace assembly used in the self-heating experiments
is shown schematically in Figure 5. The uranium intermediate
product prepared by a preliminary heating of a mixture of
uranium oxide and carbon in graphite composes the charge.
This partially reduced charge is positioned within a U0y
crucible and covered with a UO2 1lid that is fitted with a
cﬁimney. The urania crucible is about one and seven-eighths
inches outside diameter and three inches in height with a one-
eighth inch wall. These dimensions varied slightly from
crucible to crucible depending upon the heating schedule used
when they were fabricated. The contaimment silica beaker
measured two and three-eighths inches outside diameter and
four inches in height with a one-sixteenth inch wall. The U02
powdered insulation between the urania crucible and contain-

ment silica beaker has a thickness of about three-sixteenths

of an inch.



Figure 4. Photograph of 25 kilowatt Westinghouse RF
Generator

. RF Generator

Induction coil (statiomary)

Silica sleeve

0il diffusion pump

Wet test meter

Thermocouple gauge

Ionization gauge

Thermocouple and ionization gauge control
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MATERIALS

Since the greater’ portion of the overall reaction is
carried out with the reactants in the solid state, an initial

uniformly mixed charge composed of finely divided particles is

desirable.

Charge Materials
Carbon

Carbon (graphite or amorphous) is obtainable in various
particle sizes, packing densities and purities. An acetylene
black, for example, has an average particle size of about 420
2. However, its packing density is only about one-third to
one-fourth that of some other carbons. Similarly, carbons
with varying degrees of purity are available although low-ash
content carbon is desired.

Two grades of graphite powder were used in this investi-
gation. Initially 6 Grade 48 graphite powder purchased from
the Union Carbide Corporation was used. Greater than 99% of
this carbon would paés a 200 mesh screen and chemical analysis
revealed it to have an ash content of 0.02 wt 7. ZLater in the
investigation, when this grade of carbon was discontinued in
production by Union Carbide, Grade 195 graphite powder was

employed. Although it had essentially the same particle size
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as the Grade 48 graphite, it was analyzed to contain 0.2 wt %
ash. Since most of the ash impurities are volatile under the
conditions of the reaction and the equivalent weigﬁt of carbon
is very small compared to that of uranium, the contribution of
the carbon-contained impurities can be expected to be consid-

erably less than 0.01 wt % in the uranium metal.

Uranium oxides

In the production of UF, for use in metal preparation or
for further processing in gaseous diffusion plants, two oxides
are formed as intermediates along the process path after prep-
aration of a purified uranyl nitrate hexahydrate [U0,(NO3),"
6H,01] . Théy are uranium trioxide (UO3) and uranium dioxide
(U0,5) .

The orange oxide (U03) as normally prepared on a large
scale is unsatisfactory as a charge material since it comntains
variable quantities of residual 'nitrate' and moisture, the
amount being dependent on the conditions of preparation.
Furthermore, some batches of U03 also contain residual sulfur
which is added as sulfate to increase the dioxide's activity
during the hydrofluorination step (9).

Two different batches of UO; were used in this investi-

gation. They were sulfated production grade UO3 and unsul-
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fated production grade trioxide, both obtained from the
National Lead Company of Ohio. Results of analyses on these
starting materials are summarized in Table i. Impurity levels
reported in this table were obtained spectrographically except
for the sulfur and carbon values that were determined chem-
ically. The moisture content and the nitrate content in both
materials were about 1.20 wt % and 0.45 wt % respectively.

Table 1. Analyses in ppm of production grade UO3 batches used
in investigation

Element Sulfated UO3 Unsulfated U043
C 200 180
Na 5 0.9
Al 2 3
Si 30 4
S 400 11
Cr 10 6
Fe 50 20
Ni 20 1
cd ND2 0.1

2E1ement not detected.

As these results indicate, the impurity levels of the elements
listed are similar in the two oxides with the exception of the
sulfur content which is about 40 times as high in the sulfated
oxide as it is in the unsulfated oxide.

Table 2 lists sieve analyses obtained on the two tri-
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oxides. As can be seen from Table 2, the unsulfated produc-
tion-grade trioxide used in this investigation has a much
higher percentage of the minus 325 size than the production
grade sulfated trioxide.

Table 2. Sieve analyses of prodﬁction grade UO3 samples used
in investigation

Screen No. % of oxide retained
Sulfated Unsulfated

65 3.98 2.26

100 8.27 2.47
150 5.05 2.20
200 16.46 7.09
325 19.40 10.28
>325 46.84 75.70

The refractory brown oxide (U02) is a very stable uran-
ium oxide if kept in an inert or reducing atmosphere. These
perties have made it attractive as a crucible material for
use in studies of metal preparation by carbon reduction and
as high temperature thermal insulation. The composition of
this oxide is not always UO9, however. Tz cam, on standing
in an oxygen atmosphere, adsorb oxygen; the rate and extent
of oxidation are functions of the temperature, the partial
pressure of oxygen and the physical properties of the dioxide
specimen (10). Compositions of U0y 10 are common and even a

composition of U0y 95 (U409) is known to exist. The uranium
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dioxide used in this investigation was production grade U0,

obtained from the National Lead Company of Chic. Determina-

ot e !

tion of the oxygen to uranium (0/U) ratio showed the composi-

tion to be U0y 4. A sieve analysis for this material is

shown in Table 3.

Table 3. Sieve analysis of production grade UOs used in this
investigation

Sieve No. 65 100 150 200 325 >325

% of oxide retained 3.01 7.76 4.38 14.49 45.05 25.34

Since the production grade U0, shown in Table 3 was
probably derived from the sulfated trioxide, its particle size
distribution pattern could resemble somewhat that obtained on
the sulfated UO3 sample providing no significant particle size
change occurs during the conversion of UO3 to UO3. A compari-
son of the sieve analyses for the sulfated tricxide in Table 2
with the dioxide in Table 3 shows that the percentages of
oxides retained on the 65, 100, 150 and 200 mesh screens are
similar. Thus, the total percentage of oxide passing a 200
mesh screen is about the same in both cases. However, there
is a possibility indicated here that the very fine (through
325) U03 particles underwent some sintering in the conversion

to U03. The higher percentage of U0y retained on the 325 mesh
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screen could be due to its tendency to ball up and stick in
the fine screen during sieving.

The green-black oxide (U308), which is also known as the
octaoxide was employed by Moissan in his studies of the prepa-
ration of metallic uranium by carbon reduction. This oxide is
probably the most easily reproduced oxide. All of the oxides
of uranium and even the metal can be converted to U308 by
heating them in air at 800°C. The U30g used in this investi-
gation was obtained by heating either UO3 or U0y in the above
manner. This treatment also served as a purification step
since the residual uranium compounds (nitrate, etc.) present

in the trioxides were also converted to U308.

Crucible Materials

Uranium oxides

The uranium oxides used for crucible fabrication origin-

ated from the production grade oxides that were previously

described;

Stabilized zirconia (Zr02)

Zirconium dioxide stabilized with lime and designated
Zircoa-B was obtained from the Zirconium Corporation of Amer-
ica. Analysis supplied by the vendor of this material re-

vealed it to comntain 93.5 wt 7% ZrOg and 4.8 wt % Ca0 with the
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remainder being HfOy. Greater than 99% would pass a 325 mesh

screen.

Thoria (ThO3)

The ThO) was prepared by calcining thorium oxalate pre-
cipitated from thorium nitrate with oxalic acid. The purity
of this material prepared at the Ames Laboratory was greater
than 99.9% ThOy (11). |
Graphite

Grades AGSR and AGSX graphite obtained from the National
Carbon Company were used. The purity of the material depended
on the initial diameter of the rod stock and varied from 0.12

wt % to 0.96 wt % ash.

Insulating Materials

Shawinigan Black

The Shawinigan Black used was prepared by the continuous
thermal decomposition of acetylene at temperatures above
1500°C. It was supplied by Shawinigan Chemicals Limited and
reportedly had an ash content of less than 0.04 wt 7%.

Thermal insulating carbon

Thermal Thermatomic carbon was obtained from the R. T.
Vanderbilt Company. Chemical analysis showed it to have an

ash content of 0.09 wt %.
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Graphite felt

Graphite felt of about one-fourth inch in thickness was
obtained from the Union Carbide Corporation. Analysis of this

material revealed it to be essentially ash free.
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GENERAL THEORETICAL CONSIDERATIONS

The reduction of a metal oxide with carbon can be repre=-
sented in general terms by the following equation:

Me0, + (x+y)C = xCO, + yCO + Me (1
where z = (2x+y).

It is to be observed that, by this reaction, both COy and
CO are generated by the presence of free carbon. Since CO2
may react with carbon to form CO by the equation:

COz(g) + C(s) = 2C0(g), (2)
consideration shculd be given to the influence of this reac-
tion on conditions for the oxide reduction. The mole frac-
tions of CO and CO7 in equilibrium with free graphite as a
function of temperature and pressure are represented by Figure
6§ which is based on free energy data {12) for the components
of this reaction.

At a total system pressure of 1 atmosphere, the equi-
librium gas phase is composed of essentially all COjp at tem-
peratures below 300°C. As the temperature is increased, the
proportion of CO in the gas phase tends to increase; at 1100°C,
the equilibrium gas phaée is nearly all CO. A decrease in
the total system pressure to 0.10 atmosphere tends to increase

markedly the fraction of CO in the gas phase at all tempera-
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tures. Although equilibrium will not be obtained, some con-
sideration must be given this system in choosing the charge
materials used in metal preparation by carbon reduction of
oxide.

Two oxides of uranium can be conveniently used, the
dioxide, U0y or the octaoxide,U3z0g. If the oxide-carbon
reaction occurs at well below 900°C, some of the gas should
be evolved as CO3. Unless the stoichiometry and conditions
are sufficiently reproducible, the final metal could contain
either an excess of carbon or oxygen due to the potential
variability of the CO to COp ratio in this low temperature
range. Considering U30g as the most likely oxide to react at
low temperatures, a general equation for the reaction can be
written as follows:

U30g + (x+y)C = 3U + xCOy + yCO 3)
where (2x+y) = 8.

If, on the other hand, UO2 is used as the starting oxide,
the initial reaction temperature could be high enough so that
essentially all the gas is evolved as CO. In this case the

overall reaction could be represented as:
U0, + 2C = U + 2C0 (%)

These two reactions, as written, appear to be quite
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simple. However, an analysis of the conditions, if the reac-
tion initiates as written, would show that the first uranium
metal would be formed in the presence of free carbon with
temperature conditions suitable for forming uranium carbide.
Therefore, when all residual carbon has been reacted to form
uranium carbide, the remainder of the oxide has to be reduced
by carbide instead of free carbon.

Free energy data can be used to estimate the minimum
temperature necessary to obtain metal under a particular

pressure by an assumed reduction represented as:
UC(s) + 1/2 U0y(s) = 3/2U(4) + CO(g) {5)

Using thermodynamic data given by Rand and Kubaschewski for
uranium compounds (13) and carbon monoxide (12), the standard
free energy change for this reaction can be expressed as:
o
&F gy = 128,990 - 70.88T + 7.7Tlogl = -RT1nK (6)

The equilibrium constant K for the reaction represented by
Equation 6 could be considered as being equal to the partial
pressure of the CO gas in atmospheres, if it is assumed that
the activities of the other product and reactants are unity.
Table 4 summarizes the calculated temperature at four differ-

ent assumed pressures. 1t should be noted that this simpli-
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fied analysis did not take into account any reaction rates
which must be considered in the development of a feasible

process.

Table 4. Calculated minimum temperature required to obtain
uranium metal by carbon reduction at various

pressures
Pressure Temperature
atmospheres mm Hg ok O¢c
1072 7.6 2385 2112
1074 7.6x1072 2025 1752
1076 7.6x107% 1760 1487
1078 7.6x1076 1555 1282

Even though calculations based on Equation 5 indicate
that metal might be obtained using a variety of conditiomns,

for all practical purposes; an elevated temperature with

"

reduced pressure would be required in order to accelerate the
reaction. Furthermore, consideration of conditions that
probably prevail for the assumed reaction would lead to com-
plications not indicated by this simplified equation.

Several studies including those by Chiotti and coworkers
(14) and Stoops and Hamme (15) have indicated that uranium
oxycarbide U0,Cy_; is an equilibriuﬁ phase in the uranium-

oxygen-carbon system. If it is assumed that the oxycarbide
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has the composition U0 5C 5, which can also be represented as
[3(U0+UC) ], higher temperatures than those calculated in
Table 4 would result since U0 should have a more negative
standard free energy of formation per oxygen than UO,.
Furthermore, as the reaction proceeds, the liquid metal that
is formed undoubtedly becomes saturated with the oxycarbide
and the unit activities assumed in making these calculations
are not valid. As the reaction nears completion, then, it is
quite likely that the temperatures required at the specified
preséures would be much higher than those listed in Table 4.

The contaimment of uranium in the liquid state at ele-
vated temperatures presents a problem. Two possibilities
that exist for holding the metal liquid, yet unreactive, are
to melt it on a water-cooled hearth, like that used in arc
melting or electron-beam melting, or to contain it in an
inert-type of crucible.

Because of the apparent high finishing temperatures re-
quired to yield good metal, one criterion that such a crucible
material should exhibit would be satisfactoury strength at tem-
peratures in excess of 2100°C. Consequently, the melting
temperature of this material will probably be well above this

temperature and preferably greater than 2500°C. Although a
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number of materials which include borides, carbides, nitrides,
oxides, sulfides and some metals meet this temperature re-
quirement, this investigation was limited to considering
certain refractory oxides.

Other considerations may also limit the choice of an
oxide as a container material for liquid uranium. For ex-
ample, some refractory oxides exhibit phase transitions that
require certain chémical additions to insure stability, while
others, though quite stable are toxic and require special
handling. Furthermore, while other materials are both stable

and nontoxic, they could introduce contaminants into the

metal.
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EXPERIMENTAL

Procedures

A process may be derived on the basis of thé results of
a number of related experiments in which certain parameters
are varied and their effects evaluated with regard to such
factors as feasibility, quality of product, yield and econom-
ics. During the research and development stages for a
process, however, certain established procedures, methods and
techniques are frequently employed. In the first part of this
study on metal preparation, charge preparation, crucible prep-
aration and control and evaluation techniques fall into this
category.

Charge preparation

Each reactant in a charge. which contained from 200 to
250 grams of uranium as oxide, was weighed to the nearest
hundredth of a gram and placed in a suitable container for
mixing in a ball mill. A number of one-half inch diameter
alundum grinding stones were placed with the charge to aid
in mixing. The length of time a sample was mixed depended
on the charge size; however, instead of mixing a charge for
a specified period of time, it was observed periodically and

mixing was stopped when it appeared homogeneous.
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Crucible preparation

The refractory oxide crucibles used in this study were
prepared by jolt packing. In the jolt-packing technique, the
refractory oxide was shaped in a graphite mold which consisted
of a graphite crucible, mandrel and collar of such sizes and
shapes as to yield a finished sintered ceramic crucible of the
desired specifications. The graphite mold pieces and other
parts made of graphite were prepared by machining from either
AGSR or AGSX Graphite stock. In the packing operation, enough
of the finely divided oxide is placed in the bottom of the
graphite mold crucible to yield a base for the mandrel to rest
on. This quantity of refractory depends on the thickness of
the base, but most of the crucibles used in this phase of the
study had about a one-eighth inch thick base. Next, the
mandrel is positioned énd the oxide added to fill the approxi-
mately one-eighth inch wide annular space between mandrel and
crucible. The collar is then placed around the mandrel at the
top of the crucible and the entire assembly placed on a pneu-
matic jolting table. As the refractory oxide compacts, more
is added. This step is repeated until the entire mold is
lined with the jolt-packed oxide. With the collar in position,

the mandrel is removed leaving a graphite crucible lined with



38

compacted oxide. The crucible with the liner is then heated
causing the liner to sinter and shrink away from the graphite
mold yielding the desired crucible. A more detailed explana-

tion of the crucible preparation phase is discussed in Part II

of this study.

Control and evaluation techniques

For each experiment, control data were collected during
the reduction and the product was subsequently analyzed.
Process evaluation and the course of further experimentation
was based on these results. The progress of the reaction was
followed by monitoring temperature, cumulative gas evolution
and gas evolution rate.

