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ABSTRACT

Process cycles have been developed on the half-kilogram scale for the
conversion of ADU to U0z powder of specified surface area in the range 3-10
mE/g. The recommended cycle involves caleination of ADU in nitrogen during
heating to the reduction temperature, followed by reaction with 30 volume
per cent hydrogen in nitrogen and stabilisation at ambient temperature with
2 volume per cent oxygen in nitrogen. lUOg surface area increased from 3 to
10 m2/g as the reduction temperature changed from 700 to 500°C, but was not

sensitive to the surface area of the precursor ADU or the hydrogen flow rate.
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1. INTRODUCTION

Uranium dioxide powder for the fabrication of dense fuel pellets is
usually produced from ammonium diuprsnate (ADU), The strong influence of ADU
precipitation conditions on the sinterability of UOp powder has been discussed
previcusly (Janov et al, 19871). The calcination-reduction ocycle used for
converting the ADU to U0z also influences the sinterability of the UOz powder;
in particuler, the temperatures of caleination and reduction determine the
surface area of the U0z powder, As the surface area of U0z powder {produced
from the same ADU) increases, the density of pellets pressed and sintered under
standard oonditions also increases (Driear 186l1), U0z powders for fabrioation
into fuel pellets by cold~pressing and sintering should have surface areas in
the range 3-9 u%/g because powders with surface area less than 3 m3/g do not
generally give sufficiently dense pellets while powders with surface area
greater than 9 m%/g are difficult to stabilise with respest to oxygen content
(Reeve, A,A.E,C, private commnioation).

Although other properties such as packing and pressing charaoteristics
may also be important in pellet fabrication, these are affected by the type
of equipment used for reduotion as well as the process oycle, This report
is ooncerhed only with gontrol of the surface area of the UOg powder. The
development of standard process oycles for the batchetray caloinatione
reduotion of ADU to UOg using hydrogen-nitrogen mixtures to produce U0z
powders with surface areas in the range 3-10 m®/g is desoribed.

2, LITERATURE REVIEW

Ammonium diuranate can be converted to U0z by two routes, both of whioh
are oonsidered in this investigation:

(1) Caloination of ADU to UOa or UsOg in an inert or oxidising
atmosphere followed by reduction of the caloined product to UOsp.

(11) Direct conversion of ADU to U02 where a reduoing atmosphere is
maintained throughout the progess.

Woolfrey (1968) has given a comprehensive review of the preparation and
caleination-reduction of ammonium uranates which emphasises the composition
and morphology of the variocus compounds. In this section we consider only
published information relating to the process cycles used for caloination-
reduction and particularly the effect of temperature on the surface area of
UO2 and the intermediate produscts, Various techniques for the stabilisation
of U0z powders are also briefly reviewed,

2,1 Calaination of ADU to U0g and UsOg

The decomposition of ADU in air has been studied by a number of authors
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ineluding Landspersky et al, (1963), Notz et al, (1960) and Ippolitova et al,
(1961). Although their results are not in complete agreement, there is general
agreement about the main features of ADU decomposition. As the calecination
temperature is increased, ADU loses water and then In the range 350-450°C
ammonia is liberated to Torm UOs. According to Notz et al. (1960) and Ippolitova
et al. (1961), further heating results in the exothermic formation of some UszOg
by reaction with evolved ammonia in the temperature range 450-500°C., The

decomposition terminates at 640°C when all the solid has been converted to UszOsg.

The surface area changes associated with calecination in air are shown in
Figure 1. Varlous workers have used different techniqués for measuring surface
area (conventionai BET, continuous fiow BET, or permeability) and this often
complicates comparison of their‘résulté. The surface area of the caleined ADU
increases with temperature to about 350°C after which micro-sintering apparently
commences and the surface area of the U0z and UgOg decreases with increasing
temperature, The discontinuity seen in Figure 1 at 600°C may be due teo the use

of different techniques for measuring surface area,

Similar data were obtained by Delmas and Hélder (1963) using a rotary kiln
furnace but the maximum surface area occurred at approximately 450°C (Figure 2).
The résidence time at the specifiea.temperature was 15 to 20 minutes, but no
details were given about the temperature gfadient in the furnace, It is likely
that some of the material reacted in the inlet side of the furmace at temperatures
lower than specifiled. Delmas and Holder measured surface areas by the BET
method, but unfortunately expressed them on a volumetric basis and, as the
density of their samples is not given, a direct comparison cannot be made with

the results of other workers.

