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ABSTRACT

This work forms part of the studies presently ongoing at IPEN investigating the
feasibility of powdering ductile U-10wt%Mo alloy by hydriding-milling-dehydriding of
the gamma phase (HMD). Hydriding was conducted at room temperature in a
Sievert apparatus following heat treatment activation. Hydrided pieces were fragile
enough to be hand milled to the desired particle size range. Hydrogen was
removed by heating the samples under high vacuum. X-ray diffraction analysis of
the hydrided material showed an amorphous-like pattern that is completely
reversed following dehydriding. The hydrogen content of the hydrided samples
corresponds to a trihydride, i.e. (U,Mo)H;. SEM analysis of HMD powder particles
revealed equiaxial powder particles together with some plate-like particles. A
hypothesis for the amorphous hydride phase formation is suggested.

1. Introduction

For the last 30 years, high uranium density dispersion fuels have been developed in order to
achieve the low enrichment goals of the Reduced Enrichment for Research and Test
Reactors (RERTR) Program. Gamma U-Mo alloys, particularly those with 7 to 10 wt% Mo, as
a fuel phase dispersed within an aluminum matrix have shown good results regarding their
performance in irradiation tests [1, 2]. These results have encouraged us to consider the use
of this alloy in the nuclear fuel for the Brazilian Multipurpose Research Reactor (RMB),
currently being designed. Gamma U-Mo alloys are planned for the second stage of the
reactor operation, since uranium silicide, U;Si,, already produced in Brazil, will be used
initially.

Powdering U-Mo alloys is a major concern when fuel fabrication is based on the dispersion
technology. There are at least three main process routes by which ductile (and tough)
gamma U-Mo alloys can be powdered: atomization (mainly centrifugal atomization) by the
rotating disk method [3] or the rotating electrode process [4]; mechanical comminution, i.e.
machining or grinding [5, 6]; and chemical comminution, i.e. the hydriding-dehydriding
process, also known by its acronym HDH or HD [7-12], or as HMD when a milling operation
is performed between these treatments. Atomization was discarded since it is too expensive.
Previous reports on mechanical grinding [5, 6] show conflicting results. In the paper by
Vacelet et al. [6], the specific grinding method was not mentioned. Ground U-Mo powder
particle morphology was shown in a low resolution photograph with no magnification scale.
The particles appear to be platelets and seem to be too large, a fact that can be inferred from
the micrographs of the longitudinal sections of the fuel plates showing the meat thickness,
despite the continued absence of the magnification scales. Clark et al. [5] used a rotary file
powdered by a small hobby lathe to grind the alloy slug into powder form. The particles
produced by this method are shavings (size range in mm) which were sieved to obtain the
powder size fraction required for fuel plate production. Although a greater rotation speed was
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able to reduce the powder particle size, the authors argued that this was insufficient to
recommend this route for production scale powder fabrication, because the production rate is
slow. Other disadvantages are also presented, such as a high degree of contamination
(undefined) from the grinding bit and the production of particles with high dislocation density,
which may lead to nucleation sites for fission gas bubble formation during irradiation. On the
other hand, this high concentration of defects was later presented as a possible advantage
by trapping gas atoms and developing an oxide layer on the surface of the ground UMo
particles that apparently has a positive effect on the mechanical properties of the interaction
layer with the aluminum matrix under hot irradiation conditions [13].

Following the hydriding route, the U-Mo alloy pieces are embrittied by hydrogen (hydriding
stage) and can then be ground mechanically or manually or even left unground, producing
powder particles that are first sieved and finally dehydrided (dehydriding stage). This route
has at least two approaches that can be indicated, depending on what phases are present
during the adsorption of hydrogen: hydriding gamma U-Mo alloy containing some alpha
phase at grain boundaries and hydriding gamma phase alone (massive hydriding).

The first approach, named HD, is based on an easier process, in which strong hydrogen
intake by the alpha Uranium phase (orthorrombic) occurs, forming UH; and an embrittled
material [7, 8]. Initially a heat treatment (annealing) is conducted to grow the gamma grains
to the desired particle size range. A second heat treatment is necessary to precipitate the
alpha Uranium phase at prior gamma grain boundaries. By treating this material with
hydrogen, UH; is formed at the grain boundaries, pulverizing the alloy by intergranular
fracture, making a milling operation unnecessary. The resulting particles should be small
monocrystals within the size range developed at the annealing heat treatment.

