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Neutron di�raction study of U±5.4 wt% Mo alloy

Jeong-Soo Lee a,*, Chang-Hee Lee a, Ki Hwan Kim a, Vyacheslav Em b

a Neutron Physics Department, Korea Atomic Energy Research Institute, P.O. Box 105, Yusong-gu, Taejon 305-600, South Korea
b Institute of Nuclear Physics, 702132 Ulugbek, Tashkent, Uzbekistan

Received 13 January 2000; accepted 5 April 2000

Abstract

The structure of U±5.4 wt% Mo alloy prepared by the centrifugal atomization method and the decomposition of the

alloy at elevated temperature were studied. The single uniform c-phase was obtained after annealing the synthesized

alloy at 700°C for 48 h. The homogenized alloy was annealed at 400°C and 500°C to search for an ordered phase and

study the decomposition process. No ordered phase in U±5.4 wt% Mo alloy after annealing was observed. With the

result from the Rietveld re®nement of the neutron di�raction patterns it was concluded that the b parameter of the

a-phase is contracted like metastable a0-phase and phase boundary of the a-phase region at 500°C lies near 2.6 at.%

Mo. Ó 2000 Published by Elsevier Science B.V. All rights reserved.

1. Introduction

The development of high density U-alloys with an

increased concentration of U is one of the key problems

for developing high neutron ¯ux research reactors with

low enrichment uranium fuel. The U±Mo alloy system is

one of the prospective candidates because a solid solu-

tion of Mo in c-U has acceptable irradiation properties

for reactor fuel [1]. According to the phase diagram of

the U±Mo system (Fig. 1) [2], below 560°C, the c-phase

is metastable, while the equilibrium state corresponds to

a mixture of a-U and c0-phases (U2Mo).

Therefore, the prospect of using a U±Mo alloy as

reactor fuel is closely connected with the possibility of

retaining a metastable c-phase state in alloys at tem-

peratures below 560°C during fuel element fabrication

and irradiation. Kim et al. [3] showed that a U±10 wt%

Mo alloy has rather good thermal stability and retains

the c-U phase after annealing at 400°C for 100 h.

The formation of a transient ordered state in phase

separating alloys when both ordering and decomposi-

tion processes are going on simultaneously can consid-

erably retard the process of decomposition [4,5]. From

this point of view, the U±Mo alloys with a composition

near U±5.4 wt% Mo (12.5 at.%) which corresponds to

the stoichiometry U7Mo or U22Mo3 are interesting. The

superlattice U7Mo is one of those which are predicted by

the ordering theory [6] for bcc alloys in a disordered

state. In addition, an ordered structure with tetragonal

cell (c0-phase) was observed experimentally [7±9] in al-

loys containing 11.39±12.73 at.% Mo. The stoichiometry

U22Mo3 was assigned to the ordered c0-phase in [7,8],

though the stoichiometry corresponding to the super-

lattice was U3Mo.

The phase boundary between a-phase and c0-phase

regions below 560°C which determines the terminal

composition of the a- and c0-phases forming as a result

of c-phase decomposition was not studied specially.

Dwight [2] positioned them near 0.5 at.% Mo for the

a-phase and 31 at.% for the c0-phase (see Fig. 1).

The aim of this work was to ®nd out whether the

metastable superlattice is formed or not in U±5.4 wt%

Mo alloy during decomposition at temperatures below

560°C. Another aim was to determine the phase

boundary of the a- and c0-phase regions using neutron

di�raction. Neutron di�raction was chosen because the

high X-ray absorption of uranium atoms causes intense

localized heating. In addition, there are di�culties in

preparing a proper powder sample for X-ray di�raction

Journal of Nuclear Materials 280 (2000) 116±119

www.elsevier.nl/locate/jnucmat

* Corresponding author. Tel.: +82-42 868 8435; fax: +82-42

868 8448.

E-mail address: jslee3@nanum.kaeri.re.kr (J.-S. Lee).

0022-3115/00/$ - see front matter Ó 2000 Published by Elsevier Science B.V. All rights reserved.

PII: S 0 0 2 2 - 3 1 1 5 ( 0 0 ) 0 0 0 6 2 - 3



because in the case of a highly absorbing material the

di�raction pattern is greatly a�ected by the roughness of

the sample surface.

2. Experiment

A U±5.4 wt% Mo (12.5 at.%) alloy was prepared by

the centrifugal atomization method described in [3]. For

heat treatment, every sample was sealed in an evacuated

quartz ampoule and air-cooling was used after anneal-

ing. The powder neutron di�raction patterns from 5° to

155° were measured at room temperature using the 32-

detector high-resolution powder di�ractometer (HRPD)

at KAERI. Monochromatic neutrons with a wavelength

of 0.18339 nm were obtained from a Ge(3 3 1) mono-

chromator with a 90° take-o� angle. The sample was

contained in a cylindrical vanadium can, 8 mm in di-

ameter and 40 mm in height.

3. Results

The neutron di�raction study of the as-synthesized

alloy showed that it is not a single phase. Along with

di�raction peaks corresponding to the c-phase, very

weak di�raction peaks corresponding to the uranium

oxides UO and UO2 were observed in the neutron dif-

fraction pattern. Thus, the phase composition of the

sample was the same as that of U±10 wt% Mo alloy

prepared by the centrifugal atomization method [10].

