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a b s t r a c t

Reduction�Diffusion (R-D) process has been attempted to synthesize U-Mo alloy powder for the first
time, and the mechanism of alloy formation has been investigated. Calciothermic reduction of uranium
dioxide in the presence of the alloying element Mo, followed by high temperature soaking; subsequent
leaching to remove the calcia slag yields U-Mo alloy in powder form. Experiments were carried out to
synthesize U-10wt%Mo alloy powder. The alloy powder products were characterized by Scanning
Electron Microscopy and X-ray Diffraction. Complete stabilization of the metastable isotropic gamma
phase has been achieved in U-10wt%Mo powder synthesized by R-D process, where the final soaking
was carried out at 1300 �C and 4 h. Attempts were made to understand the mechanism of formation of U-
Mo alloy by R-D process on two fronts, i.e. alloying within a single particle, and particle-to-particle
homogenization. The intended application of the alloy powders is in high uranium density dispersion
fuels for high flux nuclear research and test reactors.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

High uranium density alloys and compounds are required for
use in dispersion fuels, for high flux research and test reactors
[1e5]. UAl3, U3Si, U3Si2, U6Me (Me¼ Fe, Ni, Mn, Co or Ge), U�10wt
%Mo are some of the candidate alloys/compounds which have been
studied in this regard [6e10]. Among them U-Mo alloys were found
to be the most promising [3e5,11,12]. Unalloyed uranium has
orthorhombic crystal structure from room temperature up to
663 �C (i.e. a-uranium) and hence is anisotropic and lacks dimen-
sional stability and irradiation stability [3e5,13,14]. Alpha uranium
transforms to beta uranium at 663 �C, which has tetragonal struc-
ture; beta uranium transforms to gamma uranium at 770 �C which
is body e centred cubic [13]. The high temperature phase g-ura-
nium has body centred cubic crystal structure and hence it is
isotropic and stable under irradiation environments, but not ther-
modynamically stable at room temperature. The g-U is known to
behave in a stable manner under low-burnup, high-temperature
conditions, on account of swelling through fission gas nucleation
and growth [4,5], unlike a-U which undergoes cavitational swelling
under irradiation, and thermal and irradiation growth under power
ramping [3,4]. In addition, g-phase is desirable because of its
resistance to corrosion in water and water� steam environments
[11]. Hence, uranium needs to be alloyed with elements like Nb, Hf,
Zr, Mo, Ti, Pu, Ru, Rh, Pd, Re which can stabilize the g-phase for an
indefinitely long period at room temperature, and for a long time
period at elevated temperatures [3e5]. Among these, U-Mo alloys
form g-phase at relatively higher range of solute concentration,
which makes them more favourable [15]. Alloying with Mo im-
proves thermal cycling stability of uranium and also imparts su-
perior fabrication characteristics [16]. Unalloyed alpha uranium is
very brittle, whereas unalloyed gamma uranium is too soft and
weak. The uranium density in the fuel cladded in Al matrix which is
achieved with U-10wt% Mo alloy is 8e9 g cm�3, as compared to
U3Si2 and UAl3, where the densities are about 4.8 g cm�3 and
1.7e2.3 g cm�3 respectively [17,18]. In U-Mo alloys, the cubic g-
phase can be retained at room temperature by adding minimum
8wt% Mo under furnace cooling condition, and by addition of
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4.2wt% under critical cooling conditions [4,19]. However, for
desired fuel behaviour and performance in the reactor, the reten-
tion of this metastable g-phase in alloys at temperatures below
560 �C during fuel fabrication and irradiation is desirable, as the
equilibrium phases in this temperature regime are orthorhombic a
and tetragonal g0 (U2Mo) [3,5,20]. Literature studies report that
with increased addition of Mo in U, the transformation becomes
more and more “sluggish” [5,20]. Thus, U-10wt% Mo is inherently
stable against decomposition; hence the alloy of this composition
has been the subject of interest of so many researchers, particularly
after 1970s [1e5].

For use in the dispersion type fuels, U-Mo alloy is required in
powder form. U-Mo alloy powder was prepared in the past by
centrifugal atomization, rotating electrode process, hydriding-
dehydriding (HDH) and mechanical grinding [12,18,21e26]. All
these processes mentioned above require the starting material of
U-Mo alloy ingot to be prepared by melting-casting and afterwards
be subjected to the respective powder preparation technique.

