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This work presents an experimental description of thermal and physical studies to attain a practical man-
ufacturing process of uranium metal enriched to 20% U?3> (LEU - Low Enriched Uranium) by metallother-
mic reduction of UF,, with nuclear purity, for reduced amounts (1000 g of uranium) and with radioactive
safety. Uranium metal is needed to produce nuclear fuel elements based on uranium silicide (intermetal-
lic U3Si) and irradiation targets to produce Mo®°. This process is a part of Brazilian efforts to fabricate the
fuel elements for its research reactors, primarily aiming at the production of radioisotopes for nuclear
. medicine. The magnesiothermic reduction is influenced by variables which are related to the starting
Uranium metal . o . ) . . . .
Magnesiothermic reduction material UF4 and the thgrmal condl'tlons for its reduction. These variables are investigated. The physical
UF, arrangement of the crucible/reduction reactor/furnace system and the management of the furnace ther-
mal input in the reduction reactor during the heating were studied. Thermal simulation experiments pro-
vided delineation for the reactants’ thermal progress before the ignition of the metalothermic reaction.
The heat input to the reduction system has proved to be the main variable that influenced the efficiency
of the process. The levels of metallic yield and reproducibility have been improved, making the produc-
tion process reproductive and economically viable. The typical yield in the production of uranium metal
was above 80%. Unrecovered uranium metal is present in the MgF, slag and can be recovered at the level
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of 96% yield. The process of recovering the uranium from the slag is also discussed.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

The production of uranium metal is necessary to produce the
intermetallic UsSi, which is the modern basis for manufacturing
the nuclear fuel used in nuclear research reactors (Keiser et al.,
2003; White et al., 2014; Finlay and Ripley, 2001; Nuclear
Regulatory Commission, 1988). Uranium metal is also necessary
for manufacturing irradiation targets to produce °®Mo by nuclear
fission (International Atomic Energy Agency, 2013). These targets
are based on the UAI,-Al dispersion or thin foils of uranium metal
(Lisboa et al., 2015; Stepnik et al., 2013; Jollay et al., 2011).

There are several possibilities for producing uranium metal
(Harper et al., 1957; Katz and Rabinowitch, 1951). In the decade
of 1930-40, uranium was produced from metallothermia with Na
and Ca from UCl,. In the 1950s, in the context of worldwide inter-
est in nuclear technology, several technologies were developed to
obtain uranium metal: by electrolysis from the KUFs salt, by UO,
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metallothermia with Ca and Mg, and by metallothermia of UF,4
with Ca and Mg. Magnesiothermic reduction of UF, is a known pro-
cess since the early 1940’s (Huet and Lorrain, 1967; Kubaschewski,
1978).

Normally, calciothermic reduction of UF, is preferred world-
wide since the exothermic heat is —109.7 kcal/mol if compared
to a smaller amount of —49.85 kcal/mol produced using magne-
sium as the reducer (Rand and Kubaschewski, 1963). Nevertheless,
the Nuclear and Energy Research Institute — IPEN/CNEN-SP in the
nationalization process to produce its own nuclear fuel for research
reactors and target fabrication (Osso et al., 2013; Obadia and
Perrotta, 2010), decided for the magnesiothermic process of
uranium tetrafluoride (UF,) since it is easier to be done avoiding
handling of toxic and pyrophoric calcium. Moreover, the magnesio-
thermic process is cheaper since magnesium is cheaper than
metallic calcium. Thus, there is an economic compensation despite
the unfavorable thermochemistry of reduction with magnesium
when compared with reduction with calcium.

Magnesiothermic reduction employs metallic magnesium asa
chemical reducer of uranium. Magnesium is mixed with stoichio-
metric excess to uranium tetrafluoride (UF,4), which is produced
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from UFg hydrolyzed in HF solution. The hydrolyzed solution is
then reduced by stannous chloride to UF, (Frajndlich et al., 1998;
Saliba-Silva et al., 2008). UF, is a greenish substance which, mixed
with magnesium, can be reduced to uranium metal under ade-
quate thermal conditions. This reaction is intensely exothermic.
The reaction is:

UF, + 2Mg — U + 2MgF, (1)

AH = —49.85 kcal/mol (at 640 °C)

The reaction products utilize the resulting exothermic heat and
melt to form the uranium ingot at the bottom of the crucible and
the slag. The supernatant slag, which is formed essentially by
MgF5, solidifies at the top of the ingot. Considering the calculations
of Rand and Kubaschewski (1963), the sum of the heat produced by
this reaction and the latent heat to melt the products give a reac-
tion heat of —49.85 kcal/mol. Therefore, this is the resulting heat
available to heat the products. Assuming that 49 cal/mol is
required to raise one degree centigrade of the reaction products,
it has been shown that the possible increase in temperature would
be only 1017 °C. This average heating is based on water, as a calori-
metric reference, which uses 7 cal/°C for each atomogram. In the
case of 2MgF, + U, there are 7 atoms present which, therefore, need
49 cal/°C (Rand and Kubaschewski, 1963). However, this heat is not
sufficient to reach the melting reaction products if the reaction
occurred at room temperature (U melts at 1132 °C and MgF, at
1255 °C). Therefore, these fusions are only possible if there is a pre-
heating of the reactants before the reaction, as predicted by Harper
et al. (1957) for this process.

