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a b s t r a c t

To supplement the understanding of diffusional interactions involving Al-rich region of the U–Mo–Al sys-
tem, alloys with composition 85.7Al–11.44U–2.86Mo and 87.5Al–10U–2.5Mo in at.%, were examined to
determine the equilibrium phase constituents at 500 �C. These alloys were triple arc-melted, homoge-
nized at 500 �C for 200 h, and water-quenched to preserve the high temperature microstructure. X-ray
diffraction, scanning electron microscopy (SEM) with energy dispersive X-ray spectroscopy (XEDS),
and transmission electron microscopy (TEM) with high angle annular dark field (HAADF) imaging via
scanning transmission electron microscopy (STEM) were employed for the characterization. Alloy spec-
imens for TEM/STEM were prepared using site-specific focused ion beam (FIB) in situ lift-out (INLO) tech-
nique. Despite the homogenization time and temperature, five different phases, namely fcc-Al solid
solution, cubic-UAl3, orthorhombic-UAl4, hexagonal-U6Mo4Al43 and diamond cubic-UMo2Al20, were
observed. Based on U–Al, U–Mo and Al–Mo binary phase diagrams, previously proposed U–Mo–Al iso-
therms, and the solidification microstructure of these alloys, the Al-rich region of the equilibrium ternary
isotherm at 500 �C was constructed. The fcc-Al solid solution, orthorhombic-UAl4, and diamond cubic-
UMo2Al20 which were determined to be the equilibrium phases in 85.7Al–11.44U–2.86Mo and 87.5Al–
10U–2.5Mo alloys.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

U–Mo dispersion fuels in Al-alloys are being developed to fulfill
the requirements of low enriched uranium in research reactors [1]
under the Reduced Enrichment for Research Test Reactors (RERTR)
program [2]. An understanding of phase constituents, thermody-
namic parameters, growth kinetics and properties of the interac-
tion layers that develop in the U–Mo–Al system [3–8] can
provide optimized materials chemistry and processing parameters
to improve the process-control, performance and service life of the
U–Mo/Al fuel system. U–Mo alloys show promising results due to
their high uranium density [1,9–11]. However, a significant inter-
action can take place between the U–Mo fuel and the Al matrix
during fuel processing and irradiation. This interaction produces
Al-rich phases with physical and thermal properties that can ad-
versely affect the performance of the fuel system. The interdiffu-
sion-controlled growth of layers that develop between the U–Mo
fuel and the Al matrix can experience a significant volumetric
expansion [12] that leads to fracturing. These interaction layers
can also have lower thermal conductivities [13] than desired,
ll rights reserved.

: +1 407 882 1461.
which can accelerate the rate of interaction between the U–Mo fuel
and the Al-alloys, and other temperature-dependent deterioration
modes of U–Mo monolithic/dispersion fuels, including swelling.

Several experiments have been carried out to determine the
identity and growth rate of interaction layers using dispersion
and monolithic fuel plates during irradiation [10,4–18]. Out-of-pile
experiments have also been conducted in laboratory with depleted
uranium (DU) alloys using dispersion and monolithic fuels [9,10]
as well as diffusion couples [19–23]. In most cases, complex mul-
tiphase interaction layers have been observed to develop, and
can include UAl3, UAl4, U6Mo4Al43, UMo2Al20 [20–22,25] and an
amorphous phase under irradiation [26,27].

The above studies have identified the phases from diffusional
reactions requiring the assumption of local thermodynamic equi-
librium and are complicated by other alloying additions in the
Al-alloys that may influence the phase equilibria. In most diffusion
studies, complex microstructures, including three-phase layers and
elongated grains, have been observed.

Attempts to model the growth of the interdiffusion zone in dif-
fusion couples have been made based on first principle calculations
[28] and the observed behavior [29,30] of diffusion couples. In
order to validate the assumption of local thermodynamic equilib-
rium in the interdiffusion zone and to determine the effect of alloy-
ing additions, the behavior of high purity U–Mo–Al diffusion
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couples must be correlated to that of the equilibrated U–Mo–Al
compositions.