Reduction-Diffusion (R-D) process is a novel method, which has
been used predominantly for the synthesis of rare earth magnetic
alloy powders directly from their oxides (or chlorides) [27,28]. The
rare earth oxide (or chloride) is reduced using a suitable reductant,
mostly calcium in the presence of the alloying element [27,28]. The
reduced metal then forms alloy with the other metal in the charge
by mutual diffusion, and the heat balance of the reaction is such
that the alloy is directly obtained in powder form [27e29]. The alloy
powder particles remain separated by solid calcium oxide slag
network; hence on solidification and leaching to remove the slag,
the final alloy is obtained in powder form [29]. R-D process has
been a great success for the synthesis of Sm-Co, Nd-Fe-B, La-Ni, Sm-
Fe, La-Fe-Si, Al-Ti, V-Ti, Y-Ni alloy powders [27,28,30e39]. However,
no such work on the synthesis of U-Mo powder by R-D has been
reported till date. The process is simpler and eliminates the need of
melting themetals to form alloy ingot, and hence can be more cost-
efficient process. In the present study, this method has been
employed for the first time to prepare U-Mo alloy powder. A sys-
tematic comparison of the pros and cons of the various methods
mentioned above along with the R-D method, is presented in
Table 1.

The present study involves the preparation of U-Mo alloy
powder by the calciothermic reduction (CTR) of uranium dioxide in
the presence of Mo powder in the required stoichiometric amount
at different times and temperatures, and characterization of the
alloy powders using XRD and SEM. The residual calcium content
was also analyzed for one of the representative powder samples
using volumetric analysis methods. Attempts were made to un-
derstand the mechanism of alloying within a single particle and
Table 1
Comparison of the different methods of alloy powder synthesis.

Atomization/Rotating Electrode Process Hydriding- Dehyriding (HDH) pro

Pros Tighter control over particle size distribution
[40]

Does not require re-melting of in
atomization, the solid ingot can b
hydrogen directly and then de-hy

Cons � Process steps are more
� Alloy needs to be synthesized by melting-

casting and is then re-melted for carrying
out atomization (energy-intensive).

� Alloy ingot prepared by meltin
is then hydrided.

� Gamma U-Mo hydride is not ve
milling operation needs to be c
dehydriding [26].

� HDH might be easy for U pow
hydride); but for alloy powder
are more.

� Very fine powders produced, w
to handle and often pyrophoric
inter-particle homogenization mechanism, in R-D process in the U-
Mo system.

2. Materials and methods

The R-D experiments were carried out in batches on a 100 g UO2

scale. U-10wt%Mo was the target alloy composition. Uranium di-
oxide of nuclear purity (>99.6% U) was prepared by the reduction of
UO3 with ammonia. UO3 was obtained by calcining ammonium di-
uranate at 475 �C. Molybdenum metal powder (produced by
hydrogen reduction of MoO3) of 99.9% purity was used. Molybde-
num powder was taken in 10% excess over the stoichiometric
requirement for U-10wt%Mo alloy, to ensure complete alloying and
to account for volatilization of Mo as MoO3. The rawmaterials were
mixed in a double cone blender. The blended mixture was charged
into a yttria-coated graphite crucible, and the remaining space of
the crucible was capped with pre-calcined CaO. The crucible was
then put inside a recrystallized alumina retort which had four
connections; for thermocouple (B-type, Pt-Rh-30%/Pt-Rh-6%),
argon inlet, argon outlet and vacuum. The retort was then loaded
into a resistive pit-type furnace. The chamber was evacuated and
back flushed with argon three times and thereafter argon was
purged continuously to maintain an inert atmosphere. The heating
schedule for the experiment was decided based on the observa-
tions of the DTA experiment (discussed in Results). DTAwas carried
out using Setsys Evolution TGA-DTA/DSC (Make: Setaram) to deter-
mine the onset of the reduction temperature. The final soaking
temperatures and duration are indicated in Table 2. Soaking was
done for alloying and homogenization. The reduced mass obtained
after CTR was subjected to leaching with acetic acid in an agitated
glass beaker. This was followed by washing with acetone and vac-
uum drying, whereby it finally turned into a silvery grey U alloy
powder, followed by packing and sealing. Drying, packing and
sealing were carried out under inert (argon) atmosphere inside
glove box as U (metal/alloy) powder is pyrophoric. The presence of
even a very small amount of air/oxygen can cause violent reaction
of U and oxygen causing the powder to catch fire.