Figure 1 also shows the effect of time of caleination on the surface area
of ADU decomposition products, When samples were maintained at the maximum
temperature, their surface areas (at temperatures above 350°C) were significantly
lower than the surface areas of samples brought to the maximum temperature at
10°C per minute and then immediately withdrawn from the furnace. Most of this
reduction of surface area with time occurred in the first four hours and increased
soaking periods up to 70 héurs had no significant effect. Delmas and Holder
(1963) also found that the surface area of ADU decomposition products decreased
with time {at least up to 3 hours) at 500 and 600°C, but at higher temperatures
there was a negligible effect (Figure 3).

Vérj little work has been carried-out on the‘decomposition of ADU in inert
atmospheres. Woolfrey (A,A,E.C, private cdmmuniéation) studied the effect of
calcination temperature on the surface area of ADU decomposition products in
helium and obtained results qualitatively similar to those shown in Figure 1
with a sharp maximum in surface area at approximately 350°C, He also found that
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ADU materials precipitated at different pH gave decomposition products with

dlfferent surface areas.

2,2 Reduction of U0z and Uz0g to UOp

The reduction of calcined ADU to UQOz takes place in stages with the most
commonly reported intermediate phase being UOp,se (Huntington et al, 1958,
De Marco and Mendel 1960)., The kinetics of the reactions are linear and the

reported activation energies are in the range 26 to 39 kcal/mole.

The surface area of UOs produced from celeined ADU is dependent on the
surface area of the starting UQs or UsOg as well as the reduction temperature,
The results obtained by Delmas and Holder (1963) using a rotary kiln furnace
show the influenée of both these factors on the surface area of UQz (Figure 4),
As explained in Section 2,1, it is likely that some of the material reacted at
temperatures lower than specified because of temperature gradients in the
furnace. The U0z surface area decreased with increasing reduction temperature
In the range 500 to 800°C for ADU calcined at 380 to 600°C. For calcination
temperatures of 700 and 800°C, a maximum UOz surface area occurred at a
reduction temperature of 600°C and it decreased with a further increase in
reduction temperature, Similar results showing the dependence of UOgz surface
ares on the temperature of ADU calecination in air have been reported by Imris
et al, (1965), Jakes and Landspersky (1964¢) and Landspersky et al, (1963),.

One of the main requirements of UOz powder production is that the powder

must have uniform propertles throughout a batch as well as between batches,

Teo achlieve this the temperature of ADU calcination and reduction must be closely

controlled, The reduction of UQz and UsOg to U0z in hydrogen 1s exothermic,

U0g + Hy ————3 U0z + Ho0(g) MHpgg = -23,8 keal/mole
-% UaOg +-§-H2 ——3 UOs +-§ Hz0( g) Nizpg = -12,9 keal/mole

' To minimise temperature excursions during the reaction, Delange (1963)

suggested the use of ammonla gas as the reductant because the dissoclation of
ammonia 1s an endothermic process and would tend to balance the heat liberated

from the reduction reaction:
Z2NHg —————> N2 + 3Hz A = 22,1 kcal mole

Delmas and Holder {1963) and others have also used a dilute mixture of hydrogen
In nitrogen so that the nitrogen would remove the excess heat of reaction
without causing undesirable temperature excursions with resultant product non-
uniformity. ' '
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2.3 Direct Reduction of ADU to UOso

Direot .reduction of ADU to U0z in hydrogen was investigated extensively
by Bourns and Watson (1961). Unfortunately, most of their reactions were
characterised in terms of the final temperature reached. It is the temperature
at which reduction actually oeccurs and not the final temperature during the
reduction cycle which determines the surface area of the UOg powder, because
U0z does not lose appreciable amounts of surface area by sintering below
800°C in hydrogen {Belle 1961) .

Jakes and Landspersky (1964) reported a relationship (shown in Figure 5)
between reduction temperature and UOp surface area in the range 600-900°C but
thelr reduction procedure was not described. As the surface area of their
U0z powders was quite high and did not vary greatly with temperature, it is
probable that the temperature which they quote is the final temperature
reached and that all the reductions actually occurred at some lower temperature
during heating, Jakes and Landspersky also reported that UQs prepared from
ADU caleined in the temperature range 200-500°C had a surface area twice that
of U0z produced directly from ADU., Clayton and Aronson {1958) also found
that UOgrprepared from ADU calecined at 500°C had a higher surface area than
UOs prepared directly from ADU when the final reduction temperature was 800-
900°C. 1In their work, however, hydrogen was present during both heating and

cooling, so reduction presumably took place at some lower temperature.

