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U(Mo) alloys are under study to get a low-enriched U fuel for research and test reactors. Qualification
experiments of dispersion fuel elements have shown that the interaction layer between the U(Mo) par-
ticles and the Al matrix behaves unsatisfactorily. The addition of Si to Al seems to be a good solution. The
goal of this work is to identify the phases constituting the interaction layer for out-of-pile interdiffusion
couples U(Mo)/Al(Si). Samples cU–7wt%Mo/Al A356 alloy (7.1 wt%Si) made by Friction Stir Welding were
annealed at 550 and 340 �C. Results from metallography, microanalysis and X-ray diffraction, indicate
that the interaction layer at 550 �C is formed by the phases U(Al,Si)3, U3Si5 and Al20Mo2 U, while at
340 �C it is formed by U(Al,Si)3 and U3Si5. X-ray diffraction with synchrotron radiation showed that
the Si-rich phase, previously reported in the interaction layer at 550 �C near U(Mo) alloy, is U3Si5.

� 2009 Published by Elsevier B.V.
1. Introduction

The use of dispersion or monolithic fuel elements containing
low-enriched uranium (LEU) cU(Mo) alloys as fuel in the conver-
sion of high flux research nuclear reactors is under study [1]. Pos
irradiation experiments (PIE) have shown a significant interaction
layer (IL) grown by interdiffusion between cU(Mo) alloy and the Al
matrix producing a considerable swelling and, in some cases, an
unacceptable porosity located in the interface between the IL and
the Al [2–5]. This porosity is related to a poor irradiation behavior
of the phases that form this IL [3,6].

Out-of-pile research works on diffusion couples cU(5 wt%Mo,
7 wt%Mo, 10 wt%Mo)/Al between 500 and 600 �C have been re-
ported. The study of the IL made by composition determinations
[7–9] and also by crystalline structure identification using X-ray
diffraction (XRD) [10] has indicated that this is a multibanded zone
formed by UAl3, UAl4 and Al20Mo2U type phases. Micro-X-ray
absorption spectroscopy (l-XAS) tests [11] indicated that the solu-
bility of Mo in UAl3 and UAl4 is very low and micro-X-ray diffrac-
tion mapping (l-XRD) tests [11] showed that at least one ternary
UMoyAlx phase can be identified at each probed area in the IL.

One way to mitigate swelling is to modify the composition of
the IL. In Ref. [3], on the basis of previous literature and data from
fuel manufacturing [12–14], it was proposed to change the matrix
by adding Si to Al. These works reported that this change in the U/
Elsevier B.V.
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Al system resulted in the suppression of the intermetallic UAl4, the
migration of Si towards the IL and the reduction of the IL growth
rate. The first results in out-of-pile interdiffusion experiments per-
formed in this laboratory confirmed that the first two effects de-
rived from Si, mentioned above, are also observed in a diffusion
couple U–7wt%Mo/Al A356 alloy (7.1 wt%Si) and Al 4043 alloy
(5.2 wt%Si) at 550 �C [15]. Subsequent investigations concerning
the addition of Si to Al matrix were also reported [16–21] and they
all show accumulation of Si in the IL and thickness reduction com-
pared to diffusion couples between cU(Mo) and pure Al. In Ref.
[21] it was shown that the simultaneous presence of Si in the Al
and Zr in the cU(Mo) enhances this effect.

This change in the matrix of dispersion fuel elements is cur-
rently being tested under irradiation with positive results [22,23].

This work presents results of out-of-pile interdiffusion experi-
ments in couples cU–7wt%Mo/Al A356 alloy (7.1 wt%Si) at 550
and 340 �C and focuses on the identification of the crystalline
structure of the phases that form the IL. XRD performed with con-
ventional diffractometer and with synchrotron radiation (Brazilian
Synchrotron Light Laboratory (LNLS), Campinas, Brazil) are used to
identify the phases together with optical microscopy observations
and composition determination analysis.
2. Experimental

The U–7wt%Mo alloy was made by arc melting in a small non-
consumable tungsten electrode arc-furnace with a copper crucible
under highly pure argon atmosphere. Depleted U (0.2 at.% 235U
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with principal impurities: 27 wppm Fe, 60 wppm Mg, 24 wppm Si
and <10 wppm Al) and Mo 99.97 wt% (<20 wppm O2, <10 wppm
N2, <10 wppm C, <100 wppm W, 8 wppm Si and 2 wppm Ni) were
used. Specimens, in the as-cast condition, were homogenized in
composition by a heat treatment of 2 h at 1000 �C, under argon
atmosphere, using quartz tubes. Water quenching without tube
breaking was used to retain cU(Mo) in metastable condition.

The commercial Al A356 alloy (nominal composition: 7.1 wt%Si,
0.37 wt%Mg, 0.12 wt%Ti, 0.10 wt%Fe, 0.02 wt%Zn, 0.01 wt%Ca,
0.001 wt%Sr) was used as provided by the manufacturer. In this
condition, most of the Si present in the Al alloy forms pure nee-
dle-shaped Si precipitates located in the Al grain boundaries.

Diffusion couples were made by friction stir welding technique
(FSW) [24]. Pieces of (15 � 5 � 0.5) mm3 were cut from U–7wt%Mo
alloy. Parallel faces and rounded corners were obtained by
mechanical polishing up to 1 lm diamond paste. Plates of
(50 � 70 � 2) mm3 and (50 � 70 � 2.5) mm3 were cut from Al
A356 ingot and machined with parallel faces to be used as lid
and base, respectively. They were degreased before used.