Temperature measurements were obtained using a Leeds and
Northrup Optical Pyrometer Model 8622-C. Final temperature
values were corrected for the effect of the sight glass of
the vacuum assembly (Figure 2) by using a pyrometer calibra-
tor. In making this correction, the temperature of a heated
tungsten filament was measured with thc pyrometer with and
without the sight glass interposed. From these two readings,
and a transmittancy table, the transmittance of the sight
glass ﬁas determined and the corrected temperature obtained.

Gases evolved during the reduction sequence were meas-
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ured with a wet test meter manufactured by American Meter
Controls, Inc. Although this meter had an accuracy of + 1.0%
at a gas flow rate greater than that realized on the small-
scale reductions, this degree of accuracy was probably not
realized. However, the gas evolution rates were at least
relative and correlated with the pressures which the vacuum
pumping system could maintain. System pressures above one
micron were measured with an NRC Type 501 Thermocouple Gauge
while pressures below omne micron were obtained with an NKC
Type 507 Ionization Gauge. Both of these gauges were used
in conjunction with an NRC Model 710 Thermocouple-Ionization
Gauge Control.

Analyses of the solid products formed in the coﬁrse of
a reductioﬁ experiment were based, for the most part, on the
results obtained by standard chemical and spectrographic
techniques.

Samples for metallographic examination were prepared from
metal samples by cutting with an abrasive wheel. The sections
to. be polished were mounted in bakelite and wet ground using
200, 400 and 600 grit paper. Final surface preparation was
accomplished by wet grinding with Linde A and Linde B powders.

The samples were then ultrasonically cleaned in methanol,
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dried in air and examined. Any photomicrographs taken were
usually at 100 diameters with normal nonpolarized light. To

bring out further details, some samples were etched with a 1:1

HN03-water solution.

Reduction Procedure Derived

Oxycarbide preparation

A uniformly mixed charge is packed in a graphite crucible
that is fitted with a graphite screw-type lid (see Figure 3).
This iid which has a number of small holes permits the product
gases to escape yet retains any of the charge that could
otherwise be blown from the crucible during the initial phase
of the rather vigorous exothermic reaction that takes place
under vacuum conditions. This charged crucible is then placed
in an insulated graphite heater assembly as shown in the
figure. After the heater 1lid with its chimney is positioned,
insulation is packed on top of the 1lid and around the chimney
to complete the heater assembly. If the initial reaction were
to be carried out under pressure, the retaining lid to the
charge crucible could be eliminated. The vacuum would then be
developed after most of the initial reaction haq taken place.

To prepare the vacuum furnace assembly shown in Figure 2,

for carrying out the oxycarbide preparation step, the heater
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assémbly is first placed on the silica base and within the
induction coil. The vacuum chamber is formed around the
heater assembly by positioning the silica sleeve around the
heater and within the induction coil; this sleeve rests on
the neopréne gasket on the water-cooled base. A water-cooled
head, fitted with a sight glass, is then placed on the upper
end of the silica sleeve and the chamber, thus formed, is
evacuated.

When the system pressure is reduced to less than 5x10™4
mm Hg, heating is started. The hoist-type induction heating
coil is first positioned so that the hottest zone of the sus-
ceptor is near the top of the charge. Heating proceeds until
the top of the charge has initially reacted. At this point,
the coil is progressively lowered in a stepwise fashion until
the initial reaction is promoted throughout the charge. After
this initial phase of the overall reaction has been essen-
tially completed, the reaction temperature is increased to the
range between 1550 and 195000 where it is maintained until the
reaction subsides and appears to be completed for the tempera-
ture as indicated by the low pressure in the system and the
very small gas evolution rate. The heating program up to this

stage of reduction, which yields an electrically conducting
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intermediate uranium product (oxycarbide) containing both
carbon and oxygen will depend on the oxide that is employed
in making up the charge. The composition of the intermediate
product will depend on the temperature-and-time-of heating
program.

Metal preparation

After this intermediate product is allowed to cool under
vacuum, it is next placed in a ceramic crucible in the self-
induction furnace assembly as shown in Figure 5. A ceramic
1lid with a chimney is then placed on the crucible and further
insulation added around the top in the form of refractory
oxide powder. The same type of vacuum chamber is employed
here as is used in the preliminary step of the process. After
the system pressure is decreased to less than 1x10'4 mm Hg,
heating is started.

Due to the low self-induction coupling of the small
charge sizes employed in this experimental work, it is neces-
sary to use the 25 KW RF generator as the power supply.
Essentially no reaction occurs until the sample temperature
exceeds the maximum obtained during the preparation of the
intermediate product. t this point, the heating rate is

adjusted to permit the gas pumping system to maintain a low
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system pressure and to reduce the temperature differemtial
throughout the charge. The temperature of the sample is
increased slowly to about 2200°C where it is maintained until
the system pressure decreases to less than one-tenth micron.
At this point, the reaction is assumed completed and the

liquid product is allowed to solidify in the crucible.
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RESULTS AND DISCUSSION

Selection of Crucible Material for Metal Preparation

In an effort to find a refractory oxide that would be
suitable for containing liquid uranium up to 2300°C, a number
df criteria were considered. Two conditions which a potential
material had to meet in order that it be given further consid-
eration were a melting temperature of at least 2500°C and
reportedly high temperature stability under reducing condi-
tions at very low pressures. Although Mg0O, Ca0 and related
oxides meet the melting temperature requirements, experience
has shown that these oxides readily release their metals in
the presence of uranium under the conditions specified. Y703,
which has a melting temperature just below 250000, has been
used to contain uranium metal at temperatures just below
2100°C with yttrium contamination of a few hundred ppm in the
uranium metal. The high cost of gadolinium-free Y,05 was
another factor that gave this oxide a secondary rating in the
selection of refractory oxides for use in uranium metal prep-
aration. Béryllia was bypassed, at least temporarily, because
of the toxic nature ascribed to that element. Hafnia (HfO03)
was disregarded because of its high cost and the possibility

of contaminating the uranium with hafnium which has a fairly
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high thermal neutron capture cross-section. The list of
oxides receiving primary consideration for testing in the

preparation of uranium metal was reduced to those shown in

Table 5.

Table 5. Refractory oxides considered sufficiently promising
for testing under conditions required for metal

preparation
Oxide Meltingopoint (16)
C
ZrOo (lime stabilized) 2677
U0y 2860
ThO, 3220

The suitability of each of these three oxides as crucible
materials for containing liquid uranium was tested experi-
mentally. A self-induction heating assembly was prepared
from each of these three materials (see Figure 5). About 100
grams of oxycarbide was then reduced to the liquid state in
each assembly. The reactions were completed by self-induction
heating and the metal products allowed to cool in their cruc-
ibles. Each crucible was then examined.

Zirconia as a crucible material for containing the liquid

uranium metal under the required conditions was unsatisfactory.
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There was some evidence that the zirconia was not sufficiently
stabilized. However, the liquid metal seemed to act as a
solvent for the Zr0Oj causing thinning of the walls. Both ThO,
and U0y, on the other hand, appeared to work quite well in
containing the liquid uranium. Since thorium-232 can be con-
verted to fissile uranium-233 by neutron capture, it was
decided that even though ThO, might serve as a crucible mate-
rial for the experimental studies, the possibility of thorium
contamination of the uranium for large scale use in nuclear
reactors might requirg special consideration. Thus, U0, was

selected for further work.
The Reactions

During the early stages of this investigation, uranium
dioxide that corresponded to UGy gg was used for metal prepa-
ration. Analysis of gas evolution data, supported by analyti-
cal results, revealed that with this oxide the overall reac-
tion as given in Equation 4 requires a slight modification.

In heating a mixture of U0y g and carbon, gas evolution
begins around 900°C instead of about 1300°C as appears to be
the case with stoichiometric U0p. When thé charge temperature

reaches 1000°C, this initial reaction step is essentially

completed. It is assumed that this gas is generated by the
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reaction of the extra 0.06 mole of oxygen with carbon. The
temperature and pressure at which this reaction takes place
would suggest by earlier reaction considerations that the gas
evolved is primarily CO resulting in stoichiometric UO05. No
noticeable reaction occurs on further heating of the mixture
at temperatures up to 1300°C.

Further heating from 1300° to about 1550°C brings about
another stage in the overall reduction. Here it is assumed
that the free carbon combines with both oxygen and uranium
leaving only some form of uranium carbide and uranium oxide
for subsequent reaction. On the basis of the data obtained
up to 155000, the net reaction might be represented as:

U0, + 2C = 1/3 U0, + 2/3 UC + 4/3 CO (7)
or

U0, + 2C =~ U0,/3Cy/3 + 4/3 CO (8)
Further heating up to 1950°C produces more reaction but at a
considerably reduced rate. The overall reaction in heating

from 1550°C to 1950°C might be represented as:
1/2 U0y + 2/3 UC - U0y/2Cq/0 + 1/6 CO 9

X-ray data obtained on the product formed by this heating step
agree with data reported by other investigators for what they

consider to be a form of uranium oxycarbide.
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This oxycarbide and the product obtained by heating at
1550°C are electrically conducting, a property which serves
for further heating to higher temperatures by self-induction
to complete the reduction without a special susceptor. 1In
heating the oxycarbide from 1950° to 2050°C, the reaction rate
again increases. This noted increase is due to the reaction
between the carbon and oxygen that are possibly in solid
solution. Subsequently, as the metal phase forms at the high
temperature, the carbon and oxygen are in liquid solution and
the reaction progresses more slowly in forming uranium metal
having very low oxygen and carbon contents. As these concen-
trations of oxygen and carbon decrease, their activities
likewise decrease and temperatures around 2200°C are required
to essentially complete the reaction in a practicable time
period. The final stages in the reduction possibly can be
represented by:

U0q/9Cy/9 = U04Cy(liquid) + (1/2- x)CO (10)
and ‘

00,C, (liquid) - U(liquid) + xCO (11)
The géneral overall reaction given in Equation 4, then
is possibly the sum of a series of reactions that follow a

path represented by the preceding four equatioms. A graphical
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representation of the cumulative gas evolution as the reac-
tion progresses through its various stages is shown in Curve
A, Figure 7. The data for this graph were obtained by heating
a charge to 1300°C and then measuring the gas evolved at that
temperature and at successive 50 degree increments up to
2200°C. The temperature was maintained constant after each
incremental increase until the gas evolution rate became
insignificant for that temperature before making the next
inérease.

When U30g is reduced with carbon under vacuum, the ini-
tial reaction occurs at about 750°C. Consequently, some of
the gas is evolved as CO; and the moles of carbon required
for the complete reduction to metal should be between 7 and 8
per mole of U30g.

In an effort to determine how many moles of carbon would
be required to reduce U30g to metal, five charges were pre-
pared which contained 7.0, 7.1, 7.2, 7.3 and 7.5 moles of
carbon respectively. After these samples were packed into
graphite crucibles, they were reacted under vacuum conditions
at temperatures between 1550° and 1950°C. When most of the
reaction was completed, as noted by gas evolution data, the

samples were cooled and analyzed for carbon and oxygen. Table
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6 summarizes the results obtained.

Table 6. Stoichiometric mole ratio of carbon to U30g for
metal preparation calculated from charge composition
and intermediate product analysis

Carbon to Intermediate product analysis Calculated
U30g mole stoichiometric
ratio in Carbon, wt % Oxygen, wt % mole ratio
charge

7.0 2.85 4.26 7.22

7.1 2.98 4,18 7.20

7.2 2.90 3.82 7.18

7.3 2.82 3.40 7.13

7.5 3.08 3.45 7.19

On the basis of these'charge compositions, analyses of
the products and the assumption that the residual carbon and
oxygen are to be removed as CO, it appears that about 7.20
moles of carbon would completely reduce U30g to metal. Thus,
the overall reactions as given in Equation 3, when carried out

under the conditions set up for the reaction would be
U309 + 7.2 C -3 U+ 0.8 COp + 6.4 CO {(12)

The reaction occurring below 1000°C should then be represented
by
U30g + 1.2C - 3 UO9 + 0.8 COyp + 0.4 CO (13)

This reaction is quite exothermic, with vigorous evolution of

gas, especially when the charge contains the carbon to U3z0g
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mole ratio shown in Equation 12. As mentioned earlier, two
Precautionary measures were employed during this phase of the
heating step to reduce sample blowout. They were: (1) fit-
ting the graphite crucible, containing the charge, with a
porous graphite 1lid and (2) heating the charge in é stepwise
fashion from top to bottom through this initial reaction.
Curve B in Figure 7 is a plot of the cumulative percent-
age of gas evolved up to various temperatures from 750°C to
2200°C for a charge containing U30g and carbon. The data were

obtained in the same manner as described above for Curve A.

Charge Packing Volumes

After the general overall reactions for both U0y and
U30g with carbon were sufficiently well defined to yield good
metal, it appeared that the use of U30g presented an advantage
over the use of U0y which required a special hydrogen reduc-
tion step in its preparation. However, UO9 has a much higher
theoretical density than U30g and it requires less of the low
density carbon for reduction to metal. It appeared possible,
then, that more uranium per charge could be packed into a
fixed volume of reduction crucible if U0 were employed in-
stead of U30g. Preparing more metal per reduction would be

a definite advantage favoring the use of U0jp.
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Table 7 summarizes the results obtained in these tests.
Charges prepared from production grade U0y exhibited a uran-
ium packing density in the charge of 2.27 grams uranium per
cm3, while charges prepared with U30g from oxidized UOj
yielded about a 5% decrease in the uranium packing density.
However, charges of U30g prepared from the production grade
trioxides showed substantial increases in the uranium packing
densities. When unsulfated UO3 was used, a 13.5% increase in
the packing density over that of production grade UOs was
realized, while a 17.5% increase in the packing density was
achieved when sulfated UO3 was used. The higher uranium pack-
ing densities shown for charges with U30g prepared from UO3
would permit increases of between 350 and 400 g of uranium per
liter of mixed charge compared to that using the UOs. The
lower volume of U30g per gram atom of uranium as prepared
directly from production grade trioxide is a major factor in
yielding the favorable uranium packing density of charges with
U30g. In a large scale process employing charge packing by
jolting or an equivalent means, it would be advantageous to

use Ua0g derived from production grade U0y in the charges
3V8 3

rather than production grade UO0j;.



Table 7. Relative packing volumes and uranium packing densities of jolt-packed
charges of the oxildes with carbon

Charge composition
normalized to
1 mole of uranium

Uranium packing
density of

mixed charge
Grams of uranium
per cm3 in charge

U0y, p6t2.06C

1/3 (U30g+7.2C)

1/3 (U30g+7.2C)

1/3 (U308+7 .2C)

Source of Jolt-packed volumes of

oxide in charge constituents and

charge mixed charge per mole

of uranium in charge

Carbon Oxide Mixed charge
cm3 cm cm

Production 35 81 105

grade U0y

Oxidation of 41 88 110

production

grade U0, g¢

Thermal 41 66 89

decomposition

of production

grade sulfated

U03

Thermal 41 66 92

decomposition

of production

grade unsul-~
fated UO4

2,27

2,16

2.67

2.58

4
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Processing Steps

The overall process for metal preparation which starts
with U30g can be roughly divided into three major reduction
temperature ranges. The initial reduction of U30g takes place
at temperatures less than 1000°C and results in the conversion
of U30g to UOp. Reduction of the U0y appears to begin at
about 1300°C; however, on continued heating the intermediate
product desired for self-induction heating is formed at tem-
peratures in the range of 1550 to 1950°C. The final metal
product is formed in the third reduction range from 1950°C to
near 2200°C. The first two temperature ranges are covered in
one continuous heating in a graphite crucible while the third

takes place in a urania crucible, i.e., a two-step process.

Although the above experimental data were obtained with
the vacuum pumping system operating at all temperatures, it is
practical in some cases, to carry out the imitial reductions
up to 1000°C under the pressure of an inert atmosphere. For
example, reduction experiments carried out under vacuum condi-
tions on charges calculated to yield 10 pounds of metal re-
vealed that the initial reaction was so vigorous that it

ruptured the graphite crucible containing the charge even
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though the crucible was fitted with a vented 1lid. It was
found that the first reaction which takes place on heating
the charge up to 1000°C (U30g to U0, ) could be satisfactor-
ily controlled by heating the charge under the pressure of an
inert type atmosphere. Although several gases were consid-
ered for use in this heating step, nitrogen was employed
after it was found that it did not contaminate the metal.