The second approach was named HMD and combines hydriding-dehydriding with a milling
process. Gamma U-Mo alloys are directly hydrided, with no gamma to alpha phase
transformation, but powder can only be produced by interposing a milling operation before
dehydriding. To achieve the gamma phase hydriding, a prior heat treatment is necessary to
activate the material. Pasqualini et al. [10] reported for the first time that after heating the
material to 700°C (1 h), it was able to absorb hydrogen during cooling at a temperature range
between 190 and 50°C. The authors argued that beta U-Mo hydride (A-15 structure) is
formed causing embrittlement of the alloy. More recently, Chen ef al. (2010) verified that after
a heating to 600°C under vacuum, alloy samples showed increased absorption of hydrogen
at room temperature during successive hydriding-dehydriding cycles, until saturation was
achieved after 8 cycles of hydriding at room temperature and 0.5 MPa dehydriding at 600°C
under vacuum [11]. Moreover, Yi-Fu et al. (2010) demonstrated that activation could be
obtained by careful chemical cleaning of the alloy surface followed by heating to only 250°C
under vacuum, after which samples could be hydrided at room temperature [12].

In a previous study, our group obtained U10Mo powder by hydrogenation-milling-
dehydrogenation (HMDH). We adopted the term "hydrogenation", since there was no
evidence of the formation of a hydride phase [14]. High-energy ball-milling was used in order
to achieve comminution of the hydrogenated material. In this investigation, we obtained a
powdered U-10wt%Mo alloy (lab scale) by hydriding the gamma phase after a thermal
activation process. Once activated, the samples were able to absorb hydrogen at room
temperature. The resulting material was fragile enough to be manually milled. Details of the
activation process and room temperature hydriding are provided elsewhere.

2. Experimental

Ingots of U-Mo alloy with 10 wt% Mo were induction melted into a magnesia-stabilized
zirconia crucible. Metallic uranium and metallic molybdenum were used as raw materials.
Metallic uranium was home-produced by magnesiothermic reduction [15] and the metallic
molybdenum cylinders produced had 99.95% purity and measured 3 mm in diameter and 3
mm in height. Both materials were charged inside the zirconia crucible and heated by
induction under a high-purity argon atmosphere up to melting. The melting temperature was
maintained for 3 min providing homogenization, after which the furnace was turned off,
allowing the alloy to solidify inside the crucible.

134 von 200 05/06/2014



The solid material was a cylindrical piece measuring close to 40 mm in diameter by 50 mm in
height, weighing around 1200 g with a density of 16.87 g/cm®. The ingot was treated at
1000°C for 72 h under pure argon and quickly cooled for retention of the gamma phase. It
was then cut in pieces to study the powder preparation process by hydriding-milling-
dehydriding (HDH).

Small pieces (4g to 5g) were taken from the U-Mo ingot. These pieces were cleaned in a
solution of nitric acid diluted in water, followed by washing in water and then in anhydrous
ethanol. As-cleaned samples were immediately mounted inside the hydrogen reactor and
evacuated at 0.1 Pa. A Sievert-type apparatus (built at the laboratory) was used to detect
hydrogen absorption by the sample. In this apparatus, pressure was monitored by digital
pressure gauges, together with sample temperature and time. Data were stored in a PLC
connected to a computer. After connecting the reactor to the apparatus, the whole gas line,
including the reactor, was purged with argon and hydrogen in sequence. Sample
temperature was monitored by a thermocouple inside the reactor, located just above the
sample holder, which was enveloped by a copper case especially designed to provide better
temperature homogeneity in the whole sample.

Activation consisted of heating the sample under pressurized hydrogen (0.8 MPa) at
15°C/min up to 700°C for 1 h. The reactor was then evacuated at this temperature for 5 min
and pressurized again to 0.8 MPa. This was done to remove volatile impurities from the
sample surface. At this point the gas supply was cut off. Cooling was achieved by removing
the reactor from the furnace and assisted with forced air cooling (fan). After reaching room
temperature under hydrogen pressure, the sample was evacuated again (0.01 Pa), heated
up to 300°C at 5°C/min and maintained at this temperature for 1 h, which was enough to
complete the hydrogen desorption.

Following this activation procedure, the sample was allowed to cool at room temperature,
always under a high vacuum (0.01 Pa). Hydrogen was then introduced in the reactor at a
constant rate (9mL/min) assured by a mass flow controller. Pressurization occurred up to 0.6
MPa, followed by a depressurization stage at the same rate. Powdering the hydrided sample
was performed in a separate experiment following room-temperature hydriding. To achieve
this, the reactor was opened inside a glove-box with a protective argon atmosphere and
controlled oxygen and humidity. Hydrided samples were easily comminuted to a -150 mesh
size by manual operation using a stainless steel mortar. After collecting some powder for
characterization, the reactor was charged with this powdered material, closed and finally
connected again to the Sievert apparatus for dehydriding following the procedure described
above. The dehydrided samples were then removed from the reactor inside the glove-box.
X-ray diffraction was conducted on pieces of the heat-treated ingot using Cu-Ka radiation,
together with HDH powder samples (hydrided and dehydrided particles). HDH powder
particles were also characterized by SEM analysis.