Woolfrey (A.A.E.C, private communication) has recently reduced ADU to
UOp at precilsely measured temperatures. His surface area. results show a
- maximum at approximately 325°C after which there 1s a rapid decrease. Further,
Woolfrey found that different parent ADU powders.give U0z products with
different surface areas., Jakes and Landspersky (1964) also found an influence
of ADU precipitation conditions on U0p surface area, while others have found

no relationship (Clayton and Aronson 1958) .

2.4 Self-Reduction of ADU

ADU contains variable amounts of ammonia in its structure, the level
depending upon the precipitation conditions and the manner in which it is
washed, but typically there are 0.3-0,5 moles of ammonia per mole of UOs
{Deptula 1962), When ADU is heated, this ammonia can cause substantial
reduction of the solid decomposition product,

Pedregal and Solano {1958) produced UOgz,g7e by heating ADU at 700°C in an
enclosed furnace in the absence of a reducing gas. They postulated that the
’ammonia was first expelléd from the solid and then dissociated in the gas
phase to producé hydrogen which reduced the so0lid residue to UOz.o7s. Price

(A,AE.C, private communication) recently showed that much of the self-reduction
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occurred before the ammonia was evolved from the solid and that when ADU was
caleined in an inert atmosphere, UzOg was nearly always produced irrespective
of the initial ammonia content of the ADU, When ADU was calecined in air UCs
was produced because the ammonia was oxidised before temperatures high enough
to effect self-reductionwere reached, When ADU was heated in hydrogen at $°C
per minute, self-reduction occurred at 400°C before reduction by hydrogen

commenced at 430°C.

2.5 Stabilisation of U0z Powder

Stoichiometric UGz powder has a tendency to absorb oxygen exothermically
on exposure to air and if the rate of absorption is not controlled the powder
may ignite (Bannister 1967, .1968). The fabrication behaviour of the powder may be
adversely affected by excessive absorption of oxygen and this should also be
controlled, Stoichiometric U0z powders with surface areas greater than 3 ma/g
must be treated before exposure to the atmOSpherelto control the absorption of
excess oxygen, This process is termed stabilisation, and cen be achieved by
chemisorption of oxygen at low temperatures (Caputo and Perry 1961) or under
conditions of limited oxygen access (EURAEC 1961). Caputo and Perry contacted
U0z powder and cooled air at 10-15°C in a screw feeder., The EURAEC method
used two volume per cent oxygen in nitrogen to effect stabilisation at room

temperature over a peried of 40 hours.

Stabllisation can also be effected by absorbing other species on the
surface of the UOz powder, These probably retard or perhaps even prevent
oxidation of the U0z surface, Bourns and Watson (1961} cooled U0z to room
temperature in hydrogen and then covered it with dry ilce, Stabilisation was
complete when the dry ice had sublimed, Other gaseous inhibitors which have
been used include water vapour, ammonia, carbon tetrachloride, various alcohols,

ketones and hydrocarbons {Bannister 1967, 1968).

3. EXPERIMENTAL

5.1 Eguipment

The calcination~reduction experiments were carried cut in trays inside a
closed reaction vessel which was inserted in an electrical resistance furnace.
The cylindrical furnace and the disassembled reaction vessel with four trays

in position are shown in Figure 6,

The reaction vessel and trays were made of A.I.8.I., 321 stainless steel.
Fourteen trays, each 0,29 m diameter by 32 mm deep, could be accommodated on
the frame which was connected to the top flange of the reaction vessel., The
top flange and the main body of the reaction vessel, 0.31 m diameter by

0.95 m deep, were bolted together with a teflon gasket between them.l The
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process gases were Introduced through the top of the reaction vessel and
directed via tWO.tubes {vertical supports in the frame on which the trays
rested) to the bottom of the vessel where they were released. The gases
left the reaction vessel through a port located in the top cover, passed
through a walter-cooled condenser and were then released into a fume duct,

A slight positive gas pressure was maintained inside the reaction vessel to

prevent air from entering through any possible leaks,

The 5.4 kW furnace used three separate heating elements to give an even
temperature profile and allow flexibility in operation., Nine stainless steel
sheathed chromel-alumel thermocouples were located within the reaction vessel,
Three were used with proporﬁional controllers to control the temperature of
the furnace and the remaining six provided a continuous temperature trace on
a twelve-point recorder. The temperature within the trays did not vary by
more than 20°C in the radial direction when checked with an inert powder at
approximately 600°C. In the vertical direction the temperature did not vary
by more than 25°C in the bottom 7 trays. Howéver, all the reduction results
given in this report were obtained with 500 g samples of ADU spread on one
tray only and therefore the temperatures quoted are believed to be accurate
to within 10°C,

3.2 Reaction Gases

Three gases were used: hydrogen to effect reduction, air to stabilise
freshly reduced U0z and nitrogen as a diluent in the previous two cases and
as the caleining atmosphere at other times. The hydrogen was 929.5 per cent
pure and contained 10 p.p.m. oxygen and approximately 1000 p.p.m. ﬁater
vapour. High purity cylinder nitrogen (28 p.p.m, water, 30 p.p.m. oxygen)
was used in early experiments, but later service nitrogen containing 50 p.p.m.
oxygen and 85 p.p.m, water vapour was used. The change had no effect, The
oxygen for stabilisation was obtained from compressed air supplied to the

laboratory ( ~ 1000 p.p.m, water).

