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Abstract

The structural properties of a U-10 wt% Mo powder sample prepared by the centrifugal atomization method were
investigated by the Rietveld total profile analysis method. The high resolution neutron powder diffractometer at the
HANARO research reactor in Taejon, Korea, was used for a series of neutron diffraction pattern measurements for
the study. The sample was synthesized by the centrifugal atomization method and was found to consist of two y-U
solid solution phases having identical bce structures, but slightly different lattice dimensions, and accordingly different
Mo content. When the sample was annealed for 10 h at 600°C, the two solid solution phases with different Mo
contents merged into a uniform single phased y-U solid solution. The diffraction pattern of the annealed sample
showed two additional weak reflections, which could be indexed as a super lattice structure U;Mo derived from the
bee cell by a /110/—110/001/ type lattice transformation. The disorder—order phase transition leading to the for-
mation of ordered metastable phase U;Mo should be of the first-order. © 2000 Elsevier Science B.V. All rights

reserved.

1. Introduction

In recent years, the development of low enrichment
uranium fuel has been the center of attraction for many
researchers. Scientists are interested in having a neutron
source with higher thermal neutron flux density for
higher quality experiments, which necessarily requires a
small core size. At the same time, international nuclear
policy demands low enrichment of U-235 in the ura-
nium fuel element. To obtain a higher neutron flux
density using a low enrichment fuel, it is necessary to
develop a new uranium alloy which gives a higher
uranium loading to compensate for the low enrichment.
It has been well-known among reactor designers that a
pure uranium metal is not suitable for reactor fuel
because of poor irradiation behavior, specifically
physical deformation caused by thermal cycles com-
bined with neutron irradiation. It is also known that no
stable uranium compound contains enough uranium to
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satisfy the necessary uranium loading. One of the
prospective materials is y-phase uranium alloy which
contains small amount of another metal to stabilize the
v-U solid solution [1-3]. A series of studies conducted
by Kim et al. [1,2] recently reported that U-10 wt% Mo
alloys synthesized by the centrifugal atomization
method crystallize in a cubic y-U structure (bec) and
have physical properties acceptable for reactor fuels.
Among many alloys which have a tendency to crys-
tallize in the y-phase structure at a high temperature,
U-Mo and U-Zr solid solution alloys are the most
suitable because they form the y-phase structure over a
wide range of solute concentrations.

Below 560°C, the equilibrium state of U-Mo alloys
is a mixture of a-U and y'-phase (U,Mo), as shown
in Fig. 1 [4]. However, by rapid cooling from the v-
phase, it can retain a metastable y-state at room
temperature.

It has been reported [5,6] that the U-alloys con-
taining up to 11 at.% Mo, when water quenched from
the y-phase region, form metastable of and o phase
structures which are slight variations of the
orthorhombic lattice of a-U [5,6]. Alloys containing
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Fig. 1. Uranium-molybdenum phase diagram.

11.39-12.73 at.% Mo, when quenched, form y°-phase
with an ordered tetragonal structure [6,7]. The
tetragonal cell was transformed from the bce cell by a /
200/020/001/ transformation so that a, ~ 2a. and
¢y & a., where a, is the lattice parameter of the y-phase
bee cell. An ordered structure proposed for metastable
U, Mos; (12.1 at.% Mo) [8] has the same tetragonal cell
with a slightly different arrangement of Mo and U
atoms.

It is important to make a comprehensive charac-
terization of the crystal structure, microstructure and
phase composition of the subject alloys. In this paper,
we present a neutron diffraction study of a U-10 wt%
Mo alloy prepared by the centrifugal atomization
method. The method involves a rapid cooling, and
hence the high temperature is retained as a metastable
state at room temperature. The X-ray method may not
be an appropriate tool for the study of metastable
uranium alloys because of the high X-ray absorption of
U atoms and the intense localized heating by X-ray
radiation.

2. Experimental

2.1. Diffraction measurements of the atomized U-Mo
alloy powder

The powder diffraction data were obtained from the
32-detector HRPD of KAERI, using 0.18339 nm neu-
trons from a Ge (3 3 1) monochromator, and 0.12193 nm
from a Ge (3 3 5) monochromator, both with a 90° take-
off angle. Collimations used were: oy = 6', 10" or 20’ for
the inpile collimator, «, = 30 for the collimator before
sample, and a3 = 10’ for the collimator before detectors.
The sample was contained in a cylindrical vanadium
can, 8 mm in diameter and 40 mm high. The absorption
correction was ignored because its value was negligibly

small. The diffraction pattern was measured from 5° to
155°.