After the entire charge was reacted through this low
temperature range, the remainder of the reaction at higher
temperatures was carried out under vacuum conditions. Since
a slightly larger fraction of the gas evolved below 1000°C is
002, using this approach, slightly less than 7.2 moles of
carbon per mole of U30g are required to essentially complete
the overall reaction to form metal.

The oxvycarbide intermediate product

Analytical results on charges of either U0, gg or Us30g
heated with stoichiometric carbon in a graphite crucible at
temperatures up to 1550°C reveal that the resulting inter-
mediate product (oxycarbide) contains about 3.0 wt % carbon
and 4.0 wt 7 oxygen. Increasing the final reaction to about
1950°C decreases the carbon and oxygen contents to about 2.4

wt % and 3.2 wt % respectively. At temperatures between 1550
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and 1950°C, the carbon and oxygen contents vary between these
general limits. Some increase in density due to increased
sintering of this product is achieved by going to the higher
temperatures in this range as shown in Figure 8. However,
both of these intermediate products exhibit sufficient elec-
trical conductivity for self-heating in the proper induction
field to yield uranium metal.

The metal product

During the early phases of this study, microscopic exam-
inations of the product metal revealed a phase that was highly
resistant to a 1l:1 HNO3 etch and believed to be a uranium
nitride or a uranium carbonitride (17). Chemical analyses of
the metal products revealed that the nitrogen contents in
these samples ranged from 300 to 500 ppm. The microstructure
of a sample of metal containing high nitrogen is shown in
Figure 9. Since the nitrogen content of the oxide used in
the initial charge was only 4 ppm (U30g derived from UO3) and
since the oxycarbide preparation and metal preparation steps
were carried out under vacuum conditions, it was believed that
the nitrogen pickup was occurring through exposure to air
during the transfer of the oxycarbide to the self-induction

furnace assembly. It was found that unless the oxycarbide
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Figure 8.

Cross section of a graphite crucible and lid with
breather holes (A) used to contain the charge when
preparing the two intermediate products shown.

The larger of the two intermediate products (B)
was prepared at 1550°C, while the more compact one
(C) was prepared at 1950°C
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Figure 9. Microstructure of uranium metal which analyzed at

80 ppm carbon, 400 ppm nitrogen and greater than
500 ppm oxygen. Darker inclusions contain oxide
and lighter inclusions contain nitride. Mechan-
ical polish, 1:1 HNO3 etch for 30 seconds. 100X
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intermediate product was sufficiently cooled before opening
the induction furnace vacuum chamber, excessive nitrogen pick-
up resulted. With adequate cooling, metal containing 60 ppm
nitrogen or less was consistently prepared.

The metal shown in Figure 9 is also high in oxygen con-
tent but low in carbon. Although the excess oxygen pickup
probably resulted in the same operation that introduced the
nitrogen, the same condition of high oxygen could be obtained
by a deficiency of carbon in the charge or by excessive heat-
ing of the metal product in the U09 crucible.

Results of a mass-spectrographic analysis of the normal
metal product is shown in Table 8. The carbon, oxygen and
nitrogen concentrations reported here are in good agreement
with analyses of these constituents obtained by chemical means.
Concentrations of all other elements detected are well below
the limits accepted for reactor grade metal, with the possible
exception of sulfur for which there appears to be no specifi-
cation. An electron microprobe analysis has shown that the
sulfur is associated with the inclusions, while the matrix is
essentially free of sulfur in solid solution.

Figure 10 is a photomicrograph of the metal whose spec-

trographic analysis appears in Table 8. Although this metal
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was analyzed to contain 100 ppm sulfur, microprobe analysis
revealed that the large inclusions, in a sulfur-free metal
matrix, contained about 27 wt 7 sulfur.

Table 8. Mass spectrographic analysis of uranium metal pre-
pared by carbon reduction of U30g

Element? pPpm Element? ppm
C 150 Ni. 2
N 60 Mo 1
o 70 HE 1
S 100 W 2
Si 20 5 0.1
P 1 cd N.D.
Mg 2 In N.D.
\'4 1 Gd N.D.
Fe .2 Eu N.D.

214 other elements detected contributed a total of 2
ppm; 36 other elements were not detected; 16 other elements
(mostly rare) were not determined; 7 elements - Nb, Sc, Y,
Dy, Ho, Er and Lu - had interference.

Metal prepared from the reduction of U30g derived from
unsulfated U0z, on the other hand, was essentially sulfur
free. It is obvious then that if it is desirable to exclude
sulfur from the metal, an unsulfated oxide should be employed.

After the sources of the high nitrogen and sulfur con-
tents in the metal were determined and means for their exclu-

sion derived, metal with a total carbon, oxygen and nitrogen

content of less than 400 ppm for these constituents was
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Figure 10.

Microstructure of uranium metal that analyzed
mass spectrographically at 150 ppm carbon, 70
ppm oxygen and 60 ppm nitrogen. Cooled slowly
to solidification. Large inclusions are mainly

carbide. Mechanical polish, 1:1 HNO3 etch for
30 seconds. 100X
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typical. On a 200 g of metal scale, ingot yields of greater
than 807 were obtained. Figures 10 and 11 show microstruc-
tures of two different samples of metal of this quality. The
sample of Figure 10 was cooled at a slower rate near the
temperature of solidification than that of Figure 11l. Lower
carbon and oxygen values can be obtained by continued heating
of the metal at the maximum temperature; however, volatiliza-
tion of the metal would result in a lower ingot yield. TIf it
is assumed that the major factor involved in reducing the
yield of metal in the ingot below theoretical is volatiliza-
tion from the surface, a larger scale of operation could give

higher ingot yields than those obtained on the laboratory

scale.
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Figure 11l.

Microstructure of uranium metal which analyzed

at 200 ppm carbon, 130 ppm oxygen and 30 ppm
nitrogen. The finely divided inclusions are
mainly carbide. Mechanical polish, 1:1 HNOj3
etch for 30 seconds. 100X
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RECOMMENDATIONS FOR FURTHER STUDY

It is believed that the conditions are sufficiently well
defined on a small scale (1/2 1b uranium) to warrant step-up
in charge sizes. Consequently, the first recommendation sug-
gested would be to study the previously derived process on a
scale of at least 10 pounds of metal. One prerequisite to
this study, however, would be the preparation of larger urania
crucibles, 3 to 4 inches in diameter and 6 to 8 inches in
height for the self-induction heating step. The procedure for
crucible preparation should follow closely that employed for
preparing the small crucibles to be described in Part II of
this report.

The metal preparation process, as presently derived,
allows the liquid uraniim metal to solidify within the urania
crucible after it has been prepared. Although the crucible
is chemically inert to the metal, stresses set up due to the
difference in contraction rates in the metal and oxide invari-
ably causes the crucible to crack. As a result, the crucible
in the experimental work was generally used for only a single
run.

It appears, then, that the next step to be investigated

further involves developing a means for removing the liquid
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metal from the crucible before solidification occurs. One

possible means for achieving this would be to use a crucible,
with a pouring spout, that can be tilted after the reaction is

completed to pour the liquid metal into a mold. Another pos-

sibility would be to use a crucible with a bottom plug that
can be removed to allow the liquid metal to flow through an

orifice in the bottom of the crucible.
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SUMMARY OF METAL PREPARATION

The carbon reduction of uranium oxides has been success-
fully employed to yield high purity uranium metal in massive
form by a laboratory-scale process that offers possibilities
for expansion to a large-scaie operation. This has been
accomplished by using a two-step process.

The first step or operation consists of preparing an
electrically conducting uranium intermediate product (oxycar-
bide) by partially reducing either UO2 or U3Og with the proper
amount of carbon in a graphite crucible under vacuum condi-
tions at temperatures between 1550° and 1950°C. The refining
step consists of heating this product by self-induction under
vacuum to yield liquid metal in a uranium oxide crucible
assembly at temperatures up to about 2200°C.

When uranium dioxide was used as the source of uranium
in the charge, no significant amount of reaction took place
below 1300°C. The gas evolved in completing the reaction at
higher temperatures was essentially all CO. A reaction of
U30g with carbon under the conditions of operation employed
initiates at about 750°C; consequently, some of the gas is
evolved as COy. It was found that 7.20 moles of carbon per

mole of U30g would completely reduce this oxide to metal.
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Uranium ccntaining a total carbon, oxygen and nitrogen con-

centration of less than 400 ppm can be prepared by this

process. The yield of metal in the ingot on a 200-g-of-metal

scale is greater than 807.
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PART II. THE PREPARATION OF DENSE UGC) SHAPES

BY THE CARBON REDUCTION OF U30g
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INTRODUCTION

After the development of the laboratory-scale process
for the preparation of uranium metal by carbon reduction, a
limited research study on the preparation of sintered UOz'
crucibles having greater density and strength was begun. A
number of exploratory tests Qere made and a concentrated
effort was undertaken on the more promising indicatiomns to
realize this end. The process evolved in this study has also
been extended to the preparation of dense uranium oxide in

other shapes including those of nuclear fuel pellets.
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LITERATURE REVIEW

Rather detailed work on the sintering of oxides of uran-
ium was reported by Murray and Thackray (18), in 1950. Two
standard oxides, the American Mallinckrodt oxide which anal-
yzed to be U092 o4 and the British Springfields oxide with a
composition of UOj 34 were used in this investigation.
Pellets of the two oxides were cold compacted at 10,000 to
40,000 1bs/in? and sintered over a range of temperatures.
Densities of 10 gm/cm3 were obtained for the Springfields
oxide sintered at 140000, while the Mallinckrodt oxide sin-
tered to only about 8.0 gm/cm3. However, the green densities
of the two oxides were 4.7 gm/cm3 and 6.2 gm/cm3 respectively.
Oxidation of the MCW oxide to UOy_sg by heating in air at
300°C resulted in an improvement in its sintering properties,
but it was still inferior to the Springfields U0y 34.

When the Mallinckrodt oxide was sintered in hydrogen up
to ISOOOC, the density obtained showed little increase over
the compacted green density.

Serious development of UO9 as a nuclear fuel material
for power reactors began in 1955 (19) when it was decided to
load the Shippingport-Pressurized-Water Reactor (PWR) with

Zircaloy-2-clad-fuel composed of U02 pellets.
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Since then, numerous investigations have been conducted
in an effort to better understand the factors which affect
the sinterability of urania. A review of the published liter-
ature reveals that, although some of these studies have been
broad in scope, the main characteristics studied and their
effect on the final sintered density can be roughly divided
(for discussion purposes) into a few general categories. They
are: (1) the method used in preparing a ceramically active
oxide, (2) the sintering atmosphere, (3) the oxygen to uran-

ium ratio in the oxide and (4) the addition of small amounts

of impurities.

The Method Used in Preparing a Ceramically Active Oxide

During 1957 and 1958, workers at Chalk River (20,21,22)
reported that the density of sintered U0 pellets depended on
the conditions under which the ammonium diuranate {(ADU) was
prepared. They concluded that in a batch precipitation of an
ammonium uranate with ammonium hydroxide (NH4OH), low uranium
concentrations {less than 300 g U/4), high or excess ammonium
hydroxide additions, solution temperatures of at least 60°C
and rapid precipitation all contribute to the development of

a fine precipitate that yields a U0 which sinters to a high
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density.

In 1962, Ainscough {23,24) reported that he had not
observed any significant effect of precipitation parameters
of polyuranate (temperature,rate of precipitation and final
pH) on sinterability at 1650°C of U0y shaped by cold pressing.
In his experiments, he calcined ammonium polyuranate to U30g
at 700°C in an argon atmosphere and then H9 reduced the octa-
oxide to U0y. He found that the sintering behavior of the
U0y depended on the calcining conditions used in converting
the polyuranate to U308 since the U30g underwent free sinter-
ing at 600°C.

Dembinski et al. (25), in 1966, conducted a study wherein
ammonium polyuranate was precipitated from a uranyl nitrate
solution with ammonia (final pH - 8.5). The precipitate was
then dried and calcined at 700°C where it was subsequently
reduced to U0y in flowing hydrogen. The resulting U0, which
varied in oxygen to uranium ratio from 2.15 to 2.30, was then
cold presseé and sintered in moistened hydrogen at various
temperatures up to 1700°C. On the basis of their results,
they concluded that high initial uranyl nitrate concentrations
result in the formation of precipitates of large grain sizes.

These larger grained materials did not sinter as well as the
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finer grained material. They also found that the grain micro-
structure was dependent on the rate at which the precipita-
tion step was carried out.

In an effort to prepare a sinterable dioxide from the
trioxide, Niederkorn and Circo (26), in 1969, carried out a
study to determine some of the conditions necessary in such a
process. Solutions of uranyl nitrate containing from 50 to
200 g U/ % were prepared by dissolving UO3 in HNO3. A concen-
trated NH,OH sblution was then added to a pH of 8.5, while
the time of addition ranged from two minutes to 30 minutes
and the temperature varied from 20 to 80°C. They found that
the highest sintered densities were prepared from uranyl
nitrate solutions containing 50 g U/4 at a precipitation time
of 30 minutes at 60 to 800C.

Communition has also been cited as a method of yielding
an active uranium oxide. In 1957, Belle and Jones (27) and
Simpson (28) reported that ball milling commercially prepared
uranium dioxide prior to compaction resulted in increased
final sintered densities.

Vaughn and coworkers, at about the same time, (29)
found that wet ball milling commercial uranium trioxide in-

creased the reactivity and sinterability of the resultant
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uranium dioxide. Compacts having densities of 95% of theo-
retical were obtained by pressing at 20,000 1b/in2 and sinter-
ing for 1 hour at 1650°C in hydrogen.

Carlson, Root and Shane (30), in 1960, conducted a study
in hopes of developing a practical process for the mass pro-
duction of dense U0y bodies. The dioxide used in this work
was prepared by either the uranyl nitrate precipitation
method or the ammonium diuranate precipitation method. They
reported the reactions for these two methods as follows:

(1) Uranyl Nitrate Precipitation Method

UFg + 2(NH4)N03 + 4NH4O0H = UOp (NO3)2 + 6NH F + 2H50
A
3U02(N03)2 =~ U30g + 6NO2 + 209

A
U30g + 2H2 = 300 + 2H20
(2) Ammonium Diuranate Precipitation Method
UFg + 2H20 - UOpFy + 4HF
6NH,OH + 2UOoF9 — (NH,)oUp07 + 4NH,LF + 3Hp0

9(NH,),U,0; & 6U30g + 14NHg + 2Np + 15H0

Us0g + 2Hy 5 300y + 2H,0

2
Sintered pellets were then prepared from these UO2 products

by cold pressing between 25 and 100 tons/in2 and sintered in
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dissociated ammonia at temperatures between 1400 and 1700°¢C
for 12 hours.

One area of this investigation involved the effect of
ball milling on producing a more sinterable oxide. They
found that the ball milling operation was effective in break-
ing down large agglomerates present in the dioxide samples.
They also reported that short periods of milling were effec-
tive in lowering the sintering temperature required to reach
a given density. Surface smoothness and the ease with which
the pellets could be pressed was also enhanced by moderate
milling. Chemical analyses of the oxides following the mill-
ing step revealed some contamination (~100 ppm) depending
upon the grinding medium.

In 1961, Carpenter and Kuhlman (31) conducted a study on
characterizing U0y powders. They found that, in general,
high sintered density pellets were -produced from powders hav-
ing high surface area, small agglomerate and particle size,
high O to U ratio and low bulk and tap demsities. Prolonged
ball milling was found to result in reduced agglomerate size
and bulk density, increased O to U ratios, increased surface
areas and improved sinterability of oxides which sintered

poorly before milling.
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More recently, Japanese researchers (32) reported that
ball milling increased the specific surface area of uranium
dioxide powders only slightly, but noted increases in the
final sintered densities of the same oxides.

Another method that has been investigated to produce an
active uranium oxide involves an oxidation-reduction se-
quence. Stenquist and Anicetti (33) reported that the oxida-
tion-reduction cycling of an inactive oxide broke down
agglomerates of particles that prevent compaction and densi-
fication, thus yielding a more sinterable oxide. This result
was substantiated by Dayton and Tipton (34) in 1960.