3.3 Reduction Cycles

Two different process cycles were used. The first (subsequently referred
to as Cycle I} was based on the work of Bourns and Watson (1961), the
temperature of the furnace being raised at 100°C per hour in the mamner shown
in Figure 7a, The maximum temperature was sometimes varied, but in all cases
a plateau was maintained at 450°C for one hour. With this cyele 30 volume
per cent hydrogen in nitrogen was used until the end of the 450°C plateau,
then the nitrogen was replaced by hydrogen to give a pure hydrogen atmosphere.
A few runs with different initial hydrogen concentrations were also made, The

total quantity of hydrogen used above 400°C was 4.2 times the theoretical
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amount required to convert UszOg to U0z although a few experlments were made
using different ratios., This was the same as that used by Bourns and Watson
(1961) although they reported their usage as 2.8 times the theoretical amount
required to convert U0z to UOz. The hydrogen flow was maintained while the

reduction furnace was cooled to room temperature.

In the second procese cycle (Cycle 1I), the temperature of the furnace was
raised as rapidly as possible (250°C/h) to a specified temperature and then
maintained at that temperature for two hours (Figure 7b) , Hydrogen was usually
not admitted until the maximum temperature had been reached and only nitrogen
was used during the heating period. A 30 per. cent hydrogen/nitrogen mixture
was used for reduction and 4.2 times the theoretical quantity of hydrogen was
passed through the furnace during the reduction period, After the reduction
period, the hydrogen was_turned off and the reaction vessel was cooled to

room temperature in a stream of nitrogen.

Variations from these basic cycles were also used and they will be

described as they are encountered.

3.4 Stabilisation Cycles

Two different stabilisation procedures were used: dry ice stabilisation
{ Bourns and Watson 1961) and controlled oxidation with two volume per cent
oxygen in nitrogen (EURAEC 1961), In the first procedure, dry ice was spread
manually over the U0z powder as soon as the reaction vessel was opened. The
powder was not disturbed until all the dry ice had sublimed;: the powder was
then sufficiently stable, -Controlled oxidation was carried out by passing
two volume per cent oxygen in nitrogen through the cold reactlon vessel for
40 hours at a rate sufficient to supply five times the amount of oxygen required
to convert the UOs to U0z.7. It was later Pound to be sufficient to pass the
same gas mixture at the same rate for only 16 hours (overnight) to effect
satisfactory stabilisation (i.e. twice the amount of oxygen required to convert
U0g to U0».1). Stabilisation using nitrogen saturated'with ethyl alcohol for
2 hours (Cordfunke and Ven der (ilessen 1967) was also tested without much

success,
3.5 Procedure

The weighed ADU (500 g) was placed on a segment of a gircular tray to
maintain a powder depth of 10-20 mm, This shallow bed depth was used to
minimise variations in powder properties which have been ebserved with deeper
beds (Bancroft-and.Watson_lQSB). These variations may be due to microsintering
of crystallites during the exothermic reduction as a result of temperature
excursions under the poor heat transfer conditions which exist in deep static

beds of powder., The tray was positioned centrally on the frame so that it was
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in the most uniform temperature zone of the furnace, Several thermocouples
were then imbedded in the powder, the reaction vessel was sealed, placed in
the furnace, and purged with nitrogen before the reduction cycle was commenced,
At the completion of the reduction cycle, the reaction vessel was removed from
the furnace and cooled to room temperature, After stabilisation of the UOo
powder, the reaction vessel was disassembled and samples for chemical analysis,

surface area measurement and sintering tests were prepared by riffling,

3.6 Thermal Conductivity Cell

In a few experiments, a Gow-Mac 24-100 thermal conductivity cell with
nickel filaments was used to continuously monitor the concentration of hydrogen
in the off-gas from the reaction vessel, The off-gases were first passed
through an absorption train consisting of molecular sieves and silica gel to
remove traces of water vapour and ammonia and then metered at the rate of
600 cms/min through the sample side of the cell, Hydrogen analysis was
unaffected by flow-rate variations in the range 100~700 cma/min. Nitrogen
was passed through the reference side of the cell at 600 em® /min, The cell
was operated at 85°C with a bridge current of 100 mA and wags calibrated

against known hydrogen-nitrogen mixtures.