3. Results and Discussion

Figure 1 shows the hydrogen pressure variation during sample cooling from 700°C (HDH
route). After removing the reactor from the furnace, the pressure begins to decrease, as does
the temperature. A small part of this decrease is due to system leakage. A significant change
in the drop in pressure rate can be clearly observed when the temperature reached 260°C,
indicating hydrogen uptake by the sample.

At room temperature, the dehydrided sample started to absorb hydrogen at 0.160 MPa
(Figure 2). At this point, a pressure drop (down to 0.053 MPa) was observed, since the
hydrogen flow rate provided by the flow controller was lower than the uptake rate of the
sample (the maximum flow rate of the controller was 10mL/min). Thus, in order to achieve
the plateau normally seen in this kind of curve, a smaller sample or a mass flow controller
with a higher capacity must be used. At the depressurizing stage, pressure varied linearly
with time, denoting no dehydriding of the sample. This means that the process is not
reversible at room temperature.
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Error! Not a valid link.

Fig 1. Pressure variation (relative or gauge) in the reactor during cooling from 700°C under
static hydrogen atmosphere (activation)

Error! Not a valid link.

Fig 2. Pressure variation (relative or gauge) in the reactor at room temperature (25°C) under
constant hydrogen flow (9mL/min)

An accurate measurement of the hydrogen absorbed by the sample at room temperature
was achieved by performing a blank experiment (with no sample) conducted under the same
conditions, i.e. hydrogen flow rate and temperature. We then subtracted this data from the
hydriding sample curve (pressurization stage). The resultant curve (sample - blank) is
presented in Figure 3a. Both terminal portions of this curve are linear with a slight inclination.
These inclinations are due to a small volume difference between sample pressurization and
blank pressurization, since in the blank experiment, no sample was charged in the reactor;
the total volume available for hydrogen filling was slightly higher than in the sample
experiment, demanding more time to attain the same pressure. The quantity of hydrogen
absorbed by the sample was measured by determining the time interval (At) between the two
linear terminal portions in the pressure difference curve, which is more accurately verified in
the correspondent derivative curve showed in Fig. 3b, and tracking the integrated gas flow in
this interval. Following this procedure and expressing the quantity of hydrogen as a molar
fraction, we determined a value of 75.22%, corresponding to a H/M ratio of = 3.0355,
considering the nominal chemical composition of the sample (U-10wt.%Mo). These results
show strong agreement with Pasqualini et al. [10] who identified a U-7Mo hydride with a H/M
ratio > 2.8.

Error! Not a valid link.
Error! Not a valid link.

Fig 3. (a) Pressure difference (AP) curve at room temperature; (b) derivative curve showing
the time interval (At) for hydrogen absorption measurement

X-ray diffraction patterns from hydrided and dehydrided samples are presented in Figure 4.
After hydriding, an amorphous-like pattern was observed, as well as the reflections of the UO
phase. Gamma U-10wt%Mo phase reflections were not detected after hydriding, which
indicates a complete transformation following hydrogen absorption. After dehydriding, the
gamma phase structure was observed again.

Concerning the amorphous-like pattern, we initially believed that no hydride was formed, as
previously reported [14]. This is supported by the fact that uranium hydrides (the two
princiapl allotropes alpha UH; [16] and beta UH; [17]) are crystalline. Moreover, Pasqualini et
al. [10] reported that their hydride was crystalline and with beta UH; structure. Thus, instead
of hydride formation, we considered the possibility that the hydrogen atoms were diffused in
the U-10wt%Mo solid solution. In this case, the hydrogen intake would have strained the
gamma BCC crystal lattice, causing a large broadening of the X-ray reflections.

Error! Not a valid link.

Fig 4. X-ray diffraction patterns of hydrided and dehydrided samples

However, thermodynamic calculations of the maximum hydrogen content that could be
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dissolved in a U-10wt%Mo solid solution do not support that previous analysis. Using the
thermodynamic approach described by Powell [18], we calculated this content at 300K and
0.160 MPa, which gave us a molar fraction of only 1.37%. So the solid solution explanation
had to be discarded. A new hypothesis was then formulated to explain the amorphization of a
hydride that is usually crystalline. According to this new hypothesis, the amorphization could
be related to the fact that hydriding gamma U-Mo solid solution does not result in fine
particulate material, like that observed with pure uranium hydriding.