2.2. Synthesized U-10 wt% Mo sample

The earlier X-ray study by Kim et al. [1] reported that
the alloy synthesized by the centrifugal atomization
method has a single phased y-U structure. Our neutron
diffraction study indicated that the as synthesized sam-
ple contains a smaller amount of two more phases, in
addition to the y-U phase found by the previous X-ray
study. The neutron diffraction pattern could be inter-
preted if the sample consisted of three y-U solid solution
phases with the same bec cell and a slightly different unit
cell size. We denote them as phases I, II, and III. The
different lattice dimensions may be caused by different
Mo concentrations, but it is impossible to determine the
Mo content in each phase by Bragg diffraction methods
alone. Using the information from an earlier study by
Dwight [4], the lattice parameter of y-phase in a U-Mo
system is related to the Mo concentration by the equa-
tion a (nm)=0.34808 — 0.000314 x (at.% Mo). Based
on these assumptions, the atomic concentration of Mo
atoms in the solid solutions were found to be 22 at.% for
phase I and 17.5 at.% for phase II. Phase III had very
weak diffraction intensities, with the unit cell size
(a = 0.34996 nm) close to but a little bit larger than that
of pure y-uranium from the Dwight equation.

Over 99% of the composition had crystallized in ei-
ther phase I or II. Since the two primary phases (I and
II) were so similar in unit cell sizes, the peaks of the two
phases could be distinguished mostly at higher scatter-
ing angles with higher instrumental resolution, but
never resolved completely as shown in the pattern in
Fig. 2.

The v-U structure, which has the given fraction of
Mo solute atoms uniformly occupying the two U sites of
the bec cell, was assigned to both phases. No Mo atoms
were assigned to the phase III structure, based on the
judgment from the unit cell size. The Rietveld refinement
of the structure converged normally to the y?>-value of
1.92. The weight fraction [9] of phases I and II from the
Rietveld refinement gave a total of 9.3 wt% (20.3 at.%)
Mo, which is slightly less than the 10 wt% Mo expected
from the sample fabrication. According to the previous
study [4-6], uranium alloys containing less than 10 at.%
Mo cannot retain the y-phase by quenching to room
temperature. Therefore, the possibility of the formation
of different uranium phases was considered. It was
found that uranium oxide, UO, with the NaCl type
crystal structure, a = 0.49488(3) nm, also gives a slightly
better refinement of phase III than y-phase. This, along
with the mentioned difference in lattice parameters for
pure uranium, testifies that phase III could be uranium
oxide, UO. The final phase composition and structural
parameters are listed in Table 1.
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Fig. 2. Neutron diffraction pattern of U-10 wt% Mo alloy synthesized by the centrifugal atomization method.

2.3. Annealing at 600°C for 10 h

When the synthesized sample was annealed for 10 h
at 600°C and then cooled to room temperature in the
furnace, the two y-U solid solution phases I and II found
in the synthesized sample merged into a uniform single
phased vy solid solution, as shown in Fig. 3.

Weak peaks corresponding to the UO phase de-
creased, but other weak peaks corresponding to UO,
appeared in the diffraction pattern. A careful examina-
tion of the diffraction data has also revealed the presence
of several additional weak peaks in the lower scattering
angle region.

If we assume that all metal atoms of phases I and II
after annealing are distributed uniformly on the atomic

Table 1
Results of Rietveld refinements of the as synthesized sample*

sites of the single phased y solid solution, the Mo atomic
concentration in the solid solution phase became 20.3
at.%. The Rietveld refinement of the structural model,
consisting of the single phased y-U solid solution and
UO,; phase, converged very well to y = 1.77%. Lattice
parameter a = 0.34156 nm, as obtained from the Riet-
veld refinement for the uniform y solid solution phase,
corresponds to 20.8 at.% Mo content, according to the
Dwight equation. This is in good agreement with 20.6
at.% Mo, corresponding to the merger of phases I and II
and the formation of about 2.4 wt% of UO,.