3,7 BSurface Area Measurements

The procedures used to measure the surface areas of U0z and ADU powders
have been described previously (Janov et al, 1971). Both the classical BET
method (Brunauer et al, 1938) and the continuous flow method developed by
Nelsen and Eggertsen (1958) were used. The UOs was conditioned overnight at
300°C and the ADU at 50°C prior to these measurements, A vacuum of 10-S torr
was applied during conditioning in the classical EET method while a stream of
nitrogen was passed over the samples during conditioning in the continuous flow
method,

4, RESULTS AND DISCUSSION

4,1 Preliminary Experiments

Initially, Cycle I was investigated using various concentrations of
hydrogen (10, 30 and 100 volume per cent) during the early part of the cycle
and varying the quantity of hydrogen used above 400°C from 4.2 to 22.5 times
that theoretically required to convert the uranium as Us0g to U0z, Although
on some occasions U0z powders with surface areas less than 9 ma/g were |
produced (CE 1, 11 and 30, Table 1), high surface area U0z powders were
generally obtained with this cycle. Various ADU starting materials were used
in these experiments and this could partly account for the spread in U0

surface areas, However, even ADU powders of similar surface area, reduced in
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an identical mamner (e.g. CE 26, 29, 30, 31 and 35, Table 1) gave markedly
different U0z powders. As Cycle I did not give a reproducible U0z preduct
and because the surface area of the U0z was generally greater than the

required range (3-9 m2/g) other reduction methods were tried.

Direct reduction of ADU to UQOs with Cyele IT using 100 per cent hydrogen
from the beginning was investigated briefly. In four experiments, the maximum
temperature was 500°C while in a further experiment the final temperature was
850°C, In each case, hydrogen was added at a rate sufficient to supply at
least the theoretically required amount of hydrogen between 400 and 500°C,

The surface areas of the U0z powders produced were 13.1, 12,9, 13,6 and 7.1 ma/g
for the 500°C cycles while the 850°C cycle yielded a UOp powder with surface
area 14.1 mE/g. In the last case, the reduction obviously téck place at
approximately the same temperature as for the other four powders {400~500°C) and
the further heating to 850°C had little effect on the surface area,

4,2 Effect of Reduction Temperature on Uls Surface Area

In the preliminary experiments described above, reduction could take
place over a range of temperatures since hydrogen was present from the
begiming of the cyecle, Depending on the.réactivity ofwthe powder, a smaller
or larger proportion of it reacted at the lower temperaturés as the powder
was progressively heated. However, if hydrogen is introduced at one
temperature only then no doubt exists about the reduction temperature, In a
series of experiments using Cyecle II, ADU was heated to the.reduction
temperature in nitrogen only and 4.2 times the theoretically required quantity
of hydrogen was then added as 30 veolume per cent hydrogen in nitrogen at the -
specified temperature over two hours., Figure 8 shows the effect of reduction
temperature on the surface area of U0z powders produced from the same ADU,
The U0z surface area decreased from approximately 10 m®/g for a reduction
temperature of S00°C to approximately 3 ma/g at 700°C. This trend is in
agreement with the results of Delmas and Holder (1963) for ADU calcined below
600°C (Figure 4). These results indicate that in most of the preliminary _
calcination-reduction experiments in which high surface area U0z powders were

obtained, the reduction reaction actually occurred at temperatures below S00°C,

Conversion of ADU to UOs by calcination in nitrogen followed by
reduction at a fixed temperature in a 30 per cent hydrogen/nitrogen mixture
(Cycle II) was therefore adopted as a standard cycle which allowed U0z powders
of ény surface area in the range 3-10 m2/g to be prepared by altering the
reduction temperature in the range 500-700°C, Routine pilot-plant production
has demonstrated the reproducibility of the U0z surface areas prepared by this

method (Janov et al., - A,A.E.C. unpublished report) .
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4.5 Effect of Hydrogen Availablility on UOs Surfass Ares