In 1961, Gordon (35) at 0lin Mathieson reported on
developments for a more economical process for fabricating
dense U0y pellets. Several commercial lots of U0y powder
with varying sintering characteristics were activated by
oxidation-reduction cycling followed by oxidation to an oxy-
gen to uranium ratio of at least 2.25. Pellet densities of
greater than 95% of theoretical were reportedly obtained by
cold pressing this oxidized product at 38,000 1b/in2 and
sintering in nitrogen for 1 hour at 1300°C. Although it was
previously thought that the oxidation-reduction cycle only

broke down the coarse agglomerates, more recent results
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revealed that the oxidation-reduction step also partially
removed the fluoride impurities in the UOjp.

The activation of normal ceramic grade U0 and 93.15
percent enriched U0y by either milling or milling and oxi-
dation-reduction steps was reported by Barr (36), in 1970.
Initially, ceramic grade normal UOp batches were calcined at
400, 600 and 800°C in air and nitrogen. The resulting
powders were then pressed into pellets and sintered for 2
hours in an atmosphere of argon-8 v/o hydrogen at 1675 C.

The enriched U0y, on the other hand, was first wet ball-
milled in an Al703 medium with an Al503/oxide weight ratio of
2/1 or a tungsten carbide medium with a WC/oxide weight ratio
of 3/1. After milling, samples were oxidized in air at 500°C
for ; hour. Oxidized powder samples were then reduced in the
argon-8 v/o hydrogen atmosphere for 1 hour at 1675°C. Pellets
were then prepared and sintered as described above.

Barr found that the oxidation-reduction sequence employed
increased the final sintered densities 2 to 3% in both the
normal and enriched oxides that after the oxidation step had
an 0/U of 2.65. However, he concluded that the oxygen-to-
uranium ratio by itself did not have a significant effect on

sinterability.
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The Sintering Atmosphere

The effect of certain furnace atmospheres on the final
sintered density of UO9 has been the subject of various
studies. Williams and associates (37), in 1958, reported on
the sintering of various oxides ranging in composition from
UO2 to U30g in argon, nitrogen, carbon dioxide, vacuum and
hydrogen at various temperatures. The starting oxide used in
this investigation was prepared by the pyrolysis of ammonium
diuranate at 300°C to produce UO3 which was then reduced in
hydrogen to U0, at 650°C. Hyperstoichiometric oxides were
prepared by the room temperature oxidation of the dioxide.
The method used for preparing U;0g was not given. Pellets
were formed by pressing at 10 ton/in2 and a standard sinter-
ing time of 2 hours was used.

They found that argon, nitrogen, carbon dioxide and
vacuum were all suitable sintering atmospheres for the pro-
duction of high-density nonstoichiometric oxide pellets.
When hydrogen was used as a sintering atmosphere, the temper-
atures needed to obtain similar densities was found to be
about 400°C higher. If, however, the specific surface area
of the oxide was high enough (~10 mz/g), essentially the same

results were obtained with hydrogen as with the other atmos-
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pheres.

The sintering of uranium dioxide prepared by reduction
cf an ammonium uranate precipitated from a uranyl nitrate
solution with urea was the subject of a study of Runfors et
al. (38), also in 1958. 1In one series of tests, steam and
both moist and dry hydrogen were used as sintering media.

Of these, they found that the samples sintered in steam
yielded the highest densities. Later, they compared hydrogen
and argon as sintering media. Unlike the results obtained
by Williams, they found that compacts sintered in hydrogen
had higher densities than those sintered in argon.

Hubert, Webster and Bright (39) in 1958 also presented
results on the sintering of U0p. The dioxide used in their
study was prepared by the hydrogen reduction of ammonium
diuranate. This material had an oxygen to uranium ratio of
2.19 and sintered to a density of 9.47 g/cm3 on firing in
hydrogen at 1700°C for 30 minutes. Cold pressed compacts of
the U0y, 19 material were also sintered in argon, wet argon,
argon?+ oxygen, nitrogen, nitrogen + oxygen, nitrogen +
hydrogen, hydroéen and steam over the temperature range 1200°
to 1500°C. They found that at 1200°C, wet argon yielded the

highest density at 9.74-g/cm3 while at 1500°C compacts sin-
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tered in steam yielded the highest density at 10.20 g/cm3.

Terraza and his associates (40), also in 1958, reported on
the sintering of U0p. The uranium dioxide used in this study
waé prepared by precipitating uranium peroxide from a uranyl
nitrate solution with hydrogen peroxide. The peroxide was
then calcined to UO3 and subsequently reduced to UOp with
hydrogen at a temperature of 700°C. The purpose of this
investigation was to obtain high density in vacuum at medium
temperatures using water as an agglomerate. Sintered products
having an apparent density of 10.43 g/cm3 were obtained by
heating in vacuum at 1200°C for various periods up to 11
hours. Sample weight losses, however were reported at about
0.3 w/o.

Amoto and Colombo (41), in 1962, conducted a study that
compared the sintering of U0, in steam with sintering in
hydrogen; three qualities of UOg powder were used. They were:
(1) depleted ceramic grade UO2 from Mallinckrodt Chemical
Works (MCW), (2) normal U0, from the Commissariat a 1l'Energie
Atomique (CEA) and (3) normal UO from the Comitato Nazionale
per l'Energia Nucleare (CNEN). Table 9 summarizes some of the
properties of these three oxides before and after sintering in

hydrogen.
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Table 9. Properties of uranium oxide powders used in Amoto
and Colombo's study

Property Manufacturer
MCW CEA CNEN
Tap density, g/cmd 2.18 2.87 4.62
Average particle diameter, u 1.28 0.90 1.98
Specific surface area,.m2/g 3.45 4.60 3.60
0/U ratio 2.03 2.11 2.02
Fired density obtained by 10.1 10.3 10.1

sintering in Hp at 1700°C
for 3 hrs g/cm3

In order to have strictly stoichiometric dioxides at
the beginning and end of the sintering stép, the following
cycle was developed by these investigators for all tests in
steam:

(1) heat the U02 to 800°C in an inert gas (argon or pure
nitrogen)

(2) heat to the soaking temperature (800°C to sintering
temperature) in hydrogen

(3) sinter in steam

k4) cool to 800°C in hydrogen and

{5) cool to room temperature in argon or nitrogen.

Théy discovered that higher densities were obtained through
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steam sintering at 1398°C than through hydrogen sintering at
1760°C for the MCW and CEA powders. The CNEN powder on the
other hand sintered poorly in steam. They concluded that,
although better sintered densities were obtained in steam
using lower soaking temperatures and times, they questioned
that steamwas actually cheaper than hydrogen for this opera-
tion.

The next year, these same investigators along with
Protti (42) reported on the sintering of UO2 in carbon dioxide.
The oxide used in this study was the Mallinckrodt oxide whose
properties are shown in Table 9. The same type of heating
schedule was employed in this study as described in the pre-
vious report. However, CO9 was used in the sintering step in
place of steam. Their results showed that they obtained about
the same degree of sintering in carbon dioxide as they did
with steam.

In 1967, Kostic (43) carried out a study on the sintering
of U0y in helium, hydrogen and vacuum. The dioxide used re-
portedly had a specific surface area of 5.2 mz/g with an 0/U
ratio of 2.05 + 0.01. Experiments involved sintering pressed
compacts of this material at 1300, 1400 and 1550°C for periods

up to 8 hours. It was found that pellets sintered in helium
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yielded the greatest sintered densities in all cases although
those sintered in vacuum were similar. At 140000, for example
pellets that were sintered in helium for 1 hour had a sintered
density of about 10.50 g/cm3 while those sintered in wvacuum
had a sintered density of about 10.30 g/cm3. No mentiocn was
made regarding loss of U0 during sintering in vacuum at
1400°C. Increased sintering times up to 8 hours did not
change their final sintered densities appreciably.

Samples sintered in hydrogen showed appreciable varia-
tions in the sintered densities at different temperatures.
After 1 hour at 1400°C in hydrogen, the final sintered density

was about 9.5 g/cm3

, substantially less than the densities
obtained in helium and vacuum. After 8 hours in hydrogen at
1400°% though, the final sinfered densities were increased to
10.20 g/cm3, similar to those obtained in vacuum.

During the same year, Kolar et al. (44), reported on the
effect that the atmosphere had on the sintering of uranium
dioxide with high surface area. The U02 used in this study
was prepared by decomposing and reducing active ammonium di-
uranate at 400 to 1000°C. The sintering atmospheres investi-

gated included wet and dry hydrogen and wet and dry nitrogen.

They found that all:.of the oxide samples sintered better in
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the wet atmospheres as opposed to the dry omes, but varying
results were obtained depending upon the specific surface
area of the oxide starting material. When an oxide with a
specific surface area of 7.5 m2/g was sintered in wet nitro-
gen at 1400°C for 3 hours, a density of 96.7% of theoretical
was obtained while the U0y that had a specific surface area
of 17.2 mzlg sintered to only 13.7 g/cm3 in the wet nitrogen.
On the other hand, when wet Hp was used, the UO9 with the
higher specific surface area (17.2 mz/g) sintered to 93.27% of
theoretical while the oxide with the lower specific surface
area sintered to 907 of theoretical.

Miyazaki (45) in 1968 reported on the use of carbon
monoxide in the low temperature sintering of U0, pellets.
The materials were prepared at an elevated temperature by the
simultaneous thermal decomposition and reduction of the
ammonium diuranate (ADU) precipitate obtained from a purified
nitrate solution. The reduction to the dioxide (U0y g7 to
U05 _11) was accomplished u;ing either hydrogen or carbon
monoxide.

He reported that when the diuranate was reduced to the
~ dioxide with carbon monoxide, pelléts prepared from this

dioxide gave densities exceeding 10.2 g/cm3 after 4 hours
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6f heating aﬁ 1400°C in a carbon monoxide atmosphere. Slight-
ly lower sinfered densities were obtained for these pellets,
however, when.the sintering atmosphere was hydrogen and the
sintering time was less than fourteen hours. Sintering times
in excess of fourteen hours yiélded higher densities in
hydrogen. On the other hand, when the reduction step from
ADU to U0, was carried out with hydrogen, all of the pellets
sintered in hydrogen had higher sintered densities (10.3 to
10.6 g/cm3) than those obtained when sintered in carbon
monoxide (10.0 to 10.2 g/cm3) irrespective of the sintering
time.

In May 1969, Flipot, Glissen and Smolders (46) reported
on a new manufacturing process for preparing U092 pellets with
their final density controlled by a disactivation'treatment.
In their process, U0y of ceramic quality (specific surface
area - 5 mz/g) is deactivated by first heating it in COjp
prior to the final sintering step. This thermal treatment
ihvolves‘heating either the powder or the pressed compact at
650°C to 900°C for about 3 hours in carbon dioxide. They
reported that compacts prepared from the untreated oxide
yielded sintered densities of 10.28 g/cm3 after a 3 hour sin-

tering at 1600°C in an argon-5 v/o hydrogen gas mixture, while
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the treated oxide pressed to the same green density yielded
a final sintered demsity of about 2.3 g/cm3. When the green
densities of the untreated and treated oxide compacts were

3

increased to 5.2 g/cm”, final sintered densities of about 10.5

g/cm3 and 9.8 g/cm3 respectively were obtained.
The Oxygen to Uranium Ratio in the Oxide

Hall et al. (47), in 1958, reported that the O/U ratio
had an effect on the plastic deformation of uranium oxides.
Three oxides with different oxygen to uranium ratios were
employed. They were U0y g, UOp 16 and stoichiometric di-
oxide. They found that U0y 0 and U0y 16 can be deformed
plastically at about 800°C while the corresponding tempera-
ture for U0y o was about 1600°C.

It was alsoc reported that the creep characteristics of
U0y, are similar to those of metals. The activation energy
G, for U0, 55 was reported as 72 Kcal/mole while Q for U0y, 34
was 65 Kcal/mole. The activation energy for UO; was approxi-
mately the same as that determined for the self-diffusion of
uranium in U0p g, i.e., 95 Kcal/mole.

In oge phase of a broad study conducted at Olin Mathieson

(35), in 1960, the effect of the initial 0/U ratio to the

final sintered density for 5 varied lots of dioxide was evalu-
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ated.

The as-received materials were first oxidized to U30g in
air at 500°C followed by reduction in hydrogen at 525°C. The
resulting oxides were then air roasted to introduce excess
oxygen. After pellets were pressed at 38,000 1b/in2, they
were sintered in nitrogen for 2 hours and hydrogen for 1 hour.

Samples with an initial O0/U ratio which varied from 2.13
to 2.16 sintered to a maximum density of 8.7 g/cmB. When the
0/U was increased to 2.26, the sintered densities increased
to about 10.4 g/cm3 (~95% of theoretical). Increasing the
0/U ratio further to 2.37 resulted in no density increase in
4 of the 5 batches tested and decreased the density obtained
in one batch.

In 1961, workers at the United Nuclear Corporation (35)
reported on a process they developed for fabricating uranium
oxide fuel pellets by an inert atmosphere (nitrogen) and low
temperature sintering method. Commercial ceramic grade di-
oxide prepared from ADU was first oxidized to U30g at 500°C
in air and then reduced back to U0, in hydrogen at 525°C.
This treatment yielded a highly active nonstoichiometric
oxide. When the oxide to U ratio was increased to greater

than 2.25, sintered compacts of greater than 957% of theoreti-
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cal were obtained. A comparison of these data with that
obtained by Olin Mathieson in 1960, reveals striking similar-
ities.

In 1968, Lay and Carter (48) reported that the 0/U ratio
has 'a direct bearing on the sinterability of uranium dioxide.
Unlike previous investigators, however, they felt that the
0/U ratio in the starting oxide was of little significance.
What was considered important was the furnace atmosphere used
since it fixes the 0/U ratio at the sintering temperature.

They found that O/U ratios above stoichiometric UO9
increased the uranium self-diffusion coefficient, and they

concluded that the sintering of U0 was a volume controlled

diffusion process.
The Addition of Small Amounts of Impurities

Sowman and Ploetz (49), in 1956, reported on the effect
of additives on the sinterability of uranium dioxide. Six
different lots of oxide were used. They included:

(1) McCW U09,

(2) U0, prepared by precipitating UO,°2H,0 from uranyl
nitrate at pH 2, followed by reduction with Hyp at 850°C for

4 hours,

(3) dioxide prepared by precipitating ADU with NH4OH at
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pH 7.5, followed by reduction with hydrogen at 850°C for 4
hours,

(4) U0y prepared by the steam oxidation of uranium chips
at 350°C followed by reduction with hydrogen at 850°C for &
hours,

~ (5) U0, prepared by the steam oxidation of uranium metal
powder at 350°C followed by reduction with hydrogen at 850°C
for 4 hours. The metal powder was prepared by passing Hp
over uranium chips at 250°C for 6 hours followed by hydride
decomposition at 450°C, and

(6) U0, prepared by burning uranium metal to U3Og in
air followed by reduction with hydrogen at 850°C for &4 hours.

The additives investigated included Ca0, NiO, MnO, Fej03,
Al,03, Gay03, T1ly03, Y,03, NdpO3, TiO,, CeOs, V505, NbyOs
and UF, in varying proportions with U0y up to 3 wt %. They
found that Alj03, Ca0O, Cr903, MnOj, V205 and CaF2 increased
the final sintered density somewhat, but that TiO, was by far
the most effective. They also found that small TiOj addi-
tions (0.25 w/o to 0.50 w/o0) were more effective than the
larger additions (1 w/o to 3 w/o0). They concluded that the
function of the sintering agent was probably one of increas-

ing the surface activity.
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_Bright and his coworkers (50), in 1957, reported on the
effect of carbon on the sintering behavior of uranium di-
oxide. U0y prepared by the hydrogen reduction of ammonium
diuranate and the starch reduction of UO3 were used.

Cold-p?essed pellets of each oxide sintered to greater
than 95% of theoretical at 1700°C in hyd&ogen for 30 minutes.
The addition of variable amounts of graphite to these oxides
prior to cold pressing had a deleterious effect on the final
sintered density. Compacts containing 1 wt 7 added graphite
sintered to 90% of theoretical while green compacts that con-
tained 10 wt 7 graphite sintered to only 58% of theoretical.