In addition to these thermal problems, chemically there are a
number of undesirable secondary reactions that can contaminate
and reduce the reaction yield. Among these reactions, we have:

1- In the presence of moisture:

UE, + H,0 — UF3(OH) + HF (2)
UF;(OH) — UOF, + HF 3)
2 UOF, + 0, — 2UQ,F, (4)
UF, + 2H,0 — UO, + 4HF (5)
2UF, + 0, — UFg + UO,F, (6)
UFs 4 2H,0 — UO,F, + 4HF (7)

2- Other undesirable reactions:

2 UF4 + Mg — 2UF; + MgF, (8)
3 UF4 + U — 4UF; 9)
UF, + 2H,0 + 2Mg — UO, + 2MgF, + 2H, (10)
UO,F, + Mg — UO, + MgF, (11)
UF, + 2MgO — UO, + 2MgF, (12)
2MgO+U—UO,+2Mg  (1280°C) (13)
2 Mg+ 0, —2Mg0  (620°C) (14)
3Mg+N;, — MgN,  (580°C) (15)

As can be seen from reactions (2)-(15), there is a potential forma-
tion of various undesirable products (UO,, UO,F,, UF;, MgO and

MgsN,) during the reduction process. These products lower the yield
of the system and can impair the production of uranium with nuclear
purity. In this way, it is seen that the reduction system should be
properly designed so as to avoid all such secondary reactions.

Our research center decided to use this route in 1970-80’s for
producing 100 kg ingots of natural uranium. However, for low
enriched (LEU) U-production, it is necessary to handle safe mass
(less than 2.2 kg U) to avoid possible criticality hazards. We started
studying the magnesiothermic reduction in the late 1990's to pro-
duce small amounts of enriched uranium (around 1000 g LEU
ingots) (Perrotta et al., 1998; Saliba-Silva et al., 1997). This range
of LEU U weight is rather small if compared to big productions of
natural uranium. Uranium metal is reported (Beltran et al., 1972)
to be produced with 94% metallic yield when producing bigger
amounts of raw material. The magnesiothermic process downscal-
ing to produce LEU has small possibilities of achieving this higher
metallic yield. This is due to the design of crucibles, with a rela-
tively high proportion of surrounding area, which is more prone
to withdrawing evolved heat from the exothermic reaction during
uranium reduction. The reduction reaction initiates by means of
spontaneous ignition. As magnesium thermodynamics is less
prompt to ignite than calcium, the batch reactor must be heated
up to a temperature around 620 °C. The routine shows that this
ignition normally happens some degrees below this temperature
(Beltran et al., 1972).

In general, the production of uranium metal takes into account
the following recommended procedures:

a) Physical Containment. The reaction charge and products
must be kept fully contained during the loading, heating,
reaction, cooling and disassembly processes without causing
environmental damage and nuclear contamination.

b) Chemical Insulation. In order to prevent undesirable reac-
tions, the system must be inerted with noble gas (continu-
ous argon flux) for keeping the system free from the
presence of oxygen and moisture.

¢) Thermal Supply System. The reduction reactor system and
graphite crucible system with the reduction charge shall
allow a suitable thermal flow for heating the entire charge
with a thermal profile such as to ensure controlled and min-
imized thermal differences between the different regions of
the charge at the moment of ignition.

d) Charging and Discharging. The charging of the reagents
(UF4 + Mg) for reduction must be done inside a glove-box
to avoid hygroscopy and contamination of the reduction
charge with O, and contamination of the external environ-
ment with nuclear material. The crucible should be handled
for closing and opening inside a glovebox. The opening of the
crucible to extract uranium ingot and the slag is fully carried
out inside an inerted atmosphere to prevent pyrophoricity
(uranium is a pyrophoric material and the eventual burning
of uranium turns it into highly toxic powdery oxide, harmful
to health when inhaled).

e) Uranium Recovery. The generation of nuclear waste should
be minimized to the maximum, with safe handling for
charging and discharging. Unreacted material and uranium
metal entrapped in the slag must be recovered since ura-
nium metal is an expensive, rare and dangerous material.

Based on these recommended procedures, we designed an
infrastructure to produce small amounts of LEU metal. However,
in the initial reduction tests, the process did not prove to be repro-
ducible since the yield in produced uranium metal varied over a
wide range, from 20% or less to 90% or even more.

The objective of the present work was to investigate the possi-
ble causes that affected the yield of the process in order to achieve
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a stable and reproductive process for the production of LEU metal
with the best possible yield. Some variables related to UF, powder
were investigated. A physical adaptation of the furnace and reactor
set was performed and thermal parameters were developed in
order to establish a routine for the production of LEU metal. The
routine for uranium metal production must also consider the
recovering of unreacted UF, or unseparated uranium. The develop-
ment to achieve better procedures for uranium recovery from the
MgF, slag was also envisaged.