In this study, Al-rich U–Mo–Al alloys were cast and homoge-
nized to determine the equilibrium phase constituents to clarify
the phase equilibrium at 500 �C. The cast composition of two al-
loys, 85.7Al–11.44U–2.86Mo and 87.5Al–10U–2.5Mo in at.%, were
selected considering typical average compositions for the interac-
tion layers reported in literature [20,24,25]. The existing binary
phase diagrams of U–Al, Mo–Al and U–Mo, results from other stud-
ies [14,16–24,26–28,32] and observations made in this study, were
used to examine the Al-rich side of the U–Mo–Al ternary isotherm
at 500 �C. Mazaudier et al. [15] made some recent contributions to
a region near the one under consideration in this study based on
diffusion couple experiments annealed at similar temperatures.
Fig. 2. Backscatter micrographs showing the typical microstructures of the 87.5Al
alloy. Four different phases are visible based on images contrast.
2. Experimental procedure

Alloys with nominal compositions 85.7Al–11.44U–2.86Mo and
87.5Al–10U–2.5Mo in at.%, hereinafter referred to as 85.7Al and
87.5Al, respectively, have been cast by arc melting of high purity
Al, U and Mo. Each alloy was re-melted three times to ensure com-
plete melting of each element in order to minimize macro-scale
segregation. The alloys were then annealed at 500 �C for 200 h in
an Ar atmosphere. One specimen, roughly 3 mm by 3 mm by
3 mm, was removed from each casting for this study. X-ray diffrac-
tion (XRD) patterns were collected for these alloys using a RigakuTM

D-MaxD diffractometer operating with Cu-Ka radiation at 40 kV
and 30 mA with a 1� divergence slit. Preferred crystallographic ori-
entations were observed, presumably due to solidification process.
Thus no quantitative analysis was carried out. For microstructural
analysis, the specimens were mounted in epoxy, sectioned and
metallographically polished down to 1 lm using diamond paste.
The microstructures of these alloys were then examined using a
HitachiTM S3500N scanning electron microscope (SEM) and a
JEOLTM 6400F field-emission SEM. Backscatter electron (BSE)
micrographs and standardless semi-quantitative (Genesis ver.
3.6, EDAX Inc.). X-ray energy dispersive spectroscopy (XEDS), using
the ZAF correction method, were employed for microstructural and
compositional analysis. Errors in accuracy may be expected in the
XEDS measurements due to the assumptions made in the quantita-
Fig. 1. Backscatter micrographs showing the typical microstructures of the 85.7Al
alloy. Four different phases are visible based on images contrast.
tive standardless analysis. In this study, errors up to 3 at.% from the
expected phase compositions were observed in the XEDS results.

Specimens for TEM were prepared with a focus ion beam (FIB)
in situ lift-out (INLO) technique by using a FEITM 200TEM. The
specimens were selected from specific regions in the alloys to cap-
ture the phases observed by SEM. The samples were thinned to
100 nm in order to obtain electron transparency during TEM anal-
ysis. A FEI/TecnaiTM F30 300 keV TEM/STEM, equipped with a
FischioneTM HAADF detector and XEDS, was used for analysis of
phase constituents and microstructure. Bright field imaging and
selected area electron diffraction were used to carry the analysis.
Fig. 3. Backscatter micrograph of the 85.7Al alloy showing a small precipitate phase
observed in this alloy.
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3. Results

Figs. 1 and 2 present typical BSE micrographs obtained from the
85.7Al and 87.5Al alloys, respectively. In total, five different phases
were observed. This indicates that complete phase equilibrium was
not achieved despite the homogenization at 500 �C for 200 h. Four
of the phases, identified as regions A through D, are distributed in
both alloys as shown in Figs. 1 and 2. The fifth phase, identified as
region E in Fig. 3, is observed only in the 85.7Al alloy in extremely
small quantities. Approximate compositional analysis for these
phases (i.e., regions A through E) was conducted by XEDS on the
Table 1
Microstructural and compositional characteristics of the phases observed in the 85.7Al–11

Alloy Identified region BSE appearance Phas

85.7Al A Black Al so

B Dark gray UMo

C Light gray U6Mo

D White UAl4

E Small residual UAl3

87.5Al A Black Al so

B Dark gray UMo

C Light gray U6Mo

D White UAl4

Fig. 4. (a) High angle annular dark field (HAADF) TEM image of the 85.7
SEM. Table 1 reports the average composition of regions A through
D determined based on collection of five minimum measurements
per region. Only two measurements were carried out for the small
residual phase (i.e., region E) shown in Fig. 3 due to its size and
quantity. The standard deviations of the measured phase composi-
tions, also reported in Table 1, demonstrate little variation in the
compositions of the observed phases. The UAl3 and UAl4 phases
exhibited little or no solubility for Mo.