Broadening of the di�raction peaks corresponding to the

c-phase was observed. The peak broadening can be

caused by reasons such as particle size, strain, non-

uniformity in the composition, etc. The grains in

particles of the U±Mo alloy prepared by the centrifugal

atomization method are too large (�2 lm) [3] to cause

the peak broadening. Strain should exist in as-synthe-

sized alloy because of the extremely rapid cooling by the

centrifugal atomization method. However, we assume

that the broadening is mainly caused by the non-uni-

formity in the composition, because it was distinctly

observed in U±10 wt% Mo alloy [10]. The Rietveld re-

®nement under the assumption of two c-phases with

di�erent composition like U±10 wt% Mo [10] did not

give good agreement. Therefore, we assume that the

sample contained mixture of c-phases with di�erent

composition.

In order to obtain a single c-phase state, the as-syn-

thesized sample was annealed at 700°C for di�erent

times and then cooled in air. The single c-phase state

was obtained only after annealing at 700°C for 48 h. As

a result of annealing, part of the UO phase transformed

to UO2. The Rietveld re®nement of a structural model

consisting of the single phase c-U solid solution

(96.74%), UO (2.20%) and UO2 (1.06%) converged to

v2 � 3:7. The lattice parameter of the c-phase,

a � 0:3445 nm, obtained from the Rietveld re®nement,

corresponds to 11.44 at.% Mo according to the Dwight

equation [2]. No superlattice re¯ections were observed in

the neutron di�raction pattern. After homogenizing

treatment at 700°C for 48 h the samples were annealed

at 400°C and 500°C for di�erent times.

After annealing at 400°C for 10 h the c-phase par-

tially decomposed so that a (43.59%) and U2Mo

(32.88%) phases appeared in addition to c (22.82%) and

UO2 (0.71%) phases. The UO phase completely trans-

formed to the UO2 phase. The process of decomposition

had not been completed even after annealing at 400°C

for 500 h: about 10.8% of c-phase remained in the

sample. No additional superlattice re¯ections were ob-

served in neutron di�raction patterns after annealing at

400°C.

After annealing at 500°C for 500 h (Fig. 2) the pro-

cess of decomposition was practically completed: about

2.48 wt% of c-phase remained in the sample (Table 1).

Fig. 2. Neutron di�raction pattern of U±5.4 wt% Mo alloy

after annealing at 500°C for 500 h.

Fig. 1. U±Mo phase diagram.
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No additional superlattice re¯ections were observed in

the neutron di�raction patterns of samples annealed at

500°C.

Rietveld re®nement showed that the b lattice pa-

rameter of a-phase forming during decomposition is

contracted relative to the b � 0:58695 nm for pure a-U

[11]. Tangri et al. [7] showed that the U±Mo alloys

containing up to 11 at.% Mo, when water-quenched

from the c-phase region, form a metastable a0-phase

which they de®ned as Ôdistorted alphaÕ with a contracted

b lattice parameter. Using the dependence of the b pa-

rameter on Mo content studied by Tangri et al. [7], the

Mo content in a-phase forming during the decomposi-

tion was determined. 2.6 at.% Mo in a-phase after an-

nealing at 500°C for 500 h (2.2 at.% Mo for 400°C±500

h) was obtained. Mo content (30.5 at.%) in the U2Mo

phase in an alloy decomposed after annealing at 500°C

for 500 h was calculated using the quantitative phase

composition determined by Rietveld re®nement (Table

1). The value 30.5 at.% is in good agreement with the

phase boundary of the U2Mo phase region given by

Dwight [2] (see Fig. 1).

4. Discussion and conclusion

Formation of a transient ordered phase during de-

composition is caused by the di�erence in kinetics for

process of ordering and decomposition at temperature

below the critical temperature of ordering Tc [4,5]. Both

ordering and decomposition decrease the free energy of

the alloy but because the ordering process is usually

much faster than decomposition, ordering instead of

decomposition can decrease the free energy. Such a

metastable ordered state can retard the process of de-

composition because the energy barrier that must be

overcome by atoms to form the nuclei of new phases,

arising during decomposition, increases.

It was shown that the ordered c0-phase can be

formed in alloys containing 11.39±12.73 at.% Mo after

water quenching from the c-phase region [7,8]. The

phase was observed when the cooling rate was higher

than the rate necessary to retain the c-phase state and

the degree of order increased with cooling rate. This was

explained by retaining to low temperature, below the

ordering temperature Tc for c0-phase, the equilibrium

thermal vacancies existing at high temperature [8]. We

did not observe any signs of ordering in the c-phase after

annealing of the U±5.4 wt% Mo alloy at 400°C and

500°C. At the same time the di�usion mobility at these

temperatures was high enough to observe the decom-

position of the c-phase. It means that the ordering

temperature, Tc, of possible superstructures lies below

400°C. It is also true for the c0-phase observed in [7,8].

Therefore formation of the ordered c0-phase will not

retard the process of decomposition at 400°C.

The content of Mo in the a-phase given in Table 1 is

higher than the 0.5% proposed by Dwight [2]. Our result

shows that the contraction of the b lattice parameter is

caused by molybdenum and takes place not only in

metastable a0-phase but in stable a-phase as well.

Thus, we can make the conclusion that there is no

formation of ordered phase in U±5.4 wt% Mo alloy after

annealing at 400°C and 500°C. The formation of the

ordered metastable c0-phase, observed after quenching

with a high cooling rate, cannot retard the process of

c-phase decomposition. The phase boundary of the

a-phase region at 500°C lies near 2.6 at.% Mo and b

parameter of the a-phase is contracted like in the

metastable a0-phase.
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