2. Experimental procedures
2.1. Magnesithermic reduction of UF,

A standard reactant charge was fixed at 1815 + 5 g of the UF, +
Mg mixture (1540 £ 1 g UF,), containing 15% excess Mg in addition
to the stoichiometric amount. In this charge, there is a theoretical
mass of 1154 g of uranium metal in the form of UF,. The objective
was to obtain around 1000 g of LEU metal.

The preparation of the charge was done keeping a homoge-
neous mixture of UF, with Mg. As these materials have a great dif-
ference in densities (pyrs=6.72 g/cm® and pyg=1.74 g/cm?), a
stratified charge was made. For homogenization purpose, the
charge of UF, + Mg was divided into 10 layers tapped one by one
inside a graphite crucible, each layer containing the blend in the
desired proportion. This operation was performed inside a glove
box using a V type homogenizer mixer.

The height of the charge inside the graphite crucible varied
mainly due to the variability of the tapping operation of the charge
layers, which was performed manually. To fill the empty space
between the top of the charge and the graphite crucible cap, a vari-
able amount of CaF, was tapped over the UF, + Mg charge in the
crucible to fully complete the reaction volume. CaF, was used for
being readily available.

The charge bulk density was calculated based on the volume of
the crucible filled with the charge. The occupied volume was calcu-
lated from the measured value of the distance from the top of the
charge to the edge of the graphite crucible, which has a known
height. This measurement was carried out using a ruler inside
the glove box. Due to the difficulty in reading the measured value,
the error in the reading was considered to be 2 mm. The maximum
associated error in the calculated charge bulk density was consid-
ered to be around 0.05 g/cm?>.

"N

Fig. 1. Scanning Electron Microscopy (SEM) showing UF, particle morphology
(secondary electrons).

The typical appearance of UF, used in this work is presented in
Fig. 1 (Frajndlich et al., 1998). The magnesium used was in the
form of granules of size —12 + 50 mesh (0.3-1.7 mm). The purity
was 99.8%.

The crucible was made of fully machined graphite volume with
enough resistance to produce safe nuclear uranium amounting to
around 1000 g. This crucible was designed to withstand the blast
impact of metallothermic reaction, as well as thermal cycles of
heating and cooling without excessive wear in order to be used
in several batches. Fig. 2 shows a view of the graphite crucible with
the UF, + Mg charge. The graphite crucible was not lined.

After closing the graphite top cover, the crucible was inserted
inside an ANSI 310 stainless steel cylindrical reactor vessel, which
allows argon fluxing during batch processing (1 L/min with 2 kgf/
cm? of pressure). As shown in Fig. 3, the whole crucible + reactor
was placed in an electric-powered pit furnace with four pro-
grammable zones having the possibility of raising the temperature
up to 1200 °C. The reaction vessel was heated and the reactants
ignited expontaneously. The reaction of UF, with Mg produces an
intense exothermic heat release inside the crucible. It is considered
as an adiabatic reaction. It produces uranium metal and MgF, slag
in liquid form. Both products deposit in the crucible bottom and
are easily taken apart after opening and discharging the crucible.
The exact moment of expontanous ignition and reaction time
was detected and recorded by sound waves, using an
accelerometer.

The whole system developed for the magnesiothermic reduc-
tion of UF, is shown in Fig. 4. This figure shows the graphite cru-
cible set and the reduction reactor inserted in the furnace inner
for heating. The dimensions shown in Fig. 4 correspond to the cur-
rent system. The reduction reactor consisted of a cylindrical vessel
with pipes necessary for the introduction of argon and the exit of
gases inside the reactor. The reactor head is cooled with airflow.
This vessel can withstand positive pressure up to 4 atm.

After the reaction, there was a 10-min wait for full solidification
of the reaction products inside the furnace. Then, the furnace
energy was turned off and the reactor vessel was lifted out of the
furnace. There was another wait for a period of 16 h to provide
complete cooling before its opening for discharging. This avoids
uranium metal pyrophoricity, which may happen when this metal
is exposed to atmospheric oxigen.

The unassembling of reduction set was performed inside a glove
box inertized with argon. The top and bottom crucible covers were
then removed. By means of rubber soft hammering, it was able to
withdraw the uranium ingot. The MgF, slag was removed by

Fig. 2. View of the graphite crucible with the UF, + Mg load after tapping the 10
layers.
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Fig. 3. Charging of the reactor vessel inside the pit furnace.
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Fig. 4. Schematic drawing of pit furnace, reactor vessel and crucible.

mechanical cleaning. The uranium metal was pickled in nitric acid
65%vol and the final mass of uranium metal was measured and its
density evaluated by Archimedes’ method. Fig. 5 shows the reacted

charge with the slag at the top and the uranium metal at the bot-
tom (A) as well as the uranium ingot after pickling (B).

Following these procedures, the efficiency on uranium metal
fabrication was tested by processing 20 precipitation batches of
UF; made on a large scale (50L) and employing optimized
UO,F; + HF + SnCl, solution at a temperature range of 92 + 3 °C
with resting time for precipitation during 24 h (Frajndlich et al.,
1998; Saliba-Silva et al., 2008). About 3000 g of natural UF, was
produced for each batch. The magnesiothermic process was used
to reduce this material to uranium metal by using 40 magnesio-
thermic reduction operations. After each reduction, the metallic
yield was calculated as the ratio between the mass of uranium
metal produced after reduction and the total uranium contained
in the UF, prior to this reduction.