Alloy specimens were prepared for TEM/STEM analysis via FIB-
INLO for detailed examination of phase constituents. Fig. 4a shows
a HAADF STEM micrograph of 85.7Al alloy. Based on electron
.44U–2.86Mo and 87.5Al–10U–2.5Mo alloys.

e Composition (at.%)

U Mo Al

lid solution
2.1 ± 1.1 0.6 ± 0.5 97.4 ± 1.4

2Al20

5.2 ± 0.5 5.7 ± 0.6 89.1 ± 0.3
4Al43

12.2 ± 3.1 6.4 ± 3.2 81.3 ± 0.6

18.0 ± 0.4 0.7 ± 0.4 81.3 ± 0.4

22.3 ± 0.4 0.7 ± 0.1 77.0 ± 0.5

lid solution
0.9 ± 0.4 0.2 ± 0.1 98.9 ± 0.3

2Al20

4.8 ± 0.8 5.6 ± 0.9 89.5 ± 0.4
4Al43

10.5 ± 0.3 8.0 ± 0.6 81.6 ± 0.8

18.2 ± 0.3 0.3 ± 0.1 81.5 ± 0.3

Al alloy and (b–d) electron diffraction patterns for the same alloy.



Fig. 5. X-ray diffraction patterns of 85.7Al.

Fig. 7. High angle annular dark field (HAADF) TEM image of the 87.5Al alloy.

Fig. 8. X-ray diffraction patterns of 87.5Al.
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diffraction patterns shown in Fig. 4b–d, and composition reported
in Table 1, the three phases presented in Fig. 4a were identified as
orthorhombic-UAl4, hexagonal-U6Mo4Al43 and diamond cubic-
UMo2Al20. Despite the significant presence of overlapping peaks,
XRD pattern from these alloys further suggests the presence of
these phases as shown in Fig. 5 for the 85.7Al. The Al solid solution
was not included in the TEM specimen for the 85.7Al alloy. Never-
theless, SEM/EDS and XRD analysis, both confirmed the presence of
fcc-Al solid solution.

Fig. 6a shows a HAADF STEM micrograph of the 85.7Al alloy
specimen that was specifically prepared by FIB-INLO to contain
the small phase (i.e., region E in Fig. 3 and in Table 1). Based on
electron diffraction, this phase was identified as the cubic-UAl3

phase found in the binary U–Al system. The composition of this
phase, as measured by XEDS and shown in Table 1, agrees well
with the binary UAl3 phase with little solubility for Mo.

Fig. 7 shows a HAADF STEM micrograph from the 87.5Al alloy
specimen that contains fcc-Al, orthorhombic-UAl4, and hexago-
nal-U6Mo4Al43. These phase constituents are similar to those ob-
served in 85.7Al alloy. The XRD pattern shown in Fig. 8 for the
87.5Al also suggests the presence of these major phase constitu-
ents, and shows the presence of diamond cubic-UMo2Al20 phase
that was not presented in Fig. 5 for the 85.7Al alloy. The relative
peak intensities of the U6Mo4Al43 phase in the 87.5 alloy are signif-
icantly lower than those of the UAl4 phase. As a result, some peaks
may not be apparent in the collected pattern for the 87.5 alloy and
may be more prevalent in the 85.7 alloy.

Comparison of Figs. 1 and 2 shows morphological differences in
the microstructures of the alloys. The 87.5Al alloy contained a lar-
Fig. 6. (a) High angle annular dark field (HAADF) TEM image of the 85.7Al
ger volume fraction of Al solid solution and UMo2Al20, and lacked
the UAl3 phase. The volume fractions of the different phases vary
between the two alloys. Nonetheless, the observed phases were
found to be similar in the two alloys.
alloy, and (b) selected electron diffraction patterns for the same alloy.
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4. Discussion

Interactions between U–Mo and Al-alloys have been shown to
produce Al-rich binary and ternary compounds. The UAl3, UAl4,
U6Mo4Al43 and UMo2Al20 phases have been identified in the litera-
ture [14,17,18,10,19–23,25,26,28,31] and the possibility of other
unidentified Al-rich phases has been also reported [9,32]. In order
to clarify and supplement the data on the Al-rich side of the U–
Mo–Al system, and to determine if any unidentified phases remain
to be classified, the Al-rich portion of the U–Mo–Al ternary phase
diagram at 500 �C, shown in Fig. 9, was constructed from the bin-
ary phase diagrams including ternary phases previously reported.
The results of this study, discussed below, are compared to the lit-
erature [33] to confirm the Al-rich side of the ternary phase
diagram.

The 85.7Al and 87.5Al alloy compositions were selected and
produced based on the compositions of the Al-rich layer observed
during diffusional interaction in U–Mo dispersion/monolithic fuels
with Al-alloy matrix. All the different phases reported in these
studies at or near 500 �C are expected to have developed in the al-
loys examined in this study. Five and four phases were observed in
85.7Al and 87.5Al alloys, respectively. According to Gibb’s phase
rule, only three phases are allowed under isothermal equilibrium
condition for ternary alloys. The presence of extra phases indicates
that these alloys did not achieve equilibrium, despite the homoge-
nization at 500 �C for 200 h.