When Cycle I was used for reducing ADU to UQs, the rate of hydropgen
addition determined the temperature range over which reaction occirred because
it governed the availabillity of hydrogen for reduction. This was demonstrated
In a series of experiments in which the gquantity of hydrogen available for
reduction was varied from 4.2 to 1.5 times the theoretical requirement (Table
2). As the ratio of actual hydrogen supplied above 400°C to hydrogen
theoretically required to convert Us0Og to U0z was decreased, the surface area
of the U0z produced was lowered indicating that the reduction was forced to
oceur at higher temperatures. Results for two experiments carried out on the
same ADU using Cycle II with reduction at 600°C are included in Table 2 for
comparison and demonstrate the lower surface area cbtained when all reduction

actually occurred at 600°C,

Reduction at 600°C using Cycle II was not sensitive to the rate at which
hydrogen became avallable within the experimental range, In two experliments
using ADU powder with surface area 10,5 m%/g, 4.2 times the theoretically
required amount of hydrogen was introduced into the reaction vessel as a
30 per cent hydrogen/nitrogen mixture with reduction periods of two and four
hours, There was no significant difference in the surface.areas of the U0z
powders produced (4,3 and 4.8 m%/g),

4.4 Properties of Calcined ADU in Standard Process Cycle II

With the standard Cycle II process outlined in Section 4.2, control of
the UOz surface area is achieved by varying both calcination and reduction
temperatures, The composition and surface area of the intermediate calcined
ADU product were therefore examined by interrupting the process cycle after
calcination and cooling the furnace to room temperature. After sampling the
calcined ADU, the furnace was reheated in nitrogen and the reduction completed

by the standard cyecle. Table 3 summarises the results of these experiments,

Above 600°C, the product of calcination was very nearly UsOg in agreement
with the results of Price (A,A.E,C. Private Communication) while at 500°C the
oxygen/uranium ratio was 2.74. The surface area of the calcined ADU decreased
with increasing temperature in the range 500-700°C in agreement with previous
work for calecination in air (Section 2.1), The surface area of the subsequent
U0z powders was lower than that of the calcined ADU except for calcination at
700°C, In this instance, UOs powders with essentially the same surface area as
the calcined ADU were obtained for reduction at both 500°C and 700°C,

4,5 Analysis'of Qff-Gases During Reduction Reaction

Figure 9 shows typical data for the hydrogen concentration in the off-

gases from the furnace during reduction at 800°C in the standard process
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Cycle 1II. The reduction usually occurred in steps but it is not known whether
this was chemically or physically induced., The total time required for reduction
varied from 70 to 120 minutes and indicated that the cycle time could not be
reduced below 2 hours at these hydrogen flow rates.

4.8 Influence of Parent ADU on U0z Surface Area

The surface area of U0z powder reduced at 600°C is fairly insensitive to
the surface area and method of preparation of the parent ADU (Janov et al,
1971). Figure 10 shows the surface areas of UOp powders produced from a wide
range of ADU powders using standard process Cycle IT with reduction at 6800°C
in a 30 per cent hydrogen/nitrogen mixture., The ADU powders were produced both
by single- and two-stage precipitation and cover a wide range of precipitation
conditions, The surface areas of the ADU powders range from 4 to 37 ma/g but
after reduction at 600°C all the UQOo powders have surface areas in the range
3.4 to 6.4 m3/g. ' '

4,7 BStabilisation of U0- Powders

Both the controlled oxidation and dry ice methods were used for stabilising
UOg powders in the surface area range 3 to 18 me/g. After stabilisation the
powders were no longer pyrophoric, although their oxygen content continued to
increase for many months, There was a strong positive correlation between O/U
ratio and the surface area of UOz powders., A few days after stabilisation, the
O/U ratlio of powders with surface area 5 m2/g was approximately 2.08 and the

O/U ratioc of powders with surface area 14 m2/g was approximately 2.20,

Approximately one hour was allowed for dry ice stabilisation, However the
controlled oxidation method was used.exclusively in later experiments because
it is probably more adaptable to plant operation. No attempt was made to
shorten the controlled oxidation cyecle below 16 hours { overnight) since it
would not have effected a saving in working hours, In the Bouchet plant in
France, controlled oxidation periods as short as 15-20 minutes have been used in
rotary kiln furnaces (Delange et al. 1964) and similar results have been
observed with pulsed fluidised beds (Fane and Alfredson, A,A.E,C, unpublished

work) ,

4.8 Effect of UQs Surface Area on the Density of Siuntered Pellets

Figure 11 shows the effect of UDz surface area on the density of pellets
sintered at 1600°C for four hours, The powdérs were all produced from the
same ADU precipitated at pH 7.2 butl reduced at differeﬁt temperatures (Figure
8). Slntered density 1ncreased slightly from 10.64 g/cm for a U0s powder with
a surface area of 3 ma/g to lO 85 g/om for a powder with a surface area of
10,1l m / . This trend is in agreement with prev1ous publlshed data (Driear
1961},
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o, CONCLUSIONS

Process cyeles for the conversion of ADU to UQz powder with a surface area

in the range 3-10 ma/g were examined with the following conclusions:

1. Direct reduction of ADU to U0z with hydrogen is sensitive to the
availability of hydrogen during the heating cycle, results in a

variable {usually high) UOz surface area, and is not recommended,

2, The recommended process cycle involves calecination of ADU in
nitrogen during heating to the reduction temperature followed by
reaction with 30 volume per cent hydrogen in nitrogen for two hours
using 4,2 times the amount of hydrogen required to convert the
uranium as UzOg to U0z, The U0z surface area increased from 3 to

10 mE/g as the reduction temperature was reduced from 700° to 500°C,.