2.2. Uranium recovery from slag

The slags directly obtained from the tests described above were
first calcinated in air to promote oxidation. During this process,
uranium metal was oxidized to U;0g in order to facilitate maxi-
mum leaching. For the calcination, a 10 kW resistive furnace was
used to apply different temperatures and time periods for calcina-
tion. Uranium metal is unstable, pyrophoric and extremely reac-
tive. Without calcination, slags containing levels exceeding 70 wt
% uranium are pyrophoric and could suffer spontaneous combus-
tion. On the other hand, the stable oxide UsOg has low chemical
reactivity and is easily handled, justifying the implementation of
calcination step for the slag treatment.

After calcination, the material was crushed in order to decrease
the size of particles containing oxidized uranium compounds. The
crushing increases the specific open surface of the material, which
provides a better reaction efficiency in the latter leaching process.
To reduce particle size, a ball mill was used with alumina balls and
10 L capacity pot with dimensions of 30 x 20 cm. The slag was
ground for 8 h with a rotation speed of 200 rpm. The slag was then
classified by granulometry through sieving. The obtained material
after grinding showed all particles with a size smaller than
150 pm. This material was used in the leaching tests.

After crushing, the material was treated with a nitric leaching
operation. The leaching solution was prepared with a ratio of
0.025 mol of HNOs per gram of uranium. Part of this solution
was added to the reactor and the slag was slowly fed together with
the remaining HNOj3 solution. This process was conducted during
12 h, with reaction temperature control and with a constant stir-
ring of 300 rpm. An impure uranyl nitrate solution (UO,(NOs),)
was then obtained. This solution was vacuum filtered and treated
for purification with an organic solvent, the tributilphosphate
diluted to 30 vol% with isoparaffins.

After UO,(NOs), purification, the solution was reacted with gas-
eous ammonia to precipitate ammonium diuranate (ADU). The
ADU was calcinated at 600 °C for 3 h, thereby obtaining pure
U30g. The U305 produced was converted into uranium tetrafluoride
(UF,4) by reacting with stannous chloride (SnCl,) and hydrofluoric
acid (HF) inside a precipitation reactor.

The UF4 was then treated under argon atmosphere in a heating
furnace at 400 °C in order to remove crystallization water. Once
UF, is duly qualified it returns to production route of uranium
metal as a raw material for the magnesiothermic reaction.

3. Results and discussion
3.1. Metallic yield

As shown in reactions (4)-(7), the UO,F, and UO, content in
dried UF, is the main source of oxidized products that will not
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Metallic
Uranium

(A)

B)

Fig. 5. (A) Raw uranium metal and upper deposited slag after its removal from the crucible; (B) Uranium metal after cleaning.

be reduced by magnesiothermic means, so it is one of the possible
sources of metallic yield loss. The influence of their presence, as
identified by chemical analysis, on the metallic yield was studied.
The UO,F, content varied from very small quantities (almost zero)
to the maximum content that was observed experimentally in 20
produced batches, around 0.42 wt%. The UO, content varied from
0.02 to 0.28 wt%.

Fig. 6 shows the influence of the UO,F, content in UF4 on the
metallic yield of the reduction to uranium metal. It would be
expected that the presence of UO,F, would be relevant in magne-
siothermic reaction since it leads to having less U-production
caused by no reactivity of U-oxides and Mg in this reaction process.
This would impact directly on the metallic yield performance.
Probably, besides the UO,F, crystals previously formed during
UF, drying, more UO,F, and UO, could be formed during magne-
siothermic heating when moisture (at 100 °C) and crystallization
water (>400 °C) evolve. Reactions (2)-(6) show that this oxidation
is very prone to happening under moisture presence with a high
temperature (around 600 °C) and with relatively long residence
time inside a confined vessel.

Fig. 7 shows the influence of the UO, content in UF; on the
metallic yield of the reduction to uranium metal. All individual
data are shown.

The bulk density of the charge varied in the range of 1.70 to
2.05 g/cm®. The height of the CaF, layer varied between 12 and
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Fig. 6. Influence of UO,F, content in dried UF, on metallic yield.
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32 mm. Fig. 8 shows the influence of the charge bulk density on
the metallic yield of the reduction to uranium metal. All individual
data are shown. The results show that there is no apparent
correlation between the charge bulk density and the yield of the
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reduction process. Although the thermal conductivity of the charge
is affected by the density variation, the high yield variation cannot
be attributed to the variations in the charge bulk density.

Figs. 6-8 show the great variability observed in the metallic
yield, which cannot be explained by the presence of UO,F, and
UO, in the UF, + Mg reduction charge or by the charge bulk density
variations. Considering the great variability observed in the metal-
lic yields, it cannot be affirmed that there is a correlation between
the metallic yield and the UO,F, and UO, concentrations in the
range studied. The same can be said about the charge bulk density.
The variation of the charge bulk density also reflects the variation
of other physical characteristics of UF, that could affect the yield of
the reaction, such as particle size and reactivity (specific surface
area). Therefore, these physical characteristics do not appear to
play an important role in the observed variability in metallic yields.
Another powerful variable must be acting.