The effect of NbyOs, V905 and TiOy on the sintering of
U0y was part of an investigation reported by Wétson and
Wilder (51), in 1960. Each of these materials was thoroughly
mixed with production-grade MCW dioxide, pressed into pellets
at 40,000 1b/in® and sintered in hydrogen at 1750°C for var-
ious time periods. The mixed-oxide compositions studied
included: U0z + 0.4 w/o Nby0s5, U0y + 0.1 w/o V505 and U0y +
0.1 w/o TiOy. Pellets of U0 were sintered at the same time
for comparison purposes. On the basis of their results, they

concluded the following:

(1) pure UO9 sinters readily at temperatures below 1600°C when
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nonstoichiometric oxygen is available for diffusion and
densification. In the absence of excess oxygen, sintering
occurs at temperatures above 1600°C by self-diffusion of the
stoichiometric oxygen in UOj;.
(2) Additions of 0.4 w/o NbyO5 and 0.1 w/o V05 to U0y aid
densification at temperatures below 1500°¢ by forming inter-
stitial solid solutions. Above 1500°C these additives melt,
decompose and volatilize out.
(3) TiOy acts as an oxygen supplier during the early stages
of sintering, increasing densification significantly by pro-
moting nonstoichiometric oxygen diffusion. At higher temper-
atures, a ductile solid solution or liquid phase is formed
that aids sintering by straining the lattice near the grain
surface, permitting diffusion of stoichiometric UO3.

'In 1964,.Arthur and Scott (52), evaluated the effect of
a lafge number of additives on the sintering of U0,. Spring-
fields' oxide with an O0/U ratio of 2.04 was mixed with vari-
able amounts of Ca0, NiO, MnO, Fe303, Alp03, Gag03, T1lj03,
Y203, Ndp03, TiOy, Ce0y, V905, Nb2O5 and UF, ranging from 0.2
wt % to 1.0 wt %, pressed into pellets at 10 tons/in? and
sintered in dry hydrogen f£rom 1300 to 1700°C for various time

periods.
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They found that only TiOp, V905 and NbjOg have an
appreciable effect on the terminal densities of UOp after
sintering in hydrogen. Unlike the results reported by Watson
and Wilder, they found no evidence of TiOy in the liquid
phase, but proposed no sintering mechanism.

In 1965, Manoilovic and associates (53) also reported on
the effect of TiOp additions on the sintering of U0 in argon.
The dioxide used in this study originated from ADU and had an
0/U ratio of 2.07. After U02-TiO2 mixtures ranging from zero
to 30 a/o Ti0) were pressed into pellets at 4 tons/cmz, they
were sintered in argon for various time periods.

They found that no measurable quantities of a solid
solution of TiO9 in the cubic fluorite U0, phase was formed.
They considered that possibly some chemical reaction between
the TiOy and U0y was one of the main reasons for the bene-
ficial effect of the TiO5 additive.

In 1966, Matzke (54) reported another study on the effect
of TiOg aaditions on the sintering of UOj. Reactor grade
oxide was mixed with small amounts of TiQp and sintered in
argon at 1950°C for various periods. Sintered densities of
967 of theoretical were obtained. On the basis of chemical

analyses and quantitative metallography, it was concluded
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that about 0.1 mole % TiOp is soluble in U0, at elevated
temperatures and that a fraction of the titanium ions prob~
ably occupy interstitial positions. As a consequence, Matzke
believed that the increased sintering was probably due to
increased bulk diffusion due to the interstitial solution of

titanium and an interstitial diffusion mechanism.
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APPARATUS

Some early exploratory tests on the preparation of dense
U0y pellets and shapes were conducted in the vacuum induction
furnace shown in Figure 12. Although this set-up used the
same power supply (6 KW Ajax unit) and vacuum pumping system
as described in Part I, the vacuum chamber, hoist-type induc-
tion coil and furnace assembly employed were larger.

The silica sleeve measured six and one-half inches
inside diameter with a one-eighth inch wall thickness and was
26 inches in length. The induction coil used with this sleeve
was seven inches inside diameter and consisted of 40 turns.
The graphite crucible which served as a susceptor was four
and one-half inches inside diameter and nine inches in height
with a three-sixteenth inch wall.

Most of the compact sinterings using an atmosphere were
carried out in a platinum wound electrical resistance tubular
furnace Model J.M.C. K-26B manufactured by the Johnson and
Matthey Co., Inc. This furnace was 15 inches in length with
a bore of one and one-half inches. The length of the uniform
temperature zone depended on the temperature. At 1000°C, it
was three inches in length, while at 1400°C its length was

only twc inches.



Figure 12.

Photograph of vacuum induction furnace used in
early exploratory tests
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The sintering chamber of this furnace was a sillimanite
or an alundum tube 30 inches in length, one and three-eighths
inches outside diameter with a one-eighth inch wall thickness.
One end of this tube was tapered and served as the gas inlet
port for the chamber. After the samples were positioned
within the chamber, a rubber stopper fitted with a gas exit
port and a Pt/Pt-13% Rh thermocouple was inserted into the
open end of the furnace chamber. A photograph of this setup
is shown in Figure 13.

A signal from either of two Pt/Pt-137% Rh thermocouples
attached to the furnace windings served as an input to a
Brown Potentiometer which controlled the furnace temperature.
Temperatures within the fiirnace chamber were obtained period-
ically using the thermocouple inserted through the rubber
stopper.

During the later phases of this investigation, another
platinum wound furnace was acquired for use in crucible prep-
aration. This unit was manufactured by the Norton Company and
was designated as a Model No. 1352 Marshall Tubular Furnace.
It was 16 inches in length with a three inch base. The uni-
form temperature zone measured 10 inches in length. This

furnace was positioned vertically on an adjustable platform



Figure 13. Photograph of smaller platinum-wound resistance furnace
used in investigation
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Figure 14.

Photograph of larger platinum-wound resistance
furnace used in investigation ‘
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as shown in Figure 1l4. The sintering chamber used consisted
of an alundum tube 30 inches in length, two and three-fourths
inches outside diameter with a one-eighth inch wall thickness.
The top end of this tube was tapered to about one-half inch
outside diameter and was cooled with water in a copper coil.
The bottom end of the tube rested on a neoprene gasket within
a closed water-cooled flange. An alundum pedestal within the
furnace chamber held the crucible in the hot zone during
sintering.

The temperature of this furnace was controlled by a

Brown Potentiometer that received a signal from a Pt/Pt-137%

Rh thermocouple positioned in a well adjacent to the heating

element.
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MATERIALS
Charge and Refractory Oxide Crucibie Materials
Carbon
The graphite used was the same (Grade 195) as that
described in Part I (see pages 21 and 22) of this report.

Uranium oxides

1}

The uranium oxides used originated from either produc-
tion grade U0 or UO3. A detailed description of these oxides

is given on pages 22-26, Part I.
Graphite Stock and Insulating Materials

The graphite stock used in preparing graphite ware and
the insulating carbons used are the same as those described

on paged 27 and 28, Part I.

Sintering Atmospheres

Carbon dioxide

The carbon dioxide used was obtained from the Mitchel-
tree Fire Extinguisher Service, Des Moines, Iowa. It was
specified to be at least 995.9% CO2 by volume. To evaluate
the effect of impurities, if any, on the sintering of UO0,,
comparison tests were made with high purity CO; (Coleman

Instrument Grade) supplied by the Matheson Company. Essenti-

ally the same results were obtained using either of these two
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gases.

Argon, nitrogen and hvdrogen

The argon, nitrogen and hydrogen used were obtained from
the Air Products and Chemicals Company. Table 10 summarizes
the impurity levels of these gases as supplied by the vendor.

Table 10. Analyses of the argon, nitrogen and hydrogen used
in this investigation

Analysis as volume percent

Consti

onstituent Argon Nitrogen Hydrogen
Ar 99.996 -- --
N2 0.0030 99.995 0.07
Hy 0.0002 0.0010 99.92
02 0.0007 0.0025 0.0005
CHy 0.0002 -- 0.0001
COy 0.002 -- 0.0015

nitrogen oxides --a - 0.0007

co -- b 0.0004
cl” -- -- Trace

®Not reported.

Binders

Polytran FS and L obtained from The Pillsbury Company
were used in some experiments. Oxidation experiments on
Polytran FS at 800°C showed it to contain about 9 wt % ash.
Emission spectrographic analysis of this residue revealed

that the major constituents were sodium and silicom.
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Graphite Tray Support Materials

Uranium dioxide

The uranium dioxide used was production grade UOj
described on pages 24-26 of this report.

Stabilized zirconia (Zr02)

The zirconium dioxide used is described on pages 26 and

27 of this report.
Yttria (Y203)

The Y903 used was prepared by calcining yttrium oxalate
precipitated froman yttrium-rich fraction in the ion exchange
separation of yttrium and rare earths. The purity of this
material prepared at the Ames Laboratory was greater than
99% Y503.

Titania (Ti02)

The titanium oxide used was Fisher Certified ACS Titan-
ium Oxide abtained from the Fisher Scientific Company. It
had a purity greater than 99.97% as TiOj.

Hafnia (HfOz)

' The hafnium oxide used was prepared by calcining hafnium
hydroxide HfO(OH)o obtained from the liquid-liquid extraction
of zirconium-hafnium salts. This material reportedly con-

tained 2 wt % zirconium.
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FUNDAMENTAL VS. APPLIED APPROACH

Sintering, a process for consolidating powdered méte-
rials into a coherent mass under the influence of heat at
temperatures below the fusion point, is the means employed
to prepare demse U0, shapes. A number of mechanisms have
been proposed to explain the sintering of nommetallic mate-
rials; some of these mechanisms have been. employed in dis-
cussing the sintering of U0j9. These include:

(1) Diffusion (movement of ions).
(a) Volume (movement through crystal lattices).
(b) Surface (movement on or near surfaces of crystal-
lites).
(2) Macroscopic Flow (movement of groups of atoms).
(a) Viscous (nonelastic movement where deformation
requires a minimum yield stress).
(3) Vapor ﬁovement (vaporization-condensation).

The observed sintering behavior of UO2 cannot be ex-
plained entirely on the basis of any one of these mechanisms.
Rather, it appears that all of these mechanisms maylbe opera-
tive at some time during the sintering sequence. Although
considerable insight might have been gained by seeking such a

fundamental approach, the overall goal of this phase of the
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investigation was to develop a process for preparing high
density UOs crucibles for use in metal preparation. Conse-
quently, a basic research study was bypassed in favor of a
more applied approach in seeking a satisfactory solution to
the immediate problem.

On the basis of previously reported results, there ap-
pears to be concurrence on the importance of a number of
variables. However, the lack of agreement on the specifica-
tion of other parameters that have been considered. affective
in the preparation of dense U0y bodies indicates there must
be other unsuspected variables or synergistic effects that
have not been considered.

Although the published literature did not supply adequate
specifications for the total control of all factors, it was
useful as a guide in defining major areas for consideration
during the course of this study. Aside from temperature and
time at temperature, it was evident from previous work that
the history;and origin of the starting material influenced
tﬁe degree of sintering. Also, the state of division and the
oxygen to uranium ratio of the oxide as well as the atmosphere

had a bearing on the sintering of the uranium oxide.
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EXPERIMENTAL

Procedures

The piocedures employed during the second phase of thié
investigation included charge preparation, compact prepara-
tion, compact sintering in the platinum resistance furnace
and evaluation of the product (sample). From the results of
these expériments, conditions for the preparation of crucibles
were devised, tested and evaluated. Since charge preparation,
crucible preparation and control and evaluation techniques
have been discussed in detail in Part I (pages 36-40), only
a description of the compacting procedure and the sintering
procedure used when the platinum resistance furnace (Figure
13) was employed will bhe presented here.

Compact preparation

The approximate weight of charge desired in a pelletized
compact was pressed into the shape of a right circular cylin-
der in a double action steel die. The bore of the die was
one-half inch in diameter. 1In order to avoid the possibility
of side or unknown reactions with the charge materials, addi-
tives such as binders and special lubricants were generally
not used for the compaction step. After the green compact

was ejected from the die, it was measured with a micrometer
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and weighed to the nearest one-ten-thousandth of a gram.

Compact sintering in the platinum resistance furnace

After the green compacts were positioned within the
furnace and the end of the tube sealed, the heating chamber
was purged for about 30 seconds with the sintering atmosphere
to be employed. When the heating cycle was initiated, the
gas flow rate was decreased to a slow rate in order to main-
tain the atmosphere over the samples during sintering. If the
samples were sintered under reduced pressure, the system
pressure was decreased to less than 50 microns before heating.

To reduce the stress on the fiurnace elements, .the fur-
nace temperature was increased slowly up to 600°C. About 1
hour was allowed to reach this temperature. Although temper-
atures above 600°C could be achieved quite rapidly, the heat-
ing rate used usually required an additional twec hours to get
to.the top temperature (140000). When the sintering operation
was completed, the compacts were allowed to furnace cool.
About 3 hours were required to reduce the chamber temperature
to 300°C. After the samples had cooled sufficiently, they

were removed from the furnace, measured and weighed.
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RESULTS AND DISCUSSION

Exploratory Tests

Urania crucibles used during the metal preparation phase,
discussed in Part I of this report, were prepared by sinter-
ing jolt-packed production grade UO9 in a graphite mold in
vacuum at temperatures up to 1900°C by induction wusing graph-
ite. Although a usable crucible was produced, it lacked high
strength.

Oxidation of pieces of the crucibles revealed that the
oxygen to uranium ratio in the sintered oxide was usually
less than two. The decrease in 0/U ratio was probably the
result of two influences. They were:

(1) reaction of the urania with the graphite mold at
these-temperatures and

(2) instabilitv of hyperstoichiometric urania under
vacuum conditions.

In an effort to obtain more quantitative data, pellets
of urania were cold pressed and then sintered in vacuum on a
graphite tray under the same conditions as those used in
crucible preparation. Analysis of these compacts revealed
that the O/U ratios had been decreased to 1.99, weight losses

exceeded five percent and the final sintered demsities ranged
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from 7.0 to 7.2 gm/cm3.

Since previous investigators generally agreed tha% a
hyperstoichiometric oxide sinters to a higher density than
sub-stoichiometric or stoichiometric oxide, a means for
obtaining andAcontrolling the oxygen to uranium ratio to give
a slightly hyperstoichiometric oxide was devised.

Although air oxidation has been employed, in the past,
for increasing the O/U ratio of U0y, this method was bypassed
in hopes of finding a more reproducible app;oach. During the
first part of this investigation on metal preparation, it was
reported that U3z0g could be reduced to UOé with carbon at
1000°C in vacuum according to Equation 13 given earlier (Part
I) as:

U30g + 1.2C ~ 3U0, + 0.8C0 + 0.4CO. (13)

On the basis of this reaction, it appeared that hyper-
stoichiometric urania compositions might be prepared from
charges containing C/oxide mole ratios of less than 1.2.

As an initial test, 11 charges of U30g (from oxidized
production grade UO3) mixed with carbon in C/oxide mole ratios
ranging 0.1 to 1.1 in one-tenth mole increments were prepared.
Cold pressed compacts were then prepared from each of these

charges and sintered on a graphite tray in vacuum at 1700°C,



113

for two hours. Table 1l summarizes the results obtained.

Although all of the sintered pellets analyzed to be
U07.00, the final sintered densities varied from 7.28 g/cm3
to a maximum at 8.39 gm/cm3 obtained with the charge contain-
ing a C/U30g mole ratio of 0.6. Since this ratio in each
charge was less than 1.2, a hyperstoichiometric oxide would
have been produced at 1000°C. The stoichiometric U0s 00
product in all cases was probably due to thermal decomposi-
tion on heating to 1700°C.

It is not certain why the charges containing from 0.8 to
1.1 ﬁoles of carbon stuck to the graphite tray, but it
appears that considerable carbide may have been formed at the
areas of contact of these samples with the graphite. It
should also be noted that the sample weight losses varied
considerably depending on the initial C/U30g mole ratio.
These data show that heating a charge with a carbon to U308
mole ratio of less than 0.6 under these conditions (1700°C
for 2 hours, in vacuum) permits volatilization of an oxide
species that results in a loss of nearly 107% of the UO0;.