Alpha uranium has a orthorhombic lattice (0C4 or A20) and a density of 19.04 g/cm® [19, 20],
while the stable and more common form of UH; (beta type) is cubic (cP8 or A15) with a
density of 10.91 g/cm® [20, 21]. These structures are represented in Figures 5a and 5d,
respectively. Thus in the a-U to B-UH; transformation, anisotropic stresses originate due to
the orthorhombic to cubic transformation, with a volume increase of 68.3%. The crystal lattice
of the metallic alpha uranium suffers severe internal strain and structural changes when it is
hydrided. When the low temperature form of the UH; (alpha) is considered (Figure 5c), with a
density of 11.12 g/cm® [21], the volume increase is 71.5%. Whatever the volume increase,
the stress level arising from this swelling causes generalized fracture, which results in
extremely fine powder particles.

Something different occurs in the hydriding gamma U-Mo alloy (BCC, Figure 5b). The U-Mo
solid solution has tensile internal stresses caused by substitutional molybdenum atoms that
are smaller than uranium atoms. Hydriding imposes compression stresses as hydrogen
atoms occupy interstitial sites, together with shear stresses, since interstitial sites in the BCC
lattice are irregular. Part of this compression stress field is counterbalanced by the tensile
stress field of the solution, which means that the U-Mo lattice is more able to resist hydriding
(volume expansion) than the orthorhombic lattice of alpha uranium. In addition, the
transformation of the gamma solid solution to alpha or beta (U,Mo)H; implies an isotropic
volume increase, since all the lattices involved are cubic (Figure 5).

We assume that hydriding a gamma U-Mo alloy will produce equivalent hydride allotropes to
those observed when hydriding metallic uranium. Since here the hydriding operation was
performed at room temperature, a mixture of alpha and beta (U,Mo)H; is expected, with
prevalence for the latter (70% in the case of UH;, as estimated by Mulford et al. [16]). In
order to calculate the volume increase verified in the transformation of gamma solid solution
to beta (U,Mo)Hs, we took in account our experimental data based on the lattice constants of
the solid solution (measured by DRX analysis) and the density of the hydride measured by
helium picnometry. since the amorphous pattern impaired conventional DRX measurements.
Our gamma U-Mo phase has a cubic unit cell with a, = 0.34112 nm, which is in good
agreement with the values determined by Seong et al. [22]. The calculated density is then
17.28 g/cm®. The measured density of the amorphous hydride was 10.19 g/em?®, resulting in a
volume increase of 69.6%. This is a little bit higher than the expansion calculated for the
alpha uranium to beta UH3. However, in the case of U-Mo solid solution, the stresses are
supported by the lattice, since the expansion is isometric and some part is counterbalanced
by the lattice itself. Thus, the U-Mo lattice is severely strained by hydrogen intake,
broadening the X-ray reflections.
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Fig 5. Unit cells drawings of: (a) alpha uranium; (b) gamma uranium; (c) alpha UH; and (d)
beta UH;. Uranium and hydrogen atoms are represented by larger and smaller balls,
respectively.

Figure 6 shows some SEM micrographs took from hydrided and dehydrided powder particles
(-100+150 mesh size range). Particle shape was very similar in both cases. Most particles are
regular and equiaxial, but some of them exhibit a platelet shape. This could be the result of a
preferential crack plane, countering the amorphization hypothesis. Conchoidal fracture
markings, typical of an amorphous material, were also not observed on the surface of the
particles. Thus, a nanocrystalline hydride formation should be considered. Further, some
cracks on the surface of the particles can be seen, denoting fragile behavior following
hydriding.
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(a) Hydrided particles (b) Dehydride particles

Fig 6. SEM micrographs (secondary electrons images) of hydrided and dehydrided
U10wt%Mo powder particles.

4. Conclusions

We were able to produce UMo powder with appropriate granulometry by simple manual
grinding. Hydriding gamma U10wt%Mo alloy was achieved at room temperature following a
thermal activation treatment. The resulting hydrided material appears to be amorphous or
nanocrystalline. Although no gamma phase was observed following hydrogen absorption, the
dehydrided material presented the BCC structure from gamma phase again. A hypothesis for
the amorphization (or nanocrystallization) of the hydrided alloy was formulated based on the
high strains developed during hydriding, but without the severe or bulk rupture of the
hydrided material observed when hydriding pure uranium. The majority of the powder
produced by the HMD route is equiaxial particles, though it contains some flat particles.
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