3. The recommended process for stabilisation of the UQz powders
Involves controlled oxidation with 2 volume per cent oxygen in
nitrogen ffor 16 hours using twice the amount of oxygen regquired te
convert the U0z to UOz,;.

4, The surface area of U0» powder reduced at 600°C is insensitive to

the surface area of the precursor ADW,

5. The density of sintered pellets increases with an increase in ﬁhe
surface area of the U0s powder (decrease in reduction temperature)

for the same precursor ADY,

6. ACKNOWLEDGEMENTS

The authors are particularly grateful to Messrs, L, S. Mills end
V, K, Vilkaitis who carried out the majority of the experimental work with
the assistance of Messrs, J. S. Sarbutt, R, D, Taylor and P. R, MacBride.

The benefit of discussions throughout this work withDr. K, D, Reeve,
Dr, 4, L, Woolfrey and Mpr. E, J. Ramm of Ceramics Section ls also acknowledged,

The co-operation of Mr, E, J, Rarm and co-workers in the fabrication of
the U0z powders and the analytical support of Inorganic Chemistry Section are
also gratefully acknowledged.

7.  REFERENCES *

Baneroft, A, R, and Watson, L. C. (1958)., - ARCL 586,

Barnister, M, J. (1967), - AAEC/TM396,

Bamnister, M, J, (1968), - J. Nucl. Mat, 26, 174,

Belle, J. (1961). ~ Uranium Dioxide: Properties anq"ﬂgc;ear Applications, USAEC,
U.S. Govermment Printing Office, p.104.

Bourns, W. T. and Watson, L. C. (1961). ~ AECL 1312.

RESTRICTED



13.
RESTRICTED

Brunauer, 3., Emmett, P, H. and Teller, E. J. (1938) . - J. Am. Chem, Soc.,
60, 309,

Caputo, A, J. and Perry, J. E. (1961) . - Y-1301.

Clayton, J. C, and Aronson, S. (1958) . - WAPD-178.

Cordfunke, E. H, P. and Van der Giessen, A. A, {1967)., - J. Nucl, Mat. 24, 141.

Delange, M, (1963) . - New Nuclear Fuel Materials, Including Non-Metallic Fuels,
Vol. 1, p.65. IAEA, Vienna. (Translation: AAEC Report LIB/TRANS 188),

Delange, M., Falcoz-vigne, R., Le Roy, C. and Tachon, 0. (1964)., - Bulletin
d'Informations Scientifiques et Techniques, No, 80, pp.1l1-57.
(Translation: AAEC Report LIB/TRANS 176) .

Delmas, R, and Holder, J. (1963), - New Nuclear Fuel Materials, Including Non-
Metallic Fuels. Vol. 1, p.95, IAEA, Vienna. (Translation: AAEC
Report LIB/TRANS 189) .

De Marco, R. E, and Mendel, M, G. (1960). - J, Phys. Chem. 64, 132.

Deptula, A. (1962). - Nukleonika, 7, 265.

Driear, J. R. (1961)., - TID 7637, p.80.

EURAEC({1961) . - EURAEC-112.

Huntington, C. W., Notz, K. J., Mendel, M, G. and Briggs, G. G, (1958). -
NLCO-775, p.6L.

Tmris, P., Lendspersky, H. and Voboril, M, (1965). - J. Appl. Chem., 15, 48.

Ippolitova, E, A., Pechurova, N, I., Gribennik, E, N, (1961) . - ANL-TRANS - 33,
p.1l14, \

Jakes, D. and Landspersky, H. (1964). ~ Proc, 3rd U.N. Conf. on the Peaceful
Uses of Atomic Energy, 11, 321.

Janov, J., Alfredson, P, G. and Vilkaitis, V. K. (1971). - AAEC/E 220.

Landspersky, H,, Imrisova, I., Sedlakova, L. and Urbanec, Z. (1963) . - AEC-TR-B377.