Fig. 9 shows the variation of the metallic yield obtained in the
first 30 reductions performed with natural uranium. A great vari-
ability was observed, from 20 to 86%.

Seeking to understand the big variations observed in the metal-
lic yield in the first magnesiothermic reductions, the slags formed
after each reaction were fully inspected, trying to correlate any dis-
tinctive attribute or aspect with the reaction yield. The magnesio-
thermic operational routine and evidence after dismounting the
crucible to remove uranium ingot lead to the reasoning about the
moments before, during and after the ignition. The sequence of
events that is proposed to take place during the magnesiothermic
reduction of UF, is illustrated in Fig. 10. The proposed sequence of
events would be as follows:

1. Crystallization water and moisture are released during heating
and this water is expected to promote the surface oxidation of
UF, (reactions (2)-(6)). The evidence for this is the production
of water collected at an external Erlenmeyer, through which
passes the fluxed argon and evolved gases from the system.
These gases promote an extra bubbling inside the Erlenmeyer
when the load first reaches temperatures around 100 °C. When
the charge reaches the range between 400 °C and 500 °C, the
heating process reveals, for the second time in the heating pro-
cess, another extra bubbling showing the evolution of crystal-
lization water developing from the charge. This observation
indicates that UO,F, and UO, are being formed and will reduce
the yield of the process to some degree.

100 5
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80 . g . .
70-5 . .

604 o o . g ¢ .
501 .
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20
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Metallic Uranium Yield (%)
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Fig. 9. Initial variability of yield in the uranium metal production by magnesio-
thermic reduction of UF,,

2. It is feasible to suppose that the metallic magnesium also oxi-
dizes (reaction 14). This, in a certain grade, prevents the reac-
tion from happening before it reaches the ignition time
moment, around 600 °C, which is very near to magnesium melt-
ing temperature at 651 °C.

3. The reaction moment happens quite near the magnesium melt-
ing point. As a possible hypothesis, the reaction ignition is pro-
moted by the vapor of magnesium breaking the thin layer of
magnesium oxide covering the magnesium particle. The Mg
vapor reaches the nearest UF, powder grains. The first reaction
happens between a solid UF, and magnesium vapor. At this
point, it provokes the first spark of ignition promoting a high
exothermic reaction (reaction 1) forming locally the first quan-
tity of uranium metal and magnesium fluoride. The following-
up is a chain reaction between solid UF, grains and Mg vapor
that evolves vigorously throughout the reactants in a driven
explosion blast. From this moment onwards, the temperature
swiftly promotes the nucleation of sparks erupting all through
the whole mass of reactants.

4. This full mass reacts in approximately 500 to 800 ms. In this
short time, it is not feasible to rely on any equilibrium thermo-
dynamic system. After the opening of the reaction chamber, it is
observable that even the CaF, put on top of the reactants is par-
tially melted. The melting point of CaF, occurs at 1418 °C. This
is an indication that the temperature during reaction reaches
higher values than 1500 °C. At this temperature, all loaded Mg
will be vaporized (boiling point at 1091 °C). If any remainder
UF, exists it may be in vapor state (boiling point at 1417 °C).

5. At this stage, it is plausible to say that the magnesiothermic
reaction firstly will be between solid UF, and Mg vapor, but will
be hectic adiabatic explosion above 1100 °C after full melting of
UF,4 (melting point at 1036 °C) and magnesium vapor (boiling
point at 1091 °C), vapor-liquid reaction. Also, formed uranium
(melting point 1131 °C) and all slag (MgF, fuses at 1280 °C)
would be molten and goes down towards the crucible bottom.

The results of careful inspections of the crucible after reduction
showed that the distribution of the MgF, slag inside the crucible
had a direct relationship with the metallic yield. Three situations
could clearly be observed:

a) When the yield was good (above 80%), the slag was concen-
trated at the bottom of the crucible, over the uranium metal
ingot. The presence of unreacted UF, and uranium metal in
the slag was not observed visually.

b) In the case of intermediate yields, between 80 and 70%, a
considerable volume of adhered slag in the sidewalls of the
crucible was observed. A smaller amount of slag was
observed over the uranium metal ingot. Droplets of solidi-
fied uranium metal were observed entrapped within the
adhered slag to the side of the crucible.

¢) In the case of low yields, below 70%, most of the slag was
found on the walls and cover top of the crucible. Large quan-
tities of uranium metal droplets could be seen entrapped
within the slag.

These observations suggested that the most important factor
that determines the yield of the reaction is the particular location
where the ignition occurs within the charge. If the ignition or the
blast onset occurs at the top of the charge, the front of the exother-
mic reaction shifts from above downwards, providing heat to effi-
ciently melt the reaction products and to promote an effective
separation between uranium metal and MgF,. The heavy uranium
metal goes towards the crucible bottom, and the less dense slag
solidifies above it during cooling. The efficient melting of the slag
allows the uranium metal droplets, which are produced during
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Fluorite UF4 + Mg

X(°C) 640°C
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Pré-ignition
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Fig. 10. Sequence of events during magnesiothermic reduction of UF, towards U metal.
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the reaction, to separate from the slag duly and also going towards
the crucible bottom. The efficiency of uranium metal separation
from the slag defines the metallic yield of the reduction process.