To eliminate the reaction between the graphite tray and
the samples, a number of refractory oxides were tested for

compatibility as support materials for the samples. Compacts



Table 11. Sintered densities obtainad on compacts of C and U308 (from UOy) by
heating at 1700°C in a graphite susceptor under vacuum for 2 hours

Charge Green Theo. 02 Oxide Actual [1{0))) Sintered
‘composition compact wt. in composition U0y wt. wt. density
wt.,gm. pellet after after loss g/cm3
(gm.) ginter sinter, %
(gm.)
U30g++ 0.1C 14.80 14,22 U092, 00 12.90 9.28 7.28
U30g + 0.2C 13.29 12.75 U02 . 00 11.54 9.49 7.30
U30g + 0.3C 13.71 13.13 U027 .00 12.00 8.60 7.36
U30g + 0.4C 11.88 11.36 U072 .00 10.30 9.33 6.78
U308 + 0.5C 12.50 11.94 U072 00 10.80 9.54 7.06
U308 + 0.6C 14 .91 14,22 U02.00 13.90 2.25 8.39
U30g + 0.7C 13.90 13,24 U0, 00 12,97 2.03 7.79

Samples containing 0.8, 0.9, 1.0 and 1.1 moles of carbon per mole of U30g stuck
to the graphite tray.

711
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containing C/U30g mole ratios of 0.8 were placed on each of
the powdered refractories that covered a small areé of the
graphite tray.

The refractories included Zr0Oj, U0y, TiOp, HfOp and
Y903. One pellet was also placed on the graphite and served
as a blank. These samples were all heated in the same manner
as described for the samples in Table 1l except that the sin-
tering time was increased to six hours.

The addition of a support material between the graphite
tray and the pressed compact reduced the loss in weight rela-
tive to the blank in all cases, but the loss still remained
considerable. About a 237% weight loss occurred on the sample
supported directly on graphite, while weight losses on the
refractories ranged from 14 to 207%. Of the materials tested,
no noticeable reaction occurred between the compacts and
ZrOg, Y903 and U02. However, considerable reaction occurred
with the TiOy and HfO9 support materials.

After a number of other related exploratory tests, the
following observations were made regarding heating in graphite
under vacuum:

(1) sintering uranium oxide in vacuum at high temperatures,

in the presence of graphite does not yield U0y shapes of high
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strength and density
(2) the mixing of less than 1.2 moles of carbon per mole of
U30g appears to have a beneficial effect on the sinterability
of the oxide and
(3) the carbon to U30g mole ratio that yields the highest
sintered density under these conditions was about 0.6. It is
likely that the carbon required in the charge would be
slightly higher for sintering in an environment free of
graphite.

On the basis of these observations, subsequent experi-

n a platinim registance furnace. The

e
m
]

ments were carried ocut
initial exploratory test with this furnace was to determine
what C/U30g8 mole ratio for a charge yielded the highest sin-
tered density in a graphite free enviromment. Four compacts
prepéred from charges containing different C/U30g mole ratios
were placed on a molybdenum tray, within an alundum tube and
sintered in a nitrogen atmosphere at 1400°C for two hours .
Table 12 summarizes the results obtained.

Under the conditions of this experiment, the charge
with the C/U30g mole ratio of 0.7 yielded the highest sintered
density. It is to be noted that under an atmosphere of nitro-

gen and in the absence of graphite, the sintered densities



Table 12. Data obtained during the sintering of U30g + carbon compacts at 1400°C
in nitrogen for 2 hours

Charge Pellet Theo. UO7 Oxide Actual U0 U0y Density
composition wt., wt. in composition wt. after wt. g/cm3
(gnm) pellet, after sinter, loss
(gm) sintering (gm) %
U30g + 0.5C 10.50 10.03 U092 00 9.99 0.4 7.12
U308 + 0.6C 10.49 10.00 U02 .00 9.95 0.5 7.56
U30g + 0.7C 10.50 10.00 U02 . 00 10.00 0 7.98

U;0g + 0.8C 10.51 10.00 U0, . 00 9.99 0.01 7.42

LTT
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obtained were essentially the same as those obtained earlier
at a temperature 300 higher and in a graphite enviromment
under vacuum conditions. Furthermore, the U0, weight losses
in nitrogen at 1400°C are insignificant compared to those

obtained under vacuum at the higher temperatures.
The Effect of Certain Atmospheres on Sintering

Before evaluéting the effect that certain atmospheres
have on sinterability, preliminary tests were conducted to
determine the initial reaction-densification temperature for
compacts of'U308 and carbon. Green compacts pressed at 30,000
psi and with C/U308 mole ratios of 0.65, 0.70 and 0.75 were
each placed on an alundum support at a number of specified
positions in a sillimanite tube within the furnace and heated
in nitrogen for four hours. The samples in the uniform tem-
perature zone were heated to 1000°C, while the other sample
temperatures depended on their position in the furmace. Since
the temperature profile within the furnace was known, the
initial reaction temperature coculd be correlated with the
measurements obtained from the resulting compacts.

No noticeable reaction or measurable dimensional changes
occurred below 600°C. At a temperature of about 600°C, the

compacts began to swell although no definite weight loss
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occurred; the noticeable reaction and densification began at
approximately 780°C.

After the initial reaction temperature was determined,
the effect of certain atmospheres on the sinterability of
urania over a range of temperatures was compared. The atmos-
pheres included a reduced pressure, argon (inert) and carbon
dioxide (slightly oxidizing). Nitrogen was bypassed because
earlier results showed that considerable cracking of produc-
tion grade U0y pellets occurred in this atmosphere; hydrogen
was not investigated at this point because of its reducing
nature.

Two pressed pellets of production grade dioxide (UO2 (6)
and compacts with C/U308 mole ratios of 0.65, 0.70 and 0.75
were used in each test. The pellets of U0y g were placed at
each end of the hot zone with the other compacts between them.
This arrangement was used to determine if the conditions at
each end of the hot zone were the same during a sintering test.

Since the first reaction in the (U308+C) pellets begins
at about 7800, these samples were first sintered at 800°C for
two hours. After the samples were cooled, they were measured,
weighed and then heated to 900°C where they were maintained

for two hours. This scheme was continued at 100 degree inter-
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vals until the final sintering at 1400°C was completed. The
data obtained when the compacts were heated under reduced
pressure are shown in Table 13. The weights obtained after
each heating through 1200°C revealed that all of the samples
weighed the same as or greater than the calculated U0y weight
in the green compact. The first weight losses below the
theoretical U0y weights in the samples occurred during the
1300°C run with‘substantially more occurring during the 1400°¢C
heating. Calculations, based on sample weights after the
1400°C treatment with the assumption that all the weight
losses were due to oxygen volatilization, yielded final com-
positions ranging in 0/U ratios from 1.51 to 1.71.
Calculations using data obtained several months later by
oxidation analysis revealed O/U ratios ranging from U0, 19 to
U0y 17. The assumption that weight losses below the theoret-
ical U0y weight were the result of oxygen volatilization
seemed to be invalid. Instead, it appéared that a.small
amount of an oxide of uranium was vaporized from each of the
samples during the heating step possibly leaving a residue of
U0y gg- On exposure to air, the "clean” sintered pellets had
possibly picked up some additional oxygen over that contained

in the Uozioo residue to give the compositions obtained by
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Table 13. Sintered densities and weights obtained in 2 hours

at 100°C intervals from 800°C-1400°C under reduced
pressure (~25 microns) for U0y g and charges con-
taining C/U30g mole ratios of 0.65, 0.70 and 0.75

U0y 0 U30g+ U308+ U308+
0.65C 0.70C 0.75C
sample wt., grams 9.98 10.50 10.50 10.52
theo. U02.00 wt., g/cm3 9.94  10.00  10.00  10.01
green density, g/cm3 6.06 5.87 5.59 5.82
800°C  wt. 9.95 10.28 10.28  10.31
~density 7.36 6.10 5.92 6.01
900% VE. 9.95 10.12 10.13 10.15
density 8.11 6.76 6.58 6.74
1000°c  ¥t- 9.95 10.10 10.12 10.14
density 8.71 7.01 7.01 6.89
o wt. 9.95 10.08 10.11 10.14
11007c density 9.16 7.37 7.48 7.28
o wt. 9.94 10.04 10.08 10.11
1200°C  Gensity 9.12 7.63 7.82 7.62
o wt. c.8¢ c.08 10,01 10.03
13007C  jensity 8.65  8.04  8.23  8.07
o wt. 9.66 9.71 9.83 9.83
1400°C  qensity 8.58  8.17  8.41  8.25
Calc. comp. assuming U0y 52 UO1.,51 UO1.,71 UO1. 70
only oxygen wt. loss
Analyzed oxide comp. U03.10 U0y 13 U0g2,17 U032, 15
months later
Estimated comp. at U0y 66 UOo .00 UO2.00 U0, .00

1400°C
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oxidation.

In order to substantiate this belief, three pellets of
U05, 06 were heated under reduced pressure for two hours at
1400°C and then cooled to room temperature. Weight losses in
these samples averaged about three percent which would corres-
pond to about U0y 5 assuming the loss was due to oxygen only.
About 20 minutes after the pellets were removed from the
furnace some of the samples were analyzed by oxidation at
800°C then, 12 hours later, a second group of the samples was
oxidized. It was found that the average O/U ratio for the
first set of samples was UO; 3 while the average for the
second group had increased to UOp ,07. The composition of the
samples at completion of sintering then must have been very
close to U009 gg. Since the oxidation tests for the data
shown in Table 13 were performed several months aftar the
sintering it is conceivable that the 0/U ratio in the uranium
dioxide pellet could have increased to 2.10. Likewise, the
other product samples in Table 13 no doubt had picked up
oxygen on long standing and had compositions close to UOj go
at completion of sintering at 1400°¢.

Sintered densities of compacts from U30g and carbon in-

creased as temperature increased to 1400°C, while the dioxide
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pellet density increased through 1100°C followed by succes-
sive density decreases at temperatures up to 1400°C. This
decrease in the final sintered density may be the result of
internal pressure from gas being trapped in closed pores
formed during sintering at low temperature. At temperatures
of 1200°C and above, then, the plasticity of the oxide may be
sufficient to yield under this pressure and cause a density
decrease.

Of the (U30g+C) charge compositions tested, the maximun
sintered denéity (8.41 g/cm3) was obtained at 1400°C when a
C/U30g mole ratio of 0.7 was employed. This value, however,
was not as high as the density obtained in the plain U0y com-
pact at 1100°C (9.16 g/cm3) or at 1400°C (8.58 g/cm) after
some de-densification of the UO2 had occurred.

Data obtained on heating compacts in argon at the various
temperatures is shown in Tzble 14. Unlike the data obtained
under reduced pressure, none of the samples decreased below
their theoretical U0 weights calculated to be in the green
compacts at any temperature.

Oxide compositions calculated from the sample weights at
1400°C ranged from U000 to U0y 90- These values are more

in line than those obtained under reduced pressure since
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Sintered densities and weights obtained in 2 hours

at 100°C intervals from 800°C-1400°C in argon for

UO2 .06 and charges containing C/U30g8 mole ratios
of 0.65, 0.70 and 0.75

U072 .06 U30g+ U308+ U308+

0.65C 0.70C 0.75C

sample wt., grams 9.99 10.45 10.50 10.50
theo. U092 00 wt., g/cm3 9.95 9.96  10.00 9.99
green density, g/cm3 5.97 5.82 5.58 5.79
800°% Wt 9.95 10.21  10.20  10.25
density 7.91 6.10 6.41 6.51

3000C Wt 9.95 10.10  10.12  10.15
density 8.62 6.83 6.87 6.75

1000° wt. 9.95 10.10 10.12 10.15
0007C density 8.85 6.97 7.11 6.88

o wt. 9.95 10.09 10.12 10.15

H00°C  yensity 8.93 7.39  7.59  7.13
1200°c  WEt- 9.95  10.09  10.11  10.15

2 density 9.01 7.48 7.85 7.37

o wt. 9.95 10.09 10.11 10.15

1300°C  4ensity 9.10 7.75 8.18 7.67
1200% V- 9.95 10.03  10.09  10.11
ROV density 9.22 7.98 8.46 8.05
Oxide composition calcu- U015 .00 U0y 12 U0p 15 U0y 299

lated from wt. at 1400°C
assuming all wt. loss was
all oxygen
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there appeared to be no uranium volatilization. The urania
compositions calculated on the basis of oxidation data cb-
tained several months after sintering, again demonstrated that
some samples will pick up oxygen on standing in air. The max-
imum sintered densities increased in all samples of Table 14

at each higher temperature with the production grade dioxide
yielding the highest density at all temperatures. Of the
compacts prepared from U30g and carbon, the charge containing
a C/U308 mole ratio of 0.7 yielded the highest sintered density
(8.46 g/cmd).

Data obtained on compacts sintered in CO) (see Table 15)
revealed that the pellets from charges of U30g and carbon did
not decrease below the theoretical U072 weight in the green
compact at any temperature. The compact of the dioxide
(U072 .06), on the other hand, decreased to slightly below the
theoretical U0y weight in the green compact during the 900°C
heating. A further weight decrease was noted after the 1100°¢
heating followed by two subsequent weight increases at 1200°
and 1300°C. Although this observation has been substantiated
in other experiments, a logical explanation other than volatil-
ization of an oxide of uranium is not apparent, since other-

wise a thermal decomposition or a chemical reduction in a
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Table 15. Sintered densities and weights obtained im 2 hours
at 1009C intervals from 800°C-1400°C in carbon
dioxide for UO2 pg and charges containing C/U30g

mole ratios of 0.65, 0.70 and 0.75

U0s 06 U308+ U30g+ U308+

0.65C 0.70C 0.75C

sample wt., grams 9.99 10.49 10.49 10.54
theo U0y oo Wt., g/cm3 9.95 10.00 9.99  10.03
green density, g/cm 6.06 5.80 5.61 5.75
800 c Wt 9.95 10.15  10.13  10.19
density 7.82 6.32 6.47 6.66

900°c Wt 9.92 10.08 10.08 10.10

"~ density 8.44 6.80 6.74 6.73

o wt. 9.92 10.08 10.08 10.10

10007c density 5.07 7.12 7.35 7.07

) wt. 9.91 10.05 10.08 10.10

11007¢ density 9.17 7.59 7.87 7.50

o wt. 9.95 10.03 10.08 10.10

1200°C  4ensity 8.78 7.97  8.39  8.10

oc wt. 9.98 10.03 10.08 10.10

1300 density 8.57 8.30 8.74 8.42

) wt. 9.98 10.03 16.08 10.10

1400°C  gensity 8.57 8.50 8.91  8.66
Oxide composition calcu- UOj 05 U0y.05 U0y 35 UOg 12

lated from wt. at 1400°C
assuming wt. loss was all
oxygen
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slightly oxidizing atmosphere would be occurring.

Oxide compositicns from the sample weights obtained fol-
lowing sintering at 1400°C in COy ranged from U0, g to
002:15. These samples also picked up oxygen on standing in
air with maximum values of the 0/U ratios at 2.18 which is in
agreement with similarly exposed samples from Tables 13 and
14,

Sintering data obtained from production grade uranium
dioxide at the various temperatures under an atmosphere of
carbon dioxide revealed that the sintered density increased
to 9.17 'g/cm3 at 1100°C followed by density decreases at 1200%
and 1300°C. These results are essentially the same as those
obtained under reduced pressure. Again, it may be the result
of gases being trapped within closed pores that are formed at
lower temperatures, followed by the expansion of this gas in
a more plastic U0y at the higher temperatures.

Sintered densities obtained on the compacts containing
U30g and carbon in COp at 1400°C revealed that the highest
density (8.91 g/cm3) was obtained when the C/U30g mole ratio
was 0.7. A comparison of the sintered densities obtained for
these charges under reduced pressure, argon and carbon dioxide

showed that COs yielded the more dense compacts. On the basis
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of these results and other related experiments, subsequent
testing was limited to developing high density shapes from

charges compacted at 30,000 psi containing a C/U30g mole

ratio of 0.7 and sintered in COy for 2 hours at 1400°C.

The Sinterability of Compacts Prepared from Charges of

Carbon with U30g from Ammonium Diuranate

Although variations in final sintered densities were
observed for charges of U30g and carbon in various atmospheres,
the densities obtained were low relative to the theoretical
density (U05 oo = 10.97 g/cm3). To evaluate the sinterability
under COj of charges prepared from carbon (graphite) with
oxides of various origins and histories, a batch of U30g was
prepared starting with production grade UO7. The general pro-
cedure used was as follows:

(1) dissolve enough production grade dioxide in concen-
trated HNO3 to yield a solution comtaining 100 g U/,

(2) heat the uranyl nitrate solution to about 60°C and
precipitate the uranium as diuranate with NH,OH. Excess
ammonium hydroxide is added to increase the pH to 9,

(3) filter, dry and powderize the diuranate.