The alloy powder was characterized by X-Ray Diffraction and
Scanning Electron Microscopy techniques. X-Ray diffraction was
carried out using INEL Equinox 3000 X-Ray Diffractometer with
curved Position Sensitive Detector with 2q range from 0 to 120� and
copper target with K-a of wavelength 1.54056 Å. The XRD acquisi-
tion was carried out for about 1 h (generator: 40 kV, 30mA) to
ensure that peaks corresponding to different phases develop with
intensities good enough for analysis and get well resolved from the
background (i.e. peak to background ratio should be high). PDF-2 is
the reference database used for analysis using Match! Software®.
cess Reduction - Diffusion process

got as in
e reacted with
drided.

� Simpler process, eliminates the need of melting the metals to
form alloy ingot, process steps are reduced.

� Raw material is oxide, does not require high purity metal as
starting material

g-casting which

ry brittle; hence
arried out before

der (brittle a-U
, process steps

hich are difficult

� Interaction between material of construction and alloy.
However, in the present study this problem was overcome
by using graphite crucible with yttria coating on it.



Table 2
Details of the process parameters of the different R-D experiments.

Exp. Code Process Parameters Sample Preparation for SEM

RD-1 1150 �C, 4 h Powder sprinkled on graphite tape
RD-2 1300 �C, 1 h Powder sprinkled on graphite tape, powder also mounted in cold setting resin and polished to reveal the cross-section
RD-3 1300 �C, 4 h Powder sprinkled on graphite tape
RD-4 1300 �C, 5min Powder sprinkled on graphite tape, powder also mounted in cold setting resin and polished to reveal the cross-section
RD-5 970 �C, 4 h Samples of reduced mass mounted in cold setting resin and polished to view the slag morphology
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SEM and EDS were carried out using CamScan Scanning Electron
Microscope (Model: CamScan MV 100) with tungsten filament and
Energy Dispersive Spectrometer attachment of Oxford Instruments
(X-max 80). The accelerating voltage in the SEM was 20 kV.

The detailed chemical analysis of alloy powder of a represen-
tative batch was carried out to determine U, Mo, residual Ca, C, N
and O concentrations. 1 g of the powder sample was dissolved in
2 N HNO3 and titrated by potassium dichromate to get uranium
concentration. To analyze Mo concentration, about 0.5 g of the
powder sample was dissolved in 4 N HNO3 and diluted to a make-
up volume 25mL. U was extracted from the solution by 30% TBP
(Tri-Butyl Phosphate), it forms a complex with TBP. The solution
free from U was analyzed by Inductively Coupled Plasma Atomic
Emission Spectroscopy for Mo concentration. The same procedure
was followed for residual Ca analysis. U has to be first removed
from the solution because it exhibits various oxidation states, and
hence has characteristic peaks in the entire region of the emission
spectrum; which might interfere with the peaks of Ca and Mo.

To analyze nitrogen content, the sample was put inside a nickel
flask and fused in a graphite crucible in purified helium atmosphere
at 2700 �C. The released nitrogen as N2 was passed through
chemical traps and quantified from the thermal conductivity dif-
ference of reference gas flow (He) and sample gas flow (N2 þ He).
The combustion of the alloy sample in purified oxygen atmosphere
at ~1100 �C inside an induction furnace was carried out to detect
carbon content; whereby carbon in the sample converted to CO2.
CO2 was passed through chemical traps and amount of C is quan-
tified by measuring the transmittance against the characteristic IR
absorption peak of CO2 at wave number 2350 cm�1 by employing IR
Fig. 1. The DTA-TG plot for calciothermic re
detector. To determine oxygen content, the sample was put in
nickel flask and fused in graphite crucible in purified helium at-
mosphere at 2700 �C. Oxygen is released as CO and traces of CO2. All
CO is oxidised to CO2 by CuO. Oxygen is determined by quantifi-
cation of CO2 by IR detector.
3. Results

3.1. Thermal analysis

Differential thermal analysis was carried out to determine the
temperature at which reduction of UO2 by Ca takes place. The DTA
plot is shown in Fig. 1. An endothermic peak at around 640 �C is
observed, where weight loss is seen in the TG curve, which in-
dicates volatilization of Mo as MoO3 [41]. Two more endothermic
peaks are observed, one between 830 and 840 �C and the other at
~1130 �C; which correspond to themelting of calcium and uranium,
respectively. The melting points of Ca and U are 842 �C and 1132 �C
respectively. An exothermic peak appears at around 850e900 �C,
next to the melting of Cawhichmarks the onset of reduction of UO2
to Umetal. Melting of Ca triggers the reduction reaction by forming
a uniform layer over the uranium oxide particles facilitating the
reduction. There is a slight drop in the weight of the charge in the
reduction region, which occurs due to local volatilization of Ca
because of the heat released during reduction of UO2. The initial
drop in weight in the TG curve is due to the removal of moisture
and volatile impurities during heating.