When ignition occurs at the bottom of the crucible (or even at
the center of the charge), the heat front of the exothermic reaction
moves in opposition to the movement of the molten uranium
metal produced. The blast throws the MgF, slag into the top cover
and towards the side walls of the crucible, which solidifies at those
places and partially entrapes the uranium metal produced in the
reaction (see Fig. 11). The yield greatly decreases in these cases
because, although the reduction occurs, the produced uranium
metal is not efficiently separated from the slag.

In order to collect data of the heating profile inside a UF, charge,
with no Mg reducer, thermocouples were inserted inside the gra-
phite crucible. The thermocouples were duly placed inside de gra-
phite crucible to collect the heating profile at six points; at the top,
middle and bottom positions of the charge. The side thermocou-
ples (4, 5 and 6) were at a distance of about 5 mm from the crucible
wall. This assembling was schematically made as shown in Fig. 11.
The furnace has four independent heating zones with four thermo-
couples (F1tc to F4tc). Inoxidable steel protected k-type thermo-
couples were used (numbered 1 to 6) to record the temperatures
inside the graphite crucible.

A preliminary experiment using the charge of UF, + Mg allowed
us to get the moment of charge ignition starting the reaction to
produce uranium. This was a sacrificial test for the thermocouple.
The thermocouple was placed at the top center position of the
charge (position 3). The temperature of ignition was found to be
around 620 °C.

refractory blanket
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Fig. 11. Schematic assembly of the reduction reactor/crucible system inserted in
the well.

A second experiment was carried out using only UF,, without
Mg, and using six thermocouples placed accordingly inside the
reduction reactor (Fig. 11). The heating of the reduction reactor
started inside a cold furnace. The data for temperature profile lead
to the graph presented in Fig. 12. All the four heating zones of the
furnace were powered up to step up until 550 °C at a heating rate
of 5 °C/min. The charge was left to soak for 60 min at this temper-
ature and then the four heating zones of the furnace were powered
up to reach 1000 °C at a rate of 5°C/min. This profile is called
“wild” heating procedure, since no fine control of heating setups
and heat transfer was made. This profile was the one used in the
initial tests, as shown in Fig. 9.

The results display crude differences between temperature evo-
lution inside several regions of the bomb. The major one between
top and bottom was 170 °C. The time to ignition, as recorded by the
accelerometer, also varied over a wide range, from 220 to 330 min.
Naturally, this is the profile that we would get without the possi-
bility of checking the thermal profile evolution. This is the kind
of result we had in the previous history of wide metallic yield vari-
ation in the uranium reduction procedures we had carried out, try-
ing to do the reductions with no knowledge of the thermal profile.
Fig. 12 shows the temperature profiles inside the “pseudo” charge
of pure UF, following the “wild” heating procedure.

In practice, the reaction products should be heated to a temper-
ature slightly above 600 °C for ignition of the reaction. From the
data calculated by Rand and Kubaschewski (1963) only a preheat-
ing of 500 °C would be necessary, but in practice this value was
around 570-620 °C, which indirectly confers a greater fluidity on
the reaction products. This has been confirmed in practice by the
preliminary experiment using the charge of UF4 + Mg to determine
the temperature of ignition.

Assuming that the ignition occurs at 620 °C, as determined
empirically, by examining the temperature profiles shown in
Fig. 12, it is found that ignition occurs at the bottom of the charge.
The highest temperatures are indicated by thermocouples 1 and 4,
both at the bottom of the graphite crucible. This is an unfavorable
situation and should be avoided, because when ignition occurs at
the bottom of the crucible the heat from the exothermic reaction
moves in opposition to the movement of the produced molten ura-
nium metal. As already mentioned, the blast throws the MgF; slag
into the top cover and sides of the crucible, which solidifies in
these places and entraps the produced uranium metal. The yield
declines in this case due to poor separation. The largest variations
that were observed in the yields recorded in Fig. 9 should be
related to the position in the charge where the ignition occurs.
The more the ignition position moves to the top of the charge,
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Fig. 12. Thermal profiles derived from the “wild” heating procedure.
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the higher the metallic yields will be. If the ignition occurs in the
regions at the bottom of the crucible, the yields will be lower.

Another unfavorable condition is related to the large tempera-
ture variation inside the charge at the moment of ignition, as
shown in Fig. 12. The temperature difference reaches 170 °C
between thermocouples 1 (bottom of the crucible) and 2 (center
of charge). At the moment of ignition, the central region of the
charge is around 450 °C, which is below the minimum preheating
temperature calculated by Rand and Kubaschewski (1963).

The long time in which the charge remains at high tempera-
tures before ignition should also have a negative impact on the effi-
ciency of the reduction process. In Fig. 12 it can be observed that
the charge remains up to 150 min at temperatures above 400 °C,
which favors the occurrence of undesirable reactions that may
cause the decrease in the metallic yield.