Instead of reducing the diuranate in hydrogen to get highly

sinterable U0y, it was oxidized to U30g in air at 800°C.
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Charges containing C/U30g mole ratios of 0.1, 0.3, 0.5,
0.7 and 0.9 were prepared using this oxide. After compacts
were pressed at 30,000 Ib/inz, they were sintered in COp for
two hours at 1400°C. Table 16 summarizes the results obtained.
Table 16. Sintered densities obtained on charges prepared

from ceramically active U308 and carbon in a CO2
atmosphere at 1400°C for 2 hours

Charge composition Sintered density
g/cm3 % of theoretical

U3z0g + 0.1C 8.66 78.98

U30g + 0.3C 10.04 91.50

U30g + 0.5C 10.47 95.40

U30g + 0.7C 10.51 95.81

U30g + 0.9C 10.37 94.51

As seen in the table, thevhighest sintered density was
obtained with a charge containing a C/U30g mole ratio of 0.7.
This maximum density mole ratio is the same as that obtained
when U30g of lower sinterability was used. As expected, the
sintered density (10.51 g/cm3) using the oxide of Table 16 is
substantially greater than the density (8.91 g/cm3) obtained
with the earlier U30g employed for the data shown in Table 15.

"The diuranate method used for preparing the U30g was
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chosen purposely to point out possible advantages to be gained
by employing this type of an approach. First of all, the
preparation of UO2 as an intermediate could be avoided. As a
result an air oxidation step replaces a hydrogen reduction
step carried out at essentially the same temperature. Second-
ly, the U30g intermediate is quite stable at room temperature
whereas ceramically active dioxide picks up oxygen relatively
easily. Unless extreme care is taken following the hydrogen
reduction step, ceramic grade UO9 will ignite spontaneously
and oxidize to U3z0g. Thirdly, essentially the same sintered

densities using U308 can be obtained in CO, at 1400°C as

obtained with U072 in hydrogen at 1700°%C.

Attempts at Preparing a Ceramically Active Oxide
Although high sintered densities were obtained from
charges using oxide prepared by the above method of UO; solu-
tion in HNC3 followed by the ammonium diuranate precipitation
this acid dissolution step made it less attractive. Further-

more, since production grade UO3 employed as the starting

oxide is readily available, a treatment that employed this

material with a minimal number of processing steps was desired.
Experiments being conducted by other investigators on the

preparation of high purity ThO9 showed that a very finely
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divided oxide could be prepared by burning thorium carbide in
oxygen. This approach was evaluated for preparing a finely
divided ceramically active U30g.

Two charges calculated to yield 100 grams each of UC and
UCo were prepared by heating mixtures of C and U30g in vacuum
at 1800°C. The overall general reactions are shown in Equa-

tions 14 and 15.

U308 + 10.2C =~ 3UC + 0.8C0y + 6.4CO (12)
U30g + 13.2C = 3UCy + 0.8CO, + 6.4CO. (15)

After the reactions were essentially completed, the residual
products were oxidized to U30g in flowing oxygen. The result-
ing oxides were then used in preparing charges for sintering

studies that were carried out under the conditions set up

a'l\ ove

¥,
WY .

Density measurements on the sintered compacts revealed
that the charge prepared from oxide obtained by oxidizing UC
sintered to 7.66 g/cm® while that containing oxide from UCo
sintered to 8.20 g/cm3. Even though this carbide formation-
oxidation treatment yielded a more finely divided oxide start-
ing material, microscopic examination revealed that the bulk
of these materials was composed of shiny spheroidal‘particles.

In another group of tests, samples of production grade
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unsulfated and sulfated UO3 were ball milled dry for extended
periods of time up to 15 hours. The resulting oxide was then
calcined at 800°C to produce U30g for pellet preparation.
Sintered densities obtained on pellets prepared from compacts
of these oxides and carbon showed no appreciable density in-
creases over compacts prepared from umilled oxide.

Photomicrographs of these production grade trioxides in
the as-received form are shown in Figure 15. Although the
unsulfated particles were smaller in size, they exhibited the
same general shape as the sulfated trioxide. Dry ball-milling
produced substantial decreases in particle size, but had no
noticeable effect on the particle shapes. Calcination of theée
oxides to‘U303 also did not appear to affect the particle
shapes. Since the trioxides contained residual nitrate that
was converted to U30g during heating, it appeared that wet

ball-milling the trioxide to dissolve the nitrate might war-

rant study.

The Preparation of a Ceramically Active Oxide by Wet-Ball

Milling Production Grade Trioxides

In the first explcratory test conducted, 200 grams of
sulfated UO3 was wet ball-milled in an alundum ball jar having

a capacity of 1.25 liters., After about 100 alundum stones and



Figure 15. Photomicrographs of production grade unsulfated
(A) and sulfated (B) uranium trioxides in the
as-received form; 250X
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A. Production grade unsulfated UO3

B. Production grade sulfated UOg
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600 ml water was added with the UO3 to the jar, the mill was
operated for two hours. The U03-U0,({NO3)p-water slurry was
then filtered and the filter cake was dried and calcined to
U30g at 800°C. Although the filtrate contained residual
nitrate as evidenced by its yellow color, no attempt was made,
at that time, to combine it with the U0 filter cake. Fur-
thermore, any residual nitrate retained in the filtercake was
converted to U30g since the UO3 filtercake was not washed
following filtration.

Compacts prepared from charges of this U30g with 0.7 mole
of carbon on sintering at 1400°C yielded densities to 9.3

g/cm3

or about 85 percent of theoretical. This represents
about an 117 increase in density over that obtained on charges
of U30g prepared by calcining production grade UO3 directly.
However, this density of 857 theoretical was still substanti-
ally lower than that obtained on pellets prepared from U30g
obtained by way of the diuranate precipitation method.

In another exploratory test, essentially the same milling
operation as described above was employed. The resulting
slurry howeéver was not filtered. Instead, it was placed im

a beaker and the oxide allowed to settle. After the aqueous

solution containing residual nitrate was decanted, another
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400-500 m1l of water was added and thoroughly mixed. This
mixing-decanting step was employed until the aqueous solution
was essentially free of nitrate. After the resulting nitrate-
free U03 slurry was filtered, dried and calcined, pellets were
prepared and sintered as before. Pellet densities exceeding
94 percent of theoretical were obtained. On the basis of
these results, it appeared that a critical step involved the
elimination of nitrate or other soluble compositions from the
filtercake, or UO3, prior to conversion to U30g.

Although high sintered densities were obtained from the
trioxide that was washed free of nitrate, such an approach
would have limited applicability on anything larger than a
laboratory scale. As a consequence, two other approaches were
examined for eliminating the nitrate. In the first one, the
water used in the ball-milling step was made alkaline by the
addition of NH4OH. It was hoped that the nitrate or soluble
part would be converted to ammonium diuranate (ADU) during
the milling step. Then, the filtercake containing UO3 and
ADU could be calcined to U308: Even though it appeared that
the soluble uranium was converted completely to diuranate,
sintered compacts prepared from U30g from this material never

exceeded 79 percent of theoretical.
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In the second approach, the trioxide was ball milled in
water as previously described. Instead of decanting the
nitrate, after the mixing step it was precipitated as diuran-
ate with excess ammonium hydroxide. After the U03-ammonium
diuranate mixture was filtered, washed, dried and calcined to
U30g, charges with C/U30g mole ratios of 0.7 were mixed,
pressed and sintered. The sintered densities obtained ex-
ceeded 90 percent of theoretical. These values were lower
than those obtained from the ball-milling and decanting pro-
cedure earlier (947%), but were substantially higher than the
densities by milling in an alkaline solution (79%).

Subsequent experiments were then conducted to determine
if the final sintered density could be increased above 90
percent of theoretical by evaluating the affect that certain
variables had during the ball-milling step, the precipitation
step and the calcination step.

The ball-milling step

The first tests were conducted to determine the affect
that different water/UO3 weight ratios had during the milling
step on the final sintered density. Three mill jars, each
with a capacity of 1.254, were loaded as follows:

(A) 200 g U03-200 ml distilled water-77 Alp03 stones
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(B) 200 g U03-200 ml distilled water-154 AljO3 stones

(C) 200 g U03-200 ml distilled water-411 ZrO- stores
The alundum stones used were cylindrically shaped and had an
average volume of 1.6 cm3 /stone and an average weight of 52
g/stone. The ZrO9 stones, also cylindrical in shape had an
average volume of 0.6 cm3/stone with an average weight of 3.2
g/stone. Milling was accomplished by rotating the ball jars
at 144 rpm for twe hours.

Next, excess ammonium hydroxide was added to the slurry to
precipitate the soluble nitrates. The resulting oxide-ADU
mixture was then filtered, washed, dried and calcined to U30g
at 800°C. In the second and third sets of experiments, these
same steps were performed using 200 g of UO3, however the
water to oxide weight ratios were increased to 2 and 4 respec-
tively. The pellet densities obtained after sintering charges
of the calcined oxides with 0.7 mole of carbon for two hours
are shown in Table 17. The density decreases at the higher
water/oxide weight ratios were probably the result of two
affects. First, increasing the volume of water used decreased
the oxide density in the slurry. Consequently, the surfaces
of~the stones saw less oxide per unit timef And second, the

increased volume of slurry served as a cushion for the falling
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stones causing a reduction in their momentum resulting in
decreased grinding.
Table 17. Effect of different water to Ub3 weight ratios

during ball-milling for 2 hours on final sintered
density of the dioxide

No. and kind Water to oxide weight ratio
of stones used 1 2 4
77 Al503 90.10 88.80 83.64
154 Aly03 91.07 89.78 85.22
411 Zx09 91.95 90.03 88.23

When the water to oxide weight ratio was reduced to 1/2,
the resulting mixture was too dense to produce any grinding.
Instead the balls became stuck throughout the thick mud-like
mixture. On the basis of these results, subsequent ball-
milling steps were carried out using a water/oxide weight
ratio of 1 and grinding with 411 ZrOp stones.

The parameters adopted up to this stage of development
of an ove:all process for high density U0 shapes included:

1. 500 grams of production grade UO3 with 200 grams of
water,

2. ball mill in 1.252 jar using 411 of the ZrO9 grind-

iﬁg cylin&ers,
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3. grind for a suitable period,

4. wash the slurry from the ball mill with a minimum of
water, add ammonium hydroxide in excess to precipitate any
soluble uranium,

5. filtér and wash the filtercake (insoluble uranium
compounds) to remove nitrate,

6. dry and powderize the uranium compounds (mostly UO3),

7. thermally decompose the UO3 to U3Og,

8. mix U30g with graphite powder to form a charge with
a C/U30g mole ratio of 0.7,

9. press about 10 grams of the mixture at 30,000 1b/in?
into a right circular cylinder one-half inch in diameter,

10. sinter on an alundum support in CO, at 1400°C for
two hours,
11. cool, weigh, measure and evaluate.

Some of the above steps have been evaluated while others
are to be'investigated further. For example, the period of
grinding in step three and the temperature of precipitation
need further study.

| The affect of the ball-milling time on the final sintered
density was evaluated next. After batches of UO3 and water

were milled for 1, 3, 5 and 15 hours, respectively, the re-
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sulting oxide-nitrate mixtures were processed and sintered as
previously described. The results obtained are shown in

?able 18.

Table 18. Effect of ball-milling time on final sintered
densities obtained

Ball-milling Sintered density
time, hr. g/cm3 % of theoretical

1 8.88 81.00

3 10.18 92.30

5 10.31 94.00

15 10.43 95.11

An increase in the final sintered density of greater
than 11 percent was obtained by increasing the ball-milling
time from omne hour to three hours (81 to 92.80). When the
milling time was increased to five hours, an additional one
percent increase in the density was obtained (94.00). How-
ever, 10 additional hours of ball milling was required to
increase the final density another percent (95.11). On the
basis of these data and since U0 density specifications on
light water thermal reactors of current design lie between
93 and 96 percent of theoretical, a five-hour ball-milling

time was used in subsequent experiments.
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The precipitation step

In another series of tests, the effect of the slurry tem-
perature during the ammonium diuranate precipitation step on
the final sintered density was evaluated. 1In the first series
of tests, four batches of U03 and water were each ball-milled
for five hours as previously described. After removing the
slurries from the mill, three of the four batches were heated
for precipitation at 500, 75° and ~95°C respectively. Excess
ammonium hydroxide was added in each case to precipitate the
soluble uranium. Table 19 summarizes the results obtained on
sintered pellets prepared from these four batches after
processing according to the subsequent adopted steps.

Table 19. Effect of slurry temperature during the ammonium

hydroxide precipitation step on the final sintered
density of UO9 pellets

Slurry Sintered density
temperature, °C g/cm3 7% of theoretical
Room (~25) 10.31 94.01
50 9.29 84.71
75 8.89 81.04
~99 8.62 78.66

When the slurry temperature was increased for the precipita-
. . . - o
tion, final sintered densities decreased. At about 99 C, the

final sintered density had decreased about 15 percent to 78.66
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percent of theoretical. Microscopic examination of the
powderized materials from the ammonium hydroxide precipita-
tion revealed that the samples heated to the higher tempera-
tures contained many very fine grains of material not present
in the sample treated at room temperature. Although the pro-
portion of grains appeared to be about the same in each of

the three samples, they increased in size as the precipitation
temperature increased.

From an analysis of these results, a subsequent experi-
ment was conducted wherein the slurry temperature was reduced
to about 4°C before the ammonium hydroxide addition. Even
though microscopic examination revealed the absence of the
fine grains as observed in the powders from the higher treat-
ment temperatures, the final sintered density was only &3
percent of theoretical. As a consequence, subsequent precip-
itation steps were carried out at room temperature.

The calcination temperature

In the last series of tests concerned with preparing a
ceramically active oxide from UO3, the effect of the calcina-
tion temperature (UO3 to U30g) on the final sintered density
was evaluated. 1In this sequence of tests, three batches of

U03 ‘and water were ball milled for five hours as previously
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déscfibed. After the room temperature precipitation step, the
slurries were filtered, washed, dried and calcined at 7000,
750° and 800°C respectively until conversion was completed.
The sintered densities of U0y pellets prepared from U30g cal-
cined at these three temperatures are shown in Table 20.

Table 20. Effect of calcination temperature on the final
sintered density of U0 pellets

Calcination Sintered density
temperature, °C g/cm3 % of theoretical
‘700 10.43 95.10
750 10.38 94.30
800 10.32 94.10

Although these data show an increase in the final sin-
tered density with a decrease in calcination temperature, the
oﬁserved change between 700° and 800°C is open to coniecture,
A possible reason for the decreased sintered density for
material calcined at 800°C over that at 700°C might be attrib-
uted to free sintering at 800°C which is known to occur in
other materials. Calcination at temperatures of 650° and
600°C required extended times for complete conversion to U30g.
Subsequent experiments, therefore, involved calcination at

700°¢.

TT

with reference to the general procedure outlined earlier,
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the proceés developed for preparing a ceramically active Uz0g
from prodﬁction grade UO3 on a laboratory-scale is as follows:

1. ball mill UO3 and water as previously described
for 5 hours,

2. precipitate the ammonium diuranate with excess
ammonium hydroxide at room temperature,

3. filter, wash, dry, powderize, then calcine the
filtercake at 700°C.

Figure 16 is a photomicrograph of U30g prepared by this
method. Although the oxide shown in the figure was derived
from unsulfated trioxide, essentially the same fine sizes and
irregular shapes of U30g particles were obtained when sulfated
trioxide was similarly treated.

When production grade U03 is directly calcined to U30g,
the particle sizes and shapes of the trioxide are retained in
the U30g. A comparison, then, of Figure 16 with Figure 15
demonstrates a marked change in the characteristics of the
U30g particles as a result of the additional processing of
the U03 starting material. The processing presented here has
definitely resulted in the preparation of much finer and
exceedingly less regular U30g particles. These observed

changes in the oxide particles could be important factors in
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Figure 16.