The heat of reduction reaction is sufficient to melt the uranium,
but not sufficient to maintain U in molten state for prolonged time,
duction of UO2 in the presence of Mo.



Fig. 2. The XRD plot of U-Mo alloy powders prepared by R-D process.

Fig. 3. SEM images of the raw materials used for the experiments, (a) UO2 powder (b) Mo powder.
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hence external heating is continued up to the final soaking tem-
perature. To ensure efficient and complete reduction of oxide to U
metal before melting of U occurs, it was decided to give a soaking of
about 10min at 900 �C in the main experimental trials.
3.2. Phase analysis

The XRD pattern shown in Fig. 2 is characteristic of the U-Mo
alloy powders prepared by R-D process. The XRD plot of U-10wt%
Mo alloy which was soaked at 1300 �C for 4 h contains peaks cor-
responding to only g-phase. Peaks corresponding to UO2 (starting
material) are not seen in the XRD plot. Both a and g0 peaks are
absent, which indicates complete stabilization of g-phase under the
mentioned soaking conditions. The XRD plot for one such experi-
ment carried out with 4wt% Mo under the same soaking condi-
tions, showed the presence of all the three (a, g0 and g) phases, i.e.
g-phase was only partially stabilized. g0 peaks occur at 2q values
which are very close to those corresponding to g peaks; it is
because g’ (tetragonal) is an ordered structure of the metastable g
(cubic) phase. Hence, it is difficult to distinguish between g and g0

peaks.
The entries in the PDF-2 database used to identify the phases in
Match! Software® are 00-024-0748 (a-uranium), 00-024-0749 (g-
uranium) and 00-012-0296 (g0 or U2Mo).
3.3. Morphological and chemical analyses

3.3.1. Morphology
SEM images of the raw materials are shown in Fig. 3. It is clear

that UO2 particle (Fig. 3(a)) is porous and irregular in nature, and
particles have size in the range of 20e30 mm. Mo powder particles
exhibit two morphologies. Mo particles (Fig. 3(b)) of around
~10e15 mm are faceted. Except for these particles, most of the Mo
powder particles are in the form of agglomerates of small faceted
particles (individual particles of ~1 mm).

The effect of soaking temperature and soaking time on the final
morphology and distribution of Mo in an alloy particle is illustrated
in Fig. 4. In case of RD-3 (1300 �C, 4 h), the alloy particles exhibit
two morphologies, one of rounded type and the other of skeleton-
like structure (see Fig. 4(c)). The composition at the particle surface
is close to 10wt% Mo (as is evident from EDS point scan data,
Fig. 4(h)) and the average composition obtained through the EDS



Fig. 4. SEM� BSE images of U-Mo alloy powders prepared by R-D process under different soaking conditions: (a) 1300 �C, 5min (b) 1300 �C, 1 h (c) 1300 �C, 4 h (d) 1150 �C, 4 h; the
corresponding EDS data for the points marked 1 through 7 are shown in the EDS spectrums Fig. 4(e)e4(h).

S. Gupta et al. / Journal of Alloys and Compounds 791 (2019) 109e120 113
data is 10.58wt% Mo. The Mo composition observed in the volu-
metric (bulk) analysis is also 9.7 wt% (Table 3). Thus, the Mo
composition throughout the particle is about 10wt%, which is also
the Mo composition in every alloy particle.

When the soaking time was limited to 1 h at 1300 �C (RD-2), it
was found that there was a large variation in the surface compo-
sition of the alloy particles (in EDS point scan), and apparently,
Table 3
Chemical Analysis of the U-Mo alloy produced by the optimized R-D process.

Exp. Code U wt% Mo wt% Ca wt%

RD-3, U-10wt% Mo 90.6± 0.3 9.7± 0.2 0.0445± 0.0022
some particles did not contain Mo at all. Hence, the particle was
mounted and polished to reveal a particle cross-section, and the
average Mo concentration analyzed over different points at the
particle cross-sectionwas found to be around 14wt% (refer Fig. 4(b)
and (g) for the SEM and corresponding EDS data respectively),
which was higher than the Mo concentration at the surface, indi-
cating that a Mo concentration gradient existed from particle core
O wt% C wt% N wt%