Nelsen, R. M. and Eggertsen, F. T. (1958). - Anal. Chem. 30, 1387.

Notz, K. T., Mendel, M. G., Huntington, C. W, and Collopy, T, J. (1960). -
TID-6228.

Pedregal, J. D. and Solano, R. R. (1958). - Proc. 2nd U.N. Conf. on the Peaceful
Uses of Atomic Energy, 4., 85.

Woolfrey, J. L. (1968). ~ AREC/TM4T6.

RESTRICTED






RESTRICTED
TABIE 1

PRELIMINARY BATCH-TRAY CALCINATION-REDUCTION RESULTS (PROCESS CYCLE I)

Details of )
Batch Caleination- | Stabilisation| ADU Surface| UGz Surface 0/U Ratio
Number Reduction Method Arvea m2/g | Arvea m?/g of Wa
Cyole®
CEl A-22.5 Nitrogen 22.8, 7.5
saturated
with ethyl
alaohel for
2 hours
CE2 A-22.5 Dry ice 22.8 18.6 2.18
CE3 A-22.5 0.6 - 2.0 22,8 12.9 : 2.26
vol., & Og . :
in Ng
CE4 A-11.3 Dry lce 20.0 14.0 2.20
CES B-12 " " 25,0 12.5
CES Cc-12 " f 25,0 16.5
CE7 B-12 oo 15.5 4.2
CE8 B-4.2 " " 7.0 11.2 2.13
CE1l Ba4,2 2 vol, % 8.0 5.3 2,09
02 in Na
CEL3 Bed,2 v 15.5 8.1 2,13
(El4 B-4,2 L 25.0 13,1
CEl8 B-4.2 woon 14,0 a.9 2,18
CElg B-4.2 won 16.8 12.3 2,23
CE25 B-4,2 " " 9.7 18.3 g.27
CE26 B-4.2 0w 5.6 16,0 2.24
CE27 B-4,2 wroow 22,1 10.6 2,17
CEZ8 B~4,2 noow 8.0 11,1 2,17
CEZ29 B-4.2 " " 5.0 15,1 2.21
CE30 B-4,2 neoon 5,9 7.9 2.14
CE31 B-4,2 L 5.6 13.6 2.20
CE32 B-4,2 woon 22,1 10.9 2.16.
CE33 B-4.2 o 8.0 10,2 2.1%
CE34 B-4,2 oo 14,0 ©10,2
CE3S B-4.2 L 6.3 10.5
CE36 B-4,2 won 3.7 13.1

% Details of Calcination-Redugtion Cyecles

The figure In the second golumn indioates the number of times theoretical
ampunt of hydrogen used above 400°C in the reduction oycle,

A, TFurnace heated to 450°C at 100°C per hour with 10 per cent Hz in Np,
held at 450°C for one hour, gas then changed to 100 per cent Hp and

temperature ralsed to 600°C at 100°C per hour and held there for one
hour,

B, As Eor A except that 30 per cent Hp in Np was used during heating to
450°C. . .

C, As for A ex}:ept that 100 per cent Ha was used during heating to 450°C,
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TABIE 2°

EFFECT OF HYDROGEN AVATLABILITY ON UQp SURFACE AREA

Surface Area of

ADU 8.5 m%/g

Actual Hp Supplied/
Calcination- ‘ U0z Surface
Batch Number Reduction Cycle Theoretical Hz Area ma/g
. _Reguired

CE42 Cycle I, 30 vol, % f4,2 9,3

Hs from 400°C toend

of 450°C plateau,

then 100 vol. % Ha
CE41 As above 2.5 7.2
CE44 As above 1.5 6,0

CE38, 39 Cyele II, Nz only 4.2 3.8, 4.2

until 600°C then ‘

30 vol. % Hz for twd

hours

TABIE 3

SURFACE AREA AND COMPOSITICON OF CALCINED ADU AND SUBSEQUENT UQz POWDER

ADU precipitated at pH 7.5 with ammonium hydroxide

Final
Temperature | Surface %rea O/U Ratio of Temperature Surface Area O/U-Ratio
of of Caleined Caleined ADU of Reduction of U0 ma/ . of UO
Calcination ADU mZ/g cine °n 2m=/g 2
°¢
500 14 .2 2.74 500 8.9 2.21
600 9.5 2.72 600 6,2 2.16
600 7.0 2.72 600 4.6 2.10
500 8.6 2,70 - - -
630 7.3 2.68 630 4,2 2.09
700 2.9 2.68 500 3.0 2.10:
700 - - 700 3.0 2.086
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FIGURE 6. BATCH-TRAY CALCINATION-REDUCTION FURNACE
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