Two additional rather weak were peaks were ob-
served at scattering angles of 20 ~ 22.3° and = 38.8° (for
/4 =0.18339 nm) could be explained by superlattice re-
flections due to an ordering of the component atoms of

Phase 1 U-Mo solid solution Phase 11 U-Mo solid solution

v-phase, I m3m v-phase, I m3m
Unit cell a=0.34116(1) nm Unit cell a =0.34261(2) nm
FWHM U =0.195(26) FWHM U = 0.488(45)

V =-0.208(27) V = —-0.360(6)

W =0.170(6) W =0.199(32)
(x,,2) 2(a) of I-m3m 2(a) of I-m3m
R-bragg 2.83 3.38
Wt. fraction 63.5% 35.6%

#UO-phase is not included.
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Fig. 3. Neutron diffraction pattern of U-10 wt% Mo alloy after annealing at 600°C for 10 h.

the y solid solution. The two superlattice reflec-
tions could be indexed as (1/21/20) and (1/21/21) of the
v-phase bee cell. The 20.8 at.% Mo content could be
approximated closely to stoichiometric U;Mo for the
ordered model. In this case, the number of atoms in one
unit cell of ordered Us;Mo phase should be a multiple of
four, and hence the volume of the ordered supercell
should be V4 = 2nV,, where n=1,2,3,..., and V. —
volume of bec cell.

Doubling of the bee cell (V5,4 = 2¥;) may be achieved
in two ways, either by the unit-cell transformation of /
100/010/002/ or by the transformation of /110/—110/
001/. The former transformation yields a tetragonal
unit cell with dimensions a; ~ a. and ¢, ~ 2a., and the
latter yields a tetragonal cell with dimensions a; ~ V24,
and ¢, = a.. Among the two possible superlattice struc-
tures, the latter was found to agree with the two ob-
served weak reflections. The proposed superlattice
structure of UsMo (Fig. 4) is given below.

Space group P-4m2,

Mo: 1(a) 0,0,0

Ul: 1(b) 1/2,1/2,0,

U2: 2(g) 0,1/2,2z,1/2,0,—z (z=1/2)

(The above structure becomes identical to the disordered
v-phase structure if the z-coordinate of (g) site is 1/2 and
all sites are occupied by a uniform mixture of Mo and U
atoms.)

The Rietveld refinement of the proposed superlattice
showed good agreement with the superlattice reflec-

tions, as shown in the insert of Fig. 3. But taking into
account the ordering has not noticeably decreased the
y>-value and R-factor because of the relatively low in-
tensity of the superlattice peaks in comparison with the
fundamental peaks. As shown in Table 2, the structure
is partially disordered, so that part of the molybdenum
sites 1(a) (corners) are occupied by U atoms and
part of the uranium sites 2(g) (centers of side faces)
are occupied by Mo atoms, while sites 1(b) (centers of
bottom and upper faces) are occupied only by U
atoms.

The arrangement of atom sites in the superlattice
model is essentially the same as that of the bcc structure,
except for the small shift of the U2 position (centers of
side faces) along the c-axis by (0.5 —z =0.014) in the
super cell. It is possible to classify the lattice into three

sublattices corresponding to positions 1(a), 1(b),
and 2(g).
B Mo 1(a)
® Ul
O U22g)

Fig. 4. Structure of metastable ordered phase U;Mo.
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Table 2
Result of Rietveld refinement of the annealed (600°C-10 h) sample*
Phase 1 U;Mo Phase 11 Uo,
Unit cell a=b=0.48305(6) nm Unit cell a=b=c=0.5441(6) nm
¢ =0.3418(2) nm
Space group P-4m2 Space group Fm3m
0.66Mo + 0.34U in 1(a) U in 4(a)
0.91U+0.09Mo in 2(g); z=0.514 o in 8(c)
1U in 1(b)
FWHM U =0.410(13) FWHM U =30971(12)
vV =-0.337(09) V =—-19.859(13)
W =0.177(26) W =3.980(79)
R-bragg 24 R-bragg 12.6

*Phase composition (wt): UsMo(97.3) + UO»(2.4) + UO(0.3), ;> = 1.72.