0.0595± 0.0060 0.0195± 0.0020 0.0350± 0.0030
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to surface, which if given sufficient soaking time, would have
vanished due to homogenization. This was an important inference
from RD-2, which provided an impetus for investigation of the
alloying mechanismwithin a single particle. An experiment (RD-4)
was planned to capture and analyze particles where incomplete
alloying could be seen by soaking for just 5min. As expected, un-
alloyed Mo was present in the core of the particle as seen in the
SEM image in the backscattered mode (Fig. 4(a)). Hence, Mo con-
centration in the centre of the particle was close to 100%. The EDS
results (refer Fig. 4(f)) quote this concentration as 85wt% Mo
(marked 3 in Fig. 4(a)), because part of the intensity (~9e10wt%) is
also attributed to gold, which was present because the mounted
sample was coated with gold to make it conducting. The actual Mo
concentration hence will be much greater than 85wt% at the
centre. The elemental maps for U and Mo distribution were ob-
tained using EDS for the same alloy particle, as shown in Fig. 5. The
system indicates a shrinking core type mechanism of alloy forma-
tion [42], which has been discussed in detail in Section 4.

The SEM image of RD-1 alloy which was soaked at 1150 �C
(Fig. 4(d)) shows faceted morphology and also agglomerates of
faceted particles, which resemble the morphology of the Mo
powder used for the experiments. These particles of RD-1 powder
confirm the presence of both U and Mo. Hence, it seems that the
liquid U envelops the Mo particle, and dissolution of Mo into the U
envelope increases the melting point of the U in the envelope,
which therefore might have solidified under the temperature
conditions of the system; hence the morphology of Mo powder is
retained in the alloy powder particles.

The SEM images in Fig. 4 also depict that the particle size of the
alloy powder is a function of soaking temperature and soaking
time. However, to quantitatively correlate the particle size with the
process parameters, further studies need to be done.

The reduced hard mass obtained after calciothermic reduction
of UO2 in RD-5 (970 �C, 4 h) was mounted and polished, and viewed
under SEM to examine the morphology of the CaO slag which
formed during the reduction reaction. The SEM images are shown
in Fig. 6.

The temperature was chosen just above the temperature where
reduction occurs. In general, every SEM image had three colours,
white for the U alloy region, greyish to dark greyish for the CaO slag,
and black for the empty pockets based upon Z contrast in back
scattered electron imaging in SEM; and was confirmed by the EDS
which was done for the same images (refer Fig. 6(e) and (f)). The U
particles are in general spherical or rounded and are dispersed in
the calcium oxide slag as is evident from Fig. 6(a) and (b). The CaO
slag contains empty pockets or pores (see Fig. 6(b)), of irregular
geometry, which are interconnected. Some interconnected parti-
cles which show signs of coalescence were also observed, as in
Fig. 6(c) and (d). Presence of Au in the spectrum is due to the gold
coating done to make the sample conducting, since it contains
Fig. 5. (a) SEM� BSE image of the cross-section of an alloy particle which was soaked for
shown (b) Elemental map for U distribution over the cross-section (c) Elemental map for M
ceramic CaO slag.

3.3.2. Chemical composition
The sample which, through XRD and SEM/EDS analysis

confirmed to be homogeneous U - 10wt% Mo (RD-3) alloy powder
was also analyzed for U wt%, Mo wt%, residual Ca and other im-
purities by the methods described in Section 2. The chemical
composition of the respective sample is reported in Table 3.

4. Discussion

4.1. Mechanism and evolution of morphology

The reaction UO2 þ 2Ca / U þ 2CaO is exothermic in nature
(DH

�
298¼�44.2 kcal/mol, DG

�
298¼�42.15 kcal/mol, taken from

JANAF Tables). As Mo dissolves in liquid uranium, the liquidus
temperature of the alloy increases [43]. The liquidus of the con-
cerned alloy U-10wt%Mo is 1252 �C (see U-Mo phase diagram,
Fig. 11, [43]). To understand the effect of temperature on the pro-
cess, two temperatures were chosen, one above the alloy liquidus,
i.e. 1300 �C and one between the melting point of U and the alloy,
i.e. 1150 �C. Soaking above the alloy liquidus provides superheat to
ensure that the alloy is molten and has sufficient flowability so that
it can move through the pores of the CaO slag. The porous nature of
CaO slag has been discussed in Section 3.3.1. The average compo-
sition of the alloy powder obtained under different soaking con-
ditions and the standard deviation values calculated from the EDS
data are reported in Table 4, which clearly indicate that the spread
in the Mo concentration, i.e. the inhomogeneity decreases as the
soaking time at higher temperature (1300 �C) increases. The spread
in the Mo concentration is maximum (s¼ 25.57) even with a
soaking of 4 h when the soaking temperature is 1150 �C. This in-
homogeneity is lower even for process parameters (1300 �C, 5min)
and (1300 �C, 1 h). Thus, it can be inferred that the soaking tem-
perature must be well above the alloy liquidus; and at such a
temperature, increasing the soaking time increases both the intra-
particle homogeneity (i.e. absence of unalloyed Mo core inside the
particle) and inter-particle homogeneity of the alloy powder.