Photomicrograph of U308 powder prepared from
unsulfated production grade U03 by the activa-
tion treatment derived in this investigation.
Bright Field Illumination. 250X
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obtaining the high sintered densities of the UO, product.

Figure 17 is a macrograph of three typical compacts
obtained guring the céurse of this investigation. The A
pellet waé prepared by heating a pressed compact of produc-
tion grade U0, g in nitrogen at 1400°C for two hours. The
resulting pellet has a poor surface texture and no observable
sintering has occurred. Pellet B was made from a charge of
carbon and U30g, prepared by calcining as-received UO3 at
800°C; this pellet was sintered in COy at 1400°C for two
hours. Although the surface texture is good, only slight
densification has occurred. Sample C is z pellet prepared by
sintering a charge of carbon and U30g, prepared by the activa-
tion treatment derived; this pellet was also sintered in COj
at 1400°C for two hours. This sample is substantially more
dense than the other two since all three were molded at the
same pressure in the same die and had approximately the same
diameter prior to sintering.

Figure 18 shows two micrographs of a sintered U0,y pellét
prepared by the process developed in this study. The upper
micrograph (A), shows tﬁe as-mechanically-polished surface;
the dark areas are voids. The lower micrograph (B) is the

same sampie after etching. The ultrafine grains formed during



Figure 17. Photograph of sintered urania compacts of different
qualities

A. Poor surface texture and low sintered density
(75% of theoretical)

B. Good surface texture, but low sintered density
(76% of theoretical)

C. Good surface texture and high sintered density
95% of theoretical
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Figure 18.

Photomicrographs of sintered U0y pellet pre-
pared by process derived in this investigation
before and after etching

A. As mechanically polished; dark areas are
voids; 250X

B. As mechanically polished; etched for ~5
seconds in HF-H»SO,-HNO3-H20 solution;
750X
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the sintering step are often desirable in pellets used as
nuclear fuel; such fine grain structures in sintered U0 are
associated with better irradiation stability of the U0y than

larger grain sizes.

The Preparation of UO9 Pellets with Varying Densities

Fuel specifications established during the design of
certain nuclear reactors sometimes requires that the sintered
UO2 pellets have densities that are far from theoretical and
may be as low. as 807 of theoretical. Sintered compacts of
varied density can be obtained by altering the C/U30g mole
ratio in the initial charge. However, another approach was
evaluated wherein the C/U30g mole ratio in the charge was
maintained at 0.7 whiie the percentages of octa-oxides with
different sintering characteristics was varied. The two
oxides used were U30g prepared by the activation treatment
derived in this study (A) and U30g prepared by calcining U03
directly (B). Table 21 summarizes the results obtained when
charges containing various percentages of these oxides and 0.7
mole of carbon were sintered in CO2 at 1400°C for two hours.

While a density of 95.10 percent of theoretical was
obtained from the charge containing U303 prepared entirely

from the treated oxide (A), lower densities were obtained as
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Table 21. Sintered densities obtained when mixed charges
with varying percentages of (A) U30g prepared by
the activation treatment derived in this investi-
gation, and of (B) U308 prepared by calcining UO3
directly, with 0.7 mole of carbon were sintered
in CO2 at 1400°C for 2 hours

Composition Sintered densities
% of A and B

Calec. g/cm> Meas.g/cm3 % of theoretical

100% A 0% B 10.43 10.43 95.10
707 A + 307 B 10.00 10.00 91.20
407 A + 60% B 9.58 9.60 81.51

0% A + 100% B 9.01 9.01 82.22

the fraction of the untreated oxide increased. When the
charge was composed of 30 percent (B), the final sintered
density was decreased to 91.20 percent of theoretical, while
the sintered density of a charge containing 60 percent (B)
was further decreased to 87.51 percent cof thecretical., The
qalculated density values in the table are based on the con-
buticon each of the species of U30g would independently con-
tribute to the density of the mixture. It is seen that the
relationship between composition and sintered density under
the conditions used is quite linear. Lower densities could
no doubt be derived by varying other parameters of the

process.

This method of preparing normal UO2 pellets with various
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densities might offer reductions in costs in the fuel prepar-
ation phase of the nuclear fuel cycle. Instead of using all
oxide that has been processed to yieid a given density, a
less sinterable oxide 1s used as a diluent with a highly sin-
terable oxide like that prepared in this investigation to

obtain the desired sintered U0, density.

The Affect of an Additive (Polytran)

on the Final Sintered Density

The use of common organic binders and sintering aids
(étearic acid, carbowax, etc.) was not generally employed in
this investigation. However, some tests were performed using
Polytran FS as a binder. This material is a water soluble
biopolymer composition containing scleroglucan, a high molec-
ular weight polysaccharide produced by fermentation. Rheo-
logically, Polytran L (6 wt 7 Polytran FS in water) solutions
are strongly pseudoplastic which provide exceptional suspend-
ing and flow properties (55).

To evalﬁate the effect that Polytran L had on the green
density and the final sintered density, charges of U30g (pre-
pared by the treatment derived in this study) and 0.7 mole of
carbon were mixed with Polytran L in the following propor-

tions:
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A. (U308 + 0.7C) + no Polytran L

B. (U308 + 0.7C) + 1 wt % Polytran L
C. (Uz0g + 0.7C) + 2 wt % Polytran L
D. (U30g + 0.7C) + 3 wt % Polytran L

E. (U30g + 0.7C) +. 3.5 wt % Polytran L

After compacts of these mixtures were prepared by cold press-
ing at 30,000 1b/in2, they were sintered in COp at 1400°C for

2 hours. The results obtained are shown in Table 22.

Table 22. Green densities and final sintered densities of
the U0 pellets obtained on charges containing
C/U308 mole ratios of 0.7 with 0, 1, 2, 3 and 3.5
wt % additions of Polytran L and heated in CO2
for 2 hours at 1400°C after cold pressing

Polytrah L Green Sintered density
Charge composition addition density
to charge of Jemd % of theo
wt % compact
A. (U30g + 0.7C) 0 4.70 10.43 95.10
B. (U30g + 0.7C) 1 5.04 10.65 97.08
C. (U30g + 0.7C) 2 5.12 10.66 97.18
D. (U308 + 0.7C) 3 5.57 10.66 97.20
E (U30g + 0.7C) : 3.5 5.78 10.64 97.00
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The first addition of Polytran L (1 wt 7) produced a
substantial increase in the green density and a notable in-
crease in the final sintered density. Additions of 2, 3 and
3.5 wt % Polytran L produced further increases in the green
density, but resulted in negligible increases in the final
sintered density.

When production grade U0, g was mixed with 1 wt % Poly-

tran L, cold pressed at 30,000 1b/in2

and sintered for two
hours at 1400°C in CO2, a final sintered density of 91.02 per-
cent of theoretical was obtained. This is about a seven per-
‘cent increase over that (84.04) obtained by sintering the
untreated dioxide under the same conditions. As with the
charges of U30g + carbon, further weight percent increases of
Polytran L to these green compacts produced increased green
densities, but no noticeable increase in the final sintered
density. Although a very small addition of Polytran is
affective in increasing the final sintered density, the nature
of this effect is not certain.

Since the chemical specifications placed on reactor fuel
materials is quite stringent, the added impurities by the

addition of Polytran should be considered. Analysis of Poly-

tran FS reported ear}ier (page 105) revealed that it contained
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9 w£ % ash. Thus, for a sample that contains 1 wt 7% Polytran
L (which is a 6 wt % solution of Polytran FS) a maximum of

54 ppm increase in the impurity level would result assuming
no volatilization of these impurities, which are mostly sodium

and silicate, occurs during the sintering operations.

The Preparation of a Dense U0y Crucible

After the conditions for preparing a ceramically active
U30g (from production Grade UO3) were defined and it was
demonstrated that U0y pellets of high sintered density could
be prepared directly from cold compacted pellets of the U30g,
attention was directed toward preparing a dense U0y crucible
using this material in a charge having a C/U308 mole ratio of
0.7. (All further testing on the development of a dense
crucible employed only this oxide).

The fabrication of U0y crucibles during the metal prepar-
ation phase of this study was described earlier (page 37,
Part I). Basically, it involved jolt packing production grade
U0y gg in a graphite mold and sintering it in vacuum at tem-
peratures up to 1900°C. Although these crucibles had a sin-
tered density of less tﬁan 60 percent of theoretical, they

were sufficiently stroné to contain the small amounts of
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metal obtained in the experimental reductions in that phase

of the investigation. Exploratory tests during the early
phases of Part II of the overall investigation have shown,
however, that the sinterability of urania is greatly reduced
in the presence of graphite. Thus, it appeared that either

an entirely new method for crucible preparation would have to
be developed or suitable alterations made in the earlier
method. Since graphite is relatively inexpensive, easily
fabricated and has high strength, further tests were conducted
in hopes of altering the method of crucible preparation rather
than seeking an entirely new approach.

Although graphite has a deleterious effect on the sinter-
ability of urania, it had not been determined what influence
the preseﬁce of graphite had on sinterability during the pri-
mary reaction-densification step which occurs well below
1200°C. In an effort to better understand and evaluate this
behavior, five compacts (Ua0g + 0.7C) were cold-pressed at
30,000 1b/in? and treated as follows:

Sample A. 1. heat at 800°C for two hours in nitrogen on a
' graphite tray; cool, weigh and measure
2. sinter in COyp at 1400°C for two hours on an

alundum tray; cool, weigh and measure.
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The B, C, D and E samples were treated the same except that
the lower temperature heatings were increased to 9000, 10000,
1100° and 1200°C respectively. In an effort to reduce vola-
tilization which would occur in vacuum, the primary densifi-
cation was performed under an inert atmosphere. Since COjp
would have reacted with the graphite forming CO, nitrogen was
employed in the first heating step for each sample. Table 23
summarizes the results obtained.

As the temperature of the heating, in the presence of
graphite was increased, the final sintered density of the
resulting UO7 compact after the 1400°C treatment decreased
somewhat. Since the sample receiving the 900°C treatment had
shown some densification over that of the green compact and
the final sintered density obtained after 1400°C was about 94
percent of theoretical, an initial densification temperature
of 900°C was chosen.

| To evaluate these findings, a crucible was .first jolt-
packed from a charge of U308 and carbon and heated by induc-
tion in a graghite susceptor to 900°C under a nitrogen blanket
within the furnace chamber shown in Figure 12. Instead of
maintaining this temperature for two hours, however, heating

was stopped after 20 minutes when noticeable shrinkage of the



Table 23. Densities obtained following initial densification steps at 800°, 900°,
1000°, 1100° and 1200°C for 2 hours on a graphite tray in nitrogen
followed by sintering in COs for 2 hours at 1400°C on an alundum tray

Density after Final sintered
Sample Green density Densifi~ densification density (1400°C)
3 ‘ cation at temperature
g/cm % of theo. temp, °C g/cm3 % of theo. g/cm3 % of theo.
A 4,84 44,12 800 4.80 43.75 10.42 94,98
B 4.84 44,12 900 5.94 54,14 10.31 93.98
C 4.84 44,12 1000 6.87 62.62 9.81 89.42
D 4.84 44,12 1100 7.21 65.72 9.75 88.87
E 4,84 44,12 1200 7.28 66.36 9.61 87.60

For comparison purposes, a blank was sintered on a graphite tray at 1400°C for two
hours in nitrogen. A density of 7.28 gm/cm3 (66.367% of theoretical) was obtained.

091
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crucible was observed through the sight glass. After the
crucible had cooled to room temperature, it was removed from
the graphite mold and examined. 1In addition to the shrinkage,
which made it readily removaﬁle from the graphite mold, the
crucible was relatively stfong and could be handled easily
without fracture.

Next, the crucible was sintered at 1400°C for two hours
under CO9 on an alundum pedestal in the furnmace shown in
Figure 14. The resulting crucible appeared to be quite dense
and very strong. When stroked on the side with a pencil, the
crucible responded with a clear high pitch sound. Dunk densi-
ties, determined later, on pieces of crucibles prepared in a
similar manner exceeded 85 percent of theoretical. Although
this density is below the densities obtained by cold-pressing
and sintering pellets of the same charge material, it is
considerably above the dunk densities obtained for crucibles
prepared by jolt packing and sintering in vacuum at 1900°C
(57 percent of theoretical). A photograph of a crucible pre-
pared in the above manner is shown in Figure 19. Crucibles of
this size will hold sufficient uranium oxycarbide to prepare
one-half pound of uranium metal by the process described in

Part I of this report.
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igure 19. Photograph of a high density sintered UO2
crucible prepared by the process derived
in this investigation
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SUMMARY OF DENSE UO9 SHAPES PREPARATION

The preparation of dense UOj shapes by the carbon reduc-
tion of U308 in a preshaped compact has been studied. After
charges of U30g (prepared by calcining production grade UO3)
and carbon were mixed to give different C/U30g mole ratios,
cold pressed pellets of these mixtures were sintered under
vacuum, iﬁ argon and CO2 at temperatures up to 1400°%. 1t
was found that charges with a C/U30g mole ratio of 0.7 sin-
tered the best regardless of the atmosphere, but that COy
yielded the highest sintered demsities.

Since the sintered densities of the U0y pellets obtained
with the U308 prepared from as-received UO3 were substantially
less than theoreticai, a method of preparing a more sinterable
g was devised. This laboratory-scale process included:

1. wet ball-milling production grade UO3,
2. precipitating the soluble uranium compounds with
excess ammonium hydroxide,

3. filtering, washing, drying and powderizing the
filter cake, and

4. calcining the filter cake (mostly U0O3 with some
ammonium diuranate) to U30g.

Compacts prepared from charges of this U30g with 0.7 mole of
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carbon by cold pressing at 30,000 1b/in? sintered to greater
than 95 percent of theoretical after two hours in COj at
1400°C. The addition of a binder to the charge for compacting
increased the sintered density of the pellets to 97 percent

of theoretical.

Results of the study on the preparation of dense U0,y
pellets were then applied to preparing dense U0y crucibles by
jolt packing. To avoid the deleterious effect that graphite
has shown with respect to the sinterability of urania at tem-
peratures above 10000C, a two step process resulted. In the
first step, the mixed charge of U308 and carbon is jolt-
packed in the form of a crucible within a graphite mold and
then heated to 900°C under nitrogen. Enough densification is
produced so that the crucible can be removed and sintered
under a COy atmosphere in a graphite-free enviromment at
140000. Although these crucibles were compacted by simply
jolt-packing the charge without binder in a graphite mold,

they exhibited high densities and high strength.
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RECOMMENDATIONS FOR FURTHER STUDY

During the course of scientific investigations, new
ideas and interesting exploratory results that are not of
immediate concern will often develop. Since these ideas and
results may have a minor bearing on the main objectives of
the investigation, they usually do not warrant full consider-
ation at the time. During the second phase of this study on
the preparation of dense UO) shapes the following items fell
into this category.

1. Although the highest sintered densities were obtained
with CO9, other sintering atmospheres should be investigated.
2. Since there appears to be a direct correlation
between the sinterability of the oxide and its particle sizes
and shapes, a more detailed investigation might be conducted
on determining this correlation. Due to the unavailability
of equipment to measure the surface areas of particles, this

type of an investigation was bypassed.

3. Methods, other than jolt-packing, should be explored
in crucible preparatioﬁ. Alternate methods might include
tamping or ramming the charge into a graphite mold; also
hydrostatic pressing inLo a special mold should be abplicable.

During the same investigation, the employment of Polytran FS,
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that was so beneficial in pellet preparation, should be
evaluated in crucible preparation.

4. The preparation of a larger urania crucible should
be investigated. Further, development of a removable plug
in the bottom of this crucible for use in bottom pouring in
the larger scale preparation of metal should be evaluated.

5. The irradiation stability of U0, pellets prepared
by the process derived in thé report should be evaluated.
Since the microstructure of these pellets showed a very fine
grain structure, the irradiation stability of these pellets
might show improvement over most present day urania fuél
pellets.

6. The process developed here for the preparation of
dense U0y pellets and shapes might be extended. The process
as presently derived involves only the oxide prepared from
normal uranium (0.7 wt % U-235). However, oxide fuels in
most reactor systems usually contain oxide that has been en-
riched several percent in the uranium-235 isotope. Conse-
quently, the preparation of deﬁse U0y shapes by the carbon

reduction of U30g that is derived from UFg warrants further

consideration.
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