Based on these observations and discussion, it was clear that a
new heating program should be developed. The new program must
ensure a favorable temperature evolution within the charge, in the
following aspects:

a) the top of the charge should reach the ignition temperature
(around 620 °C) before the bottom of the charge or even the
central region. This ensures that the ignition will occur at the
top of the charge, which favors the separation of the ura-
nium metal by the reaction front displacement from top to
bottom;

b) keeping the top of the charge always at a higher temperature
at the moment of ignition, the maximum temperature vari-
ation between the charge regions should be minimized so
that no region is below 500 °C, as proposed by Rand and
Kubaschewski (1963).

c) the ignition should occur as soon as possible, avoiding expo-
sure of the charge to high temperatures soaking for a long
time.

Several heating programs were unsuccessfully tested. All simu-
lations using UF, as charge (without magnesium) resulted in faster
heating at the bottom of the charge. This was caused by the geom-
etry of the system. The solution of the problem would depend on
delaying the bottom heating of the graphite crucible and accelerat-
ing the top heating. This was accomplished by inserting a refrac-
tory brick (see Fig. 11) below the reduction vessel and inserting a
refractory blanket into the open space between the reduction ves-
sel and the wall of the furnace above the heating zone. With these
small modifications, it was possible to develop a new heating pro-
gram that favored the separation of the uranium ingot after the
reduction reaction.

The new heating program consisted of raising all four furnace
heating zones to 640 °C with the highest heating rate allowed by
the furnace system, around 10 °C/min (varied from zone to zone).
All heating zones were left for 240 min at this temperature and
then the furnace was powered up to reach 1000 °C at a rate of
5 °C/min. The buck mass of the refractory brick placed below the
reduction vessel slowed down the bottom heating of the graphite
crucible. The better thermal insulation at the top of the reduction
vessel accelerated the heating of the graphite crucible top. Fig. 13
shows the new heating profiles after the implementation of these
modifications.

The thermal profiles achieved after these modifications were
satisfactory since all the parameters seeking better heating were
met.

The border top of the reduction charge in the crucible was the
first position to achieve 620 °C (thermocouple 6). This is the likely
place of the spontaneous ignition. The charge positions where the
temperature was just below 620 °C were the center top and center
of the charge in the central region (thermocouples 3 and 2), which
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Fig. 13. New thermal profiles after adjusting the geometry of the system and
heating procedure.

was also a favorable situation for the ignition path. The bottom of
the charge (thermocouple 1) was the position that had the lowest
temperature (580 °C) at the ignition flash. This means that it has
the lowest probability to ignite the reaction at this location, which
would be most unfavorable.

From the simulation, the maximum temperature difference
between all regions of the reduction charge was only 40 °C, ensur-
ing that all regions were above 500 °C at the time of ignition, which
meets the minimum preheating suggested by Rand and
Kubaschewski (1963).

The heating time until the ignition decreased significantly with
the new heating program was from 255 to 175 min. The time at
which the charge remained above 400 °C decreased from 150 to
85 min.

Based on these positive results, a further 10 reduction tests with
natural uranium were carried out using this new heating program
and the new system conditions. The results showed that the times
elapsed until the ignition were reproducible, as shown in Fig. 14.
The ignition time was determined experimentally with the use of
an accelerometer. Fig. 15 illustrates a typical signal obtained with
the accelerometer, allowing the precise determination of the
moment of the reaction ignition.

The reproducibility of the ignition time demonstrates that the
heating profiles shown in Fig. 13 have reproduced in the actual
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Fig. 14. Time to ignition in actual reduction tests after adjusting the geometry of
the system and heating procedure.
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Fig. 15. Typical signal generated by the accelerometer to identify the exact moment
of the reaction.

reductions. As a result, the ignition occurred always at the top of
the reduction charge and the metal yields stabilized above 80%,
as illustrated in Fig. 16.

Once it was demonstrated that the modifications described
above stabilized the metallic yield above 80%, reduction programs
were started using LEU UF,. Fifty-nine reduction operations were
carried out so far, which confirmed good metallic yields. Fig. 17
shows the yields obtained in the production of enriched uranium
metal and summarizes all the results obtained throughout the
development of the process to produce uranium metal by magne-
siothermic reduction of UF,.

Very few reductions showed metallic yields slightly below 80%,
which was considered acceptable. The limit of 80% for the metallic
yield was considered acceptable in view of the unavoidable pres-
ence of UO,F,; and UO, in UF,. In addition, variations in charge bulk
density caused by manual operations and/or fluctuations in the
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Fig. 17. Metallic yields from operations with low enriched uranium and informa-
tion on the history of reductions.

physical characteristics of UF4 powder are also unavoidable, which
causes unavoidable fluctuations in the metallic yield. However, for
this minimum yield to be considered acceptable in a routine pro-
duction process, the uranium contained in the slag (around 20 wt
%) should necessarily be recovered to return to the process.

3.2. Uranium recovery from slag

After the reduction reaction, about 20% of the produced ura-
nium metal is irrecoverably trapped in the MgF, slag generated
in the reaction, in the form of small solidified droplets. In order
to recover this uranium, the slag was first calcined to oxidize the
uranium metal to U30s. This was done to facilitate leaching.