4.1.1. Alloying within a single particle: the single-particle system
In experiment RD-4 (1300 �C, 5min), large inhomogeneity is

observed in the final alloy powder due to insufficient soaking time
available. The powder was mounted and polished to reveal a cross-
section of the particle, and then viewed under SEM in backscattered
mode. The SEM (BSE) image shown in Fig. 4(a), shows dark grey
patches on the white surface of the particle cross-section, which
confirm the presence of Mo (low Z element, Z¼ 42) in EDS. The
white region confirms the presence of U (high Z, Z¼ 92) with much
smaller concentration of Mo than that in the core of the particle.
The elemental map for U (in red colour) generated using EDS
5min at 1300 �C, line scan for U and Mo distribution through the cross-section is also
o distribution.



Fig. 6. SEM� BSE images of the reduced hard mass obtained after calciothermic reduction of UO2 in the presence of Mo (Fig. 6(a) through 6(d)); Fig. 6(e) and (f) represent the
typical EDS spectrums for the white and grey regions in the SEM images of the reduced hard mass.

Table 4
Effect of the process parameters on the characteristics of the final alloy powder in the R-D experiments.

Exp. Code Process Parameters Avg. Composition of the R-D powder (wt% Mo, from EDS data) Standard Deviation (s or SD) Phases present in the alloy powder

RD-1 1150 �C, 4 h 23.21 25.57 a, g, g0

RD-2 1300 �C, 1 h 2.59 3.08 a, g, g0

RD-3 1300 �C, 4 h 10.58 1.59 g
RD-4 1300 �C, 5min 14.12 10.44 a, g, g0

RD-5 970 �C, 4 h The reduced mass was not leached to obtain powder in this case.
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(Fig. 5(b)) confirms the presence of U predominantly at the pe-
riphery of the particle, whereas there is no uranium at all in the
core of the particle. The elemental map for Mo (Fig. 5(c)) shows an
intensified green colour in the core of the particle, and a green
colour of lower intensity elsewhere. Thus, it is clear that the particle
contains an unalloyed Mo core, surrounded by region containing
both U and Mo. The concentration of U outside the core, as seen in
the line scan, is nearly constant over the region between the core
and the periphery. This is due to the fact that there is a continuous
supply of liquid U from the surrounding pores or pockets in the slag
to the region of lower U (higher Mo) concentration, as a result of
chemical driving force arising due to difference in Mo (or U)
concentration.

These observations indicate that U-Mo alloy formation occurs in
steps, (i) enveloping of a Mo particle by liquid U, and (ii) outward
dissolution or diffusion of Mo (solute) into U (solvent). Due to very
less time available for homogenization, i.e. 5min, it was possible to
capture and analyze particles where incomplete alloying could be
seen (Fig. 5 and Fig. 4(a)) and hence unalloyed Mo was present in
the core surrounded by U-Mo alloy region. The alloying occurs via a
shrinking core mechanism [42], which has also been used to
explain the alloy formation in case of Sm2Fe17 and Y-Ni alloys by R-
D process [34,39].

As the alloying progresses, the Mo core will shrink in size due to
dissolution of Mo in uranium. Hence, the topology of Mo particles is
retained initially in the alloy particles as seen in Fig. 4(d), which
vanishes with time, as the molten alloy when it is kept above the
liquidus temperature (1252 �C) of the Ue10wt%Mo alloy for pro-
longed time, will grow into spherical particles to minimise the total
surface energy. When it tries to grow against the constraints put by
the slag matrix, depressions arise over the surface of the alloy
particle, as seen in Fig. 4(c).

Based upon the inferences drawn so far, the single particle
alloying mechanism was identified to be the outward diffusion or



Fig. 7. Schematic showing the mechanism of alloying within a single particle.
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dissolution of Mo into liquid U envelope surrounding the Mo par-
ticle. This mechanism is illustrated schematically in Fig. 7.
4.1.2. Particle-to-particle homogenization: the multi-particle
system