According to the U–Al binary phase diagram [32], and assum-
ing for a moment that Mo, the minor alloying element in the sys-
tem, does not play a significant role in the solidification path, the
85.7Al alloy would solidify via formation of first UAl2, followed by
UAl3 and then (UAl4 + Al) phases at 500 �C. The 87.5 Al alloy
would solidify via formation of UAl3, and then (UAl4 + Al) phases
only. Upon annealing, the phase constituents of these alloys
would evolve towards equilibrium containing only the UAl4 and
Al solid solution phases. This study did not observe any UAl2

phase, and found a very small amount of UAl3 phase locally in
the 85.7Al alloy only. The presence of UAl3 phase is then most
likely a result of incomplete homogenization and/or microsegre-
gation. Therefore, based on the U–Al binary phase diagram, and
the amount of fcc-Al and UAl4 phases observed, we determine
Fig. 9. Partial equilibrium ternary phase diagram for the U–Mo–Al system for the
500 �C isotherm.
that the fcc-Al and UAl4 phases are equilibrium phases in the
87.5Al and 85.7Al alloys.

The U6Mo4Al43 and UMo2Al20 phases observed in both alloys are
the result of Mo additions into the U–Al system. Figs. 1 and 2 show
that the U6Mo4Al43 is generally surrounded by UMo2Al20. In agree-
ment with this study, Mazaudier et al. noted that the UAl4 and
U6Mo4Al43 phases never coexist in diffusion couples of U–Mo vs.
Al-alloys. On Fig. 3, the phases come into contact in the presence
of the UAl3 phase; this is expected to be an artifact of the inhomo-
geneity from casting.

The development of the UAl3 and UAl4 phases in the alloys re-
quires that Mo be rejected from these two Mo-depleted phases
to produce a Mo enriched phase. The UMo2Al20 phase is slightly
higher in Al and Mo content than the U6Mo4Al43. Thus, based on
sufficient Al content, presence of Mo, and microstructure of the al-
loys, we determine that the UMo2Al20 phase is likely the equilib-
rium phase for the alloys examined in this study.

In agreement with the results of Palancher et al. [34], Table 1 re-
ports that all measured compositions of the phases in the alloys
had very little variation. The solubility limits for the elements in
the phases were not accurately determined, but the phases ob-
served in these alloys have well defined compositions with little
variation. Although the UAl3 phase may not be an equilibrium
phase in these alloys, both the UAl3 and UAl4 phases showed little
or no solubility for Mo.

Other previously unidentified phases were not observed in the
two alloys examined. Previous studies [9,10,19–23] reported the
probability of unidentified Al-rich phases within the multiphase
interdiffusion layers. The Al-rich phases observed in the diffusion
couple experiments carried out at or near 500 �C may contain var-
ious mixture of cubic-UAl3, orthorhombic-UAl4, hexagonal-
U6Mo4Al43 and diamond cubic-UMo2Al20 phases, depending on dif-
fusion path (e.g., composition path) as a function of terminal alloy
compositions. Other unknown phases are not expected to develop
in diffusion couples or in out-of-pile dispersion/monolithic fuel
experiments of similar composition.

In the ternary isothermal phase diagram, the 85.7Al and 87.5Al
alloys should lie in a three-phase region composed of Al solid solu-
tion, UAl4 and UMo2Al20 phases, as shown in Fig. 9. The ternary iso-
thermal phase diagram shown in Fig. 9 was drawn from the results
of this study and data in the literature. It is in very good agreement
with the one proposed by Mazaudier et al. [15], with the exception
that the solubility limits of the two and three-phase regions are re-
duced based on the EDS results in Table 1, that show little variation
in compositions of the phases. The accuracy of the EDS data collec-
tion may contain some error based on the nature of the process,
but the EDS precision can be used to, at least, qualitatively measure
compositional variations within a given phase.
5. Summary

Alloys with nominal compositions 85.7Al–11.44U–2.86Mo and
87.5Al–10U–2.5Mo (at.%) have been examined using XRD, SEM/
EDS and TEM/STEM for identification of phase constituents and
analysis of microstructure. The fcc-Al solid solution, cubic-UAl3,
orthorhombic-UAl4, hexagonal-U6Mo4Al43 and diamond cubic-
UMo2Al20 phases were observed. Based on relevant binary phase
diagrams, literature data and the microstructure of the alloys,
fcc-Al solid solution, orthorhombic-UAl4, and diamond cubic-
UMo2Al20 phases were determined to be in equilibrium at 500 �C
for these alloys. A ternary isothermal phase diagram at 500 �C for
the Al-rich side of the phase diagram was constructed including
the hexagonal-U6Mo4Al43, which is not considered as the equilib-
rium phase for the alloys examined. No other Al-rich equilibrium
phase was observed near the compositional range.
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