The slag calcination condition was set at 600 °C for 3 h. Under
these conditions, the formation of UsOg is guaranteed, as illus-
trated by the diffractogram shown in Fig. 18. The heat treatment
under air atmosphere converts all the uranium present in the slag
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Fig. 16. Stabilization of metallic yield above 80% after thermal profile and geometry adjustments.
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Fig. 18. Diffractogram showing the presence of U3Og after calcination.
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Fig. 19. Recovered uranium as a function of nitric leaching time.

Table 1
Results in nitric leaching of calcined slags after 12 h of leaching.

Leaching HNO; Recovered Fluoride  Free
Temperature Concentration Uranium (%)  (g/L) Acidity
(°C) (molar) (molar)
25 1.0 53 0.002 0.01
25 3.0 77 0.002 1.00
45 1.0 96 0.002 1.00
45 3.0 95 0.006 1.00

into U30g. The diffraction peaks that do not agree with pure U3Og
correspond to crystalline MgF,.

Nitrate leaching was found to be adequate to recover the ura-
nium present in the slag produced by this uranium metal produc-
tion route. The dissolution of uranium (as Us0g) from the calcined
slag with HNOs results in a solution of uranyl nitrate (UO,(NOs),)
which is widely used in the nuclear fuel cycle. The main chemical
reaction for nitric leaching the calcined slag is represented by:

U305 + 8 HNO; — 3 U0,(NOs), + 2 NO, +4 H,0 (16)
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Fig. 20. Diffractogram showing the absence of U3Og after nitric leaching (see
Fig. 18).

According to this reaction, the nitric acid consumption is
0.011 mol for each gram of uranium. However, the nitric acid con-
sumption should be higher than the stoichiometric amount due to
the presence of fluorides in the slag, such as MgF, and CaF,, which
are poorly soluble. Therefore, in order to guarantee the total leach-
ing of the calcined slag, the consumption of nitric acid was fixed at
0.025 mol/g of uranium, which is an excess of 120% of the stoi-
chiometry of nitric acid. The leaching tests were made at 25 °C
and 45 °C, using nitric acid concentrations of 1 and 3 molars. The
leaching tests were carried out in batches of 300 g of calcined slag,
previously classified in a size smaller than 150 pm. During leach-
ing, samples were collected at intervals of 120 min and analyzed
to determine the uranium concentration in solution, fluoride con-
centration and free acidity of leached solution. The yield in terms
of uranium removal from the slag was calculated based on the ini-
tial uranium concentration in the slag and the uranium concentra-
tion in the leached solution. The results are shown in Fig. 19 and
Table 1.

The results presented in Fig. 19 and Table 1 show that the best
conditions for leaching would be using temperature at 45 °C and
HNOs concentration in the range of 1-3 mol/L. After 12 h, the nitric
leaching reached 96% of yield in the uranium extraction from slag
with a minor residual fluoride content, which was only 0.002 g/L.
The HNO3 concentration at 1 mol/L was chosen since it provided
the lowest solubility of fluoride present in the slag. It also provided
better economy in terms of acid consumption and less acidic
nuclear residues. Leaching time of 480 min was enough to achieve
the maximum yield for uranium recovery from the slag. Fig. 20
shows the diffractogram of the slag after leaching. From this
X-ray diffractogram, no UsOg is present, since its characteristic
peaks are absent. Only MgF, is present.

The leaching at low temperature (45 °C) with low nitric concen-
tration (1 mol/L) is favorable since the Mg and Ca fluorides have
poor solubility, besides avoiding the corrosion effect caused by flu-
oride ions. These conditions ensure a stable and more secure leach-
ing from an operational routine standpoint.

The leaching with nitric excess of 120%, i.e., molar ratio of 0.025
HNOs; per gram of uranium, resulted in an impure solution of
UO,(NOs3), with free acidity in the range of 1 mol/L, which is very
suitable for direct purification using solvent extraction in the last
phase of the uranium recovery.
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4. Conclusions

A suitable route to producing low enriched uranium metal by
magnesiothermic reduction of UF, was studied. The process was
shown to be very sensitive to the temperature distribution within
the reduction charge at the sparking of spontaneous ignition. The
main factor limiting the uranium metallic yield is shown to be
the position in the charge where the ignition occurs. If the ignition
occurs at the top of the charge, the front of the exothermic reaction
shifts from the top downwards, providing the heat needed to
ensure efficient separation of the uranium metal from the slag.
Otherwise, if ignition occurs at the bottom of the crucible, the reac-
tion occurs but the separation is impaired as the slag is thrown to
the top of the crucible, solidifying and trapping the uranium metal
inside.

After making the needed modifications to adjust the tempera-
ture profiles inside the reduction charge, the process provided
reproductible metallic yields around 80%. The remaining uranium
in the slag could be recovered by nitric leaching at the yield level
of 96%.

The enriched uranium metal produced has been used to manu-
facture routine fuel elements for the IEA-R1 research reactor
(Durazzo and Riella, 2015). The natural uranium metal has been
used for research work in the field of high uranium loaded fuel
(Leal Neto et al., 2014; Durazzo et al., 2014) and target develop-
ment (Durazzo et al., 2016).
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