To achieve particle-to-particle homogeneity, there should be
exchange of one element or the other among the alloy particles,
over time to attain equilibrium composition (close to 10wt% Mo).
The U particles are in general spherical or rounded and are
dispersed in the calcium oxide slag as can be seen in Fig. 6(a) and
(b). The CaO slag contains empty pockets or pores, of irregular
geometry, which are interconnected. Hence, the liquid alloy can
move from one pocket to other through these interconnected
paths. Some particles which show signs of coalescence were also
observed, as in Fig. 6(c) and (d). Such a morphology is possibly the
result of liquid U alloy (containing Mo) flowing from one pocket to
the other under the effect of chemical driving force, due to differ-
ence in Mo concentration existing between the slag pockets. As the
soaking temperature was 970 �C which is much below the melting
point of U, the local rise in temperature due to exothermic heat of
the reduction reaction might have raised the temperature locally to
keep the alloy (containing U and Mo) liquid in the regions seeing
the high temperature, but the heat of the reaction would not be
sufficient to maintain the charge at higher temperature for pro-
longed time. Hence, the liquid that had flown between the pockets
solidified in situ and retained the shape of the pockets, as soon as its
temperature fell below its melting point; thus giving rise to
morphology as is seen in Fig. 6(d).

The movement of liquid alloy from one slag pocket to the other
occurs under the effect of chemical driving force due to Mo con-
centration gradient existing in a direction opposite to movement of
the liquid. This movement has two different aspects:
1) If a smaller pocket has lower Mo wt%, and a nearby bigger
pocket has higher Mo wt%, the liquid U will move from smaller
pocket to bigger pocket to equalize the concentration of the
solute (Mo, to 10wt%)/ coarsening at such locationswill occur,
bigger particle will grow consuming the smaller one; thus giving
rise to rounded interconnected particles with protrusions on the
surface.

2) If a bigger pocket has lower Mo wt%, and a nearby smaller
pocket has higher Mo wt%, the liquid U will move from bigger
pocket to smaller one, thus shrinking in size and increasing the
size of the smaller one; to equalize the concentration of the
solute (Mo, to 10wt%) / no coarsening will occur at such lo-
cations. Instead, the morphology will resemble that of two
spheres connected by a pipe, which when repeated in three
dimensions will give rise to skeleton-like structure even at
higher soaking temperature. This proposition is supported by
the fact that the skeleton-like structure observed in SEM of RD-1
(1150 �C, 4 h) shown in Fig. 8(a) is preserved evenwhen soaking
is done for 4 h at 1300 �C (Fig. 8(b)). However, at higher tem-
perature (above the liquidus of the alloy), the individual parti-
cles in the skeleton are more connected and the skeleton has
more developed arms as compared to that at lower temperature,
because liquid has sufficient flowability so as to move from one
pocket to another. Moreover, the skeleton-like structure seen in
case of soaking for 4 h at 1150 �C is devoid of Mo, because that
particular region did not see higher temperature for longer time
to maintain U in liquid state, so the U could not move to enve-
lope an adjacent Mo particle and solidified in-situ. In contrast,
the skeleton-like structure at 1300 �C has a composition close to
10wt% Mo, which explains the need to hold the charge at a
temperature above the liquidus of the alloy for homogenization
to occur.



Fig. 8. SEM� BSE images of the skeleton-like structures observed under different soaking conditions (a) 1150 �C, 4 h (b) 1300 �C, 4 h; the corresponding EDS spectrums in Fig. 8(c)
and (d) show the EDS data of the regions marked with boxes (yellow) in Fig. 8(a) and (b) respectively. (For interpretation of the references to colour in this figure legend, the reader
is referred to the Web version of this article.)
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The average concentration of Mo in the system will eventually
approach the equilibrium one, i.e. 10wt%, when sufficient soaking
time is available above the liquidus temperature of the alloy, as is
achieved with a soaking of 4 h at 1300 �C. The movement of liquid
U, the final particle size and morphology and particle-to-particle
Fig. 9. Schematic showing the mechanism
homogeneity is decided by the following factors: (i) size of the
slag pockets (ii) the concentration of Mo (solute) in the liquid (U)
within each pocket (iii) soaking temperature and (iv) soaking time
at higher soaking temperature. The mechanism governing the ho-
mogenization of Mo concentration throughout the system is
of particle-to-particle homogenization.