The model suggested that y°-phase [7] could not be
ascribed to UsMo because the observed superlattice re-
flection (1/2 1/20) was extinguished in this model (indi-
ces are given relative to the bcc cell). In the model
suggested by Tangri [8] for U»Mo;, one more super-
lattice reflection (00 1) should be observed between the
(1/21/20) and (1/21/21) reflections. Therefore, this
model, too, could not be ascribed to the Us;Mo.

3. Discussion
3.1. Phase composition and oxidation

The formation of two 7y solid solutions with very
slightly different cell parameters in the synthesized
sample may be attributed to the extremely rapid cooling
by the centrifugal atomization method or to the non-
uniformity of the solute element in the state of molten
alloy. True reasons are not clear now. Annealing of the
synthesized sample for 10 h at 600°C was quite enough
for the Mo to become homogeneously distributed so
that two y-phases merged into one y-phase with 20.3
at.% Mo. The single y-phase state for this composition
at 600°C is consistent with the equilibrium phase dia-
gram [4]. Subsequent furnace cooling has not led to the
decomposition of the U-Mo alloy or the loss of the re-
tained bcec lattice of the y solid solution, but the struc-
ture has been modified by ordering.

The UO, phase was likely to form during the an-
nealing process. Diffraction peaks of the UO, phase
that formed in the annealed sample were very much
broader than those of the UsMo phase. It is interesting
to notice that such peak broadening was not observed
in the small amount of UO phase observed in the as-
synthesized sample. The oxide UQO; is apparently in the
form of a thin layer covering the surface of the parti-
cles and grains. The thickness of the UO, layer esti-
mated from the broadening of two peaks is
approximately 8 nm.

3.2. Structure of the metastable ordered phase U; Mo

As was shown above, in the ordered U;Mo phase, the
lattice is composed of three sublattices. Consequently,
two long range order parameters should define the dis-
tribution of atoms and degree of order. Two long range
order parameters point out that order—disorder phase
transition is connected with two stars of ordering wave
vectors. The suggested structure for UsMo can be con-
structed using two Lifshits stars of wave-vectors
k; =2n(b; + b, +b;) and k, ==(b; +by) [10]. The
vectors by, by, and b; are reciprocal lattice vectors in the
[100], [010] and [00 1] directions, respectively, and their
modulus is equal to 1/a, where ais the real space lattice
parameter of the y-phase bec cell. According to Kha-
chaturyan’s theory [10], the structure is one of those
which could be formed as a result of a disorder—order
phase transition in a substitutional bee alloy. The star of
wave-vector k, = nt(b; + b,) consists of six vectors: (0 1/
21/2), (17201/2), (1/21/20), (0172 —1/2), (—1/201/2), (1/
2 —1/20). The star does not satisfy the necessary Landau
criteria for second-order type phase transitions because
it contains three vectors which give the reciprocal lattice
wave-vector of the bcc disordered lattice

(01/21/2) 4 (1/21/20) + (~1/201/2) = (011).

Therefore, the order—disorder phase transition should be
of the first-order type. After annealing at 600°C, one of
the sublattices 1(b) (centers of upper and bottom faces)
is occupied only by uranium atoms. Therefore, one of
the two long-range order parameters has reached its
maximum value. Further ordering and increase of the
second long-range order parameter will be related to the
ordering of U and Mo atoms on the other two remaining
sublattices 1(a) and 2(g). Thus, two long-range order
parameters may not reach their maximum values si-
multaneously, but rather step by step (one after the
another). In the perfectly ordered state, besides the ob-
served peaks (100) and (10 1) of the tetragonal cell, one
more superlattice peak corresponding to two overlapped
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peaks of reflections (00 1) and (1 10) (see Fig. 3) should
be observed because its intensity increases and becomes
comparable with the (100) and (10 1) peaks.