Fig. 10. Different Stages in the reduction e diffusion process: (a) The mixture at room temperature before blending (b) The mixture after blending; particles come closer together so
that the only empty spaces are the voids between any two particles (c) Calcium melts at 842 �C filling the voids between the particles and covers the particles uniformly, facilitating
reduction (d) After reduction and melting of U, molten metal droplets and solid Mo particles are entrapped in porous CaO slag which is solid; Mo dissolves in liquid uranium (e) U-
Mo alloy liquid in the pores of the solid CaO slag (f) The liquid U at higher temperature moves from its higher concentration (lower Mo wt%) to its lower concentration (higher Mo
wt%) under a chemical driving force, thus homogenization occurs with time such that every particle is U e 10wt% Mo alloy.
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illustrated by a schematic diagram in Fig. 9.
The different changes occurring in the state of the system as a

function of time (t) and temperature (T) as depicted in Fig. 10 are

1) At T¼ Room Temperature, all the charge is solid. Blending is
done to bring particles closer together, so that the only empty
spaces left would be the voids between any two particles (t¼ 0,
T¼ RT: Mechanical mixture before blending; t¼ t1, T¼ RT:
Blended mixture, Fig. 10(a)and (b))

2) At t¼ t2 and T¼ 842 �C, calciummelts and surrounds/covers the
particles intimately. The blended mixture of UO2 and Mo is
submerged in molten calcium. Reduction of UO2 by Ca occurs
and heat of the reduction reaction is sufficient to melt uranium;
but may not be enough to sustain melting and also heat losses
will be more for smaller size of the system; hence heating is
continued above the melting point of U and soaking at higher
temperature is given (Fig. 10(c))

3) At t¼ t3, the system takes the form of a porous solid (high
melting 2572 �C) CaO slag network with molten uranium pre-
sent in the slag pockets or pores; Mo is distributed randomly
among these slag pockets, submerged in the molten uranium.
The liquid U envelops the Mo particle and alloying occurs due to
dissolution of Mo into the liquid U (Fig. 10(d)and 10(e))

4) The liquid U moves from one pocket where concentration of
liquid is more (solute Mo is less) to other pocket in the vicinity
where concentration of liquid is less (solute Mo is more) under
chemical driving force, so as to equalize U wt% and thus Mo wt%
in each particle. Given soaking for sufficient time at higher
temperature, the average concentration of Mo in the systemwill
eventually approach the equilibrium one, i.e. 10wt% (Fig. 10(f))
4.2. Gamma phase stability

The intent of this research work is to achieve fully stabilized
gamma phase in the U-Mo alloy, which can be achieved under
furnace cooling condition with a minimum of 8wt% Mo, as
explained earlier [4,19]. Hence, this was true for U-10wt%Mo alloy
prepared by R-D under the suitable soaking conditions. The XRD
plot shown in Fig. 2 corroborates this fact.

The present work however involves in situ formation of U-Mo
alloy powder after reduction of UO2, where metal is melted locally
(dispersed in non-melting CaO slag) and alloying is achieved by
local diffusion of Mo into U. Therefore the local cooling rates are
expected to be higher than that of conventional alloy making
processes, even when the average cooling conditions are similar to
furnace cooling condition. So, it was expected that evenwith 4wt%
Mo, gamma phase could be stabilized completely. However, the
XRD plot for U-4wt%Mo alloy in Fig. 2 shows the presence of peaks
corresponding to all the three phases, a, g and g'; which are the
equilibrium phases at 4wt% Mo as is evident from the U-Mo phase
diagram shown in Fig. 11 [43]. This clearly explains that the cooling
rates in case of R-D process are in no way greater than the cooling
rates in furnace cooling conditions, which necessitates a Mo con-
centration greater than 8wt% for complete stabilization of the
isotropic g phase.



Fig. 11. The partial U-Mo phase diagram in the compositional range of interest [43].
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5. Conclusions

U-10 wt%Mo alloy has been successfully prepared by R-D pro-
cess and complete stabilization of desired isotropic g-phase has
been achieved at optimum process parameters of 1300 �C and 4 h.
Understanding of the mechanism of the R-D process for the U-Mo
system has also been achieved and the mechanism has been pro-
posed based on experimental evidence. It has been identified that
atomistic diffusion of U or Mo, through the porous slag, between
two slag pockets, followed by inter-diffusion of U and Mo within a
single particle, are two dominant mechanisms adopted by the
system, for homogenization and reaching the equilibrium compo-
sition. The above twomechanisms are sped up if the temperature of
the charge (i.e. reduced metal þ Mo þ slag) is kept sufficiently
higher than the liquidus of the alloy of interest. The flow of liquid
between two slag pockets and the inter-diffusivities of each species
increase dramatically in the liquid state, due to its open structure.
At soaking temperatures below the liquidus of the particular alloy,
only solid state diffusion of Mo in U will be prevalent, which is itself
sluggish in nature. This necessitates longer soaking periods to
achieve homogeneous and equilibrium composition. In addition,
the driving force for preferential solute movement ceases to exist
due to absence of liquid U. Therefore, it was preferred to choose a
soaking temperature above the liquidus temperature of the alloy, in
order to achieve homogeneity and equilibrium in practical time
spans.
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