3.3. Ordering and stability of metastable gamma phase

Metastable ordered phases y° and U,;Mo; were ob-
served in [5-8] in samples containing about 12 at.% Mo
after quenching the y-phase from the y region tempera-
ture. Our study showed that for a higher Mo content
(21.6 at.%), metastable ordered phases can be formed
during rather slow furnace cooling. The formation of a
transient ordered state in phase separating alloys when
both ordering and decomposition processes are going on
simultaneously was considered theoretically in [11,12].
Chen and Khachaturyan [11] considered order—disorder
kinetics using the microscopic kinetic theory. Reinhard
and Turchi [12] used the Monte-Carlo kinetic Ising
model which allowed accounting for fluctuational nu-
cleation. A physical picture of the formation of the
metastable ordered phase is rather clear [11,12]. The
existence of different ordered phases (U,Mo, v°,
U,Mo;) based on a disordered bee lattice indicates the
tendency for ordering in the bec v solid solution. Then,
at relatively low temperatures during cooling when the
decomposition process of the y-phase is retarded, the
free energy of the alloy can be decreased by ordering
instead of decomposition. In contrast to the decompo-
sition, where atoms should be transported through
macroscopic distances much longer than the interatomic
distance, the ordering is correlated to the movement of
atoms on the order of the interatomic distance. There-
fore, ordering takes place in the metastable y solid so-
lution, although the free energy of the ordered state is at
a minimum. It is a local minimum since an absolute
minimum corresponds to the decomposition into two
stable states: a-U+ U,Mo. Formation of the ordered
phase decreases the alloy’s free energy and therefore
increases its activation energy and decreases diffusion
mobility. On the other hand, a decrease of free energy
leads to the rise of the energetic barrier which must be
overcome by small regions of alloy to form the seeds of
new phases during decomposition. Thus, ordering can
retard the process of decomposition.

From the above mentioned point of view, it seems
interesting to study the influence of the impurity of a
third metal on ordering. It is well-known that doping
with a third metal can increase the order—disorder
transition temperature, which decreases free energy and
therefore makes the alloy more stable. It even may
happen that such an alloy would transform from a
metastable to a stable state.

4. Conclusion

The neutron diffraction study showed that a U-10
wt% Mo alloy prepared by the centrifugal atomization
method consists of three phase constituents: two y-U
solid solutions with slightly different Mo contents and
lattice parameters, and a small amount (~1 wt%) of
uranium oxide UO. Annealing at 600°C for 10 h and
furnace cooling to room temperature results in a merger
of the two solid solutions into one single phased uniform
solution with an ordered arrangement of atoms — su-
perlattice UsMo. Further oxidation is going on during
annealing so that about 2.5 wt% of UO, is formed. The
unit cell volume of the superlattice UsMo corresponds
to a doubling of the bec unit cell of the y solid solution
and is related with the latter by /110/—110/001/ type
lattice transformations. Analyses showed that the UsMo
superlattice can be formed only by a first-order type
phase transition.

Acknowledgements

The authors are deeply grateful to Dr C.S. Choi, C.T.
Lee, and H.J. Kim, who helped us throughout this
study. This Project has been carried out under the Nu-
clear R&D Program by the Ministry of Science and
Technology.

References

[1] K.H. Kim, D.B. Lee, C.K. Kim, G.E. Hofman, K.W. Paik,
J. Nucl. Mater. 245 (1997) 179.
[2] D.B. Lee, K.H. Kim, C.K. Kim, J. Nucl. Mater. 250 (1997)
79.
[3] G.L. Hofman, L.C. Walters, in: B.R. Frost, Nuclear
Materials, vol. 10A, VCH, New York, 1994.
[4] A.E. Dwight, J. Nucl. Mater. 2 (1960) 81.
[5] K. Tangri, G.I. Williams, J. Nucl. Mater. 4 (1961) 226.
[6] B.W. Howlett, J. Nucl. Mater. 35 (1970) 278.
[7] B.A. Hatt, D. Stewart, Fulmer Research Institute Report,
R 189/10, 1967.
[8] K. Tangri, Memoire No. 90, Journées Metallurgiques
d’Automne, Paris, October 1960.
[9] J.R. Hill, C.J. Howard, J. Appl. Crystallogr. 20 (1987) 467.
[10] A.G. Khachaturyan, The Theory of Phase Transforma-
tions and Structure of Solid Solutions, Nauka, Moscow,
1974.
[11] L.Q. Chen, A.G. Khachaturyan, Phys. Rev. B. 44 (1991)
4681.
[12] L. Reinhard, P.E. Turchi, Phys. Rev. Lett. 72 (1994) 120.