Each U–7wt%Mo piece was placed in a cavity machined on the
Al A356 base plate and covered with the lid. The whole set was
kept tight. In the FSW process, a cylindrical rotating tool is im-
pinged on the lid and as the tool is moved along the length of
the Al alloy, produces the plastification of the Al alloy and disper-
sion of possible oxide layers. When the rotating tool passes close
enough over the U(Mo) foil, smears the Al alloy onto its surface giv-
ing a good interfacial contact. The set is machined flat, turned up-
side down and the operation repeated. As result of this process,
U(Mo) foil is surrounded by Al A356 and has no contact with air.
As a consequence of FSW, needle-shaped Si precipitates, as men-
tioned above, turned into round ones and homogenously
distributed.

Thermal treatments were performed in an electric resistance
tubular alumina furnace. As U–7wt%Mo alloy is embedded in Al
A356, no protecting atmosphere was used. After each thermal
treatment the diffusion couples were quenched in cold water. Dif-
fusion anneals were performed from 1.5 h to 3.6 h at 550 �C (sam-
ples I and II) and from 552 h to 2640 h at 340 �C (samples III and
IV), Table 1. At both temperatures, successive thermal treatments
were performed in order to enlarge the thickness of the IL. At high
temperature, lengths of the anneals were selected trying to avoid
cU(Mo) phase decomposition with cellular lamellar morphology
[25,26]. In spite of this, decomposition was observed in some cases.

The characterization of ILs was performed by optical micros-
copy (OM – Olympus BX60M), scanning electron microscopy
(SEM – Philips SEM 515), energy dispersive spectroscopy (EDS –
EDAX Phoenix 3.2), wavelength dispersive spectroscopy (WDS –
CAMECA SX50) and X-ray diffraction with a conventional diffrac-
tometer (XRD – Philips PW3710) or with synchrotron radiation
(XRD – Line XRD1, Brazilian Synchrotron Light Laboratory).
Table 1
Details of the diffusion anneals, thicknesses of ILs and precipitate free zones (PFZs).

Sample Diffusion anneals IL (lm) PFZ (lm)

T (�C) Time (h)

I 550 1.5 9 55
1.5 + 1.5 13 79
1.5 + 1.5 + 0.6 14 83

II 1.5 10 46
1.5 + 1.5 12 61

III 340 624 5 33
624 + 432 7 55
624 + 432 + 1008 11 78

IV 552 – –
552 + 2088 13 100
The quantitative compositional microanalysis by WDS was
made under an accelerating potential of 20 kV. The equipment
was recalibrated before each analysis session using pure
99.99 wt%U, 99.99 wt%Mo, 99.99 wt%Al and 99.999 wt%Si
standards.

XRD measurements with conventional diffractometer were per-
formed with filtered Cu Ka radiation, k = 0.1540 nm, at room tem-
perature. When synchrotron radiation was used, an energy of
8.014 keV was selected resulting in k = 0.1547 nm obtained by
the use of the LaB6 diffraction pattern. For both cases, powder dif-
fraction technique was applied to bulk samples. Crystalline struc-
ture identification and the estimation of the lattice parameters
were obtained by the use of PowderCell program [27].

Samples used to study the IL by OM, SEM, EDS and WDS were
cut perpendicular to the diffusion front in order to expose the
whole IL simultaneously. They were grinded and mechanically pol-
ished up to 1 lm diamond paste followed by chemical etching (1%
v/v HF) before characterization. Samples used for characterization
by XRD were polished at a small angle to the diffusion front in or-
der to enlarge the intersection between the IL and the exposed
area. In this case, they were grinded and mechanically polished
up to 1 lm diamond paste before the diffraction experiments.

3. Results

Common features found for both temperatures were as follows:
after the first diffusion anneal, an IL was observed between the
U(Mo) and the Al A356 for all the samples, a precipitate free zone
(PFZ) appeared due to the dissolution of Si precipitates in the Al al-
loy and successive thermal treatments resulted in enlarged IL and
PFZ.

3.1. Interdiffusion at 550 �C

All the ILs showed planar interfaces and almost constant
widths. The PFZs were wider than its associated IL, Fig. 1. An
enlargement in the IL was always accompanied by an enlargement
in its corresponding PFZ, Table 1.

Values reported in Table 1 for IL and PFZ result from the average
of 10 measurements taken in different places with an eye-piece
micrometer (appreciation ± 1 lm). The standard deviations were
about 10% for each IL and 5% for each PFZ.

For both samples after each thermal treatment, two different
zones could be identified inside the ILs. Both zones are labeled as
Zone 1, near U–Mo, and Zone 2, near Al A356 and are separated
by a dot line in Fig. 2. Zone 1 showed a banded morphology and
an important longitudinal crack.
Fig. 1. Sample I. 550 �C–(1.5 + 1.5 + 0.6) h. IL with planar interfaces and the
associated PFZ. Si precipitates in gray in Al A356. OM, mechanical polishing.



Fig. 2. Sample II. 550 �C–(1.5 + 1.5) h. IL (Zone 1 + Zone 2) morphology. Numbers 1
to 7 indicate the place of composition determinations in Zone 1. SEM, mechanical
polishing.
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Fig. 3. Sample II. 550 �C–(1.5 + 1.5) h. Values of composition determinations
performed in Zone 1. EDS.

0

10

20

30

40

50

60

70

80

90

100

Mo

U

Si

Al

Al+Si

C
on

ce
nt

ra
tio

n 
(a

t.%
)

Point to point measurements in Zone 2 

Fig. 4. Sample II. 550 �C–(1.5 + 1.5) h. Values of composition determinations
performed in Zone 2. EDS.
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Fig. 5. Sample II. 550 �C–(1.5 + 1.5) h. Values of composition determinations in at.%.
Pseudo ternary representation (U + Mo)-Al–Si. EDS.

270 M. Mirandou et al. / Journal of Nuclear Materials 384 (2009) 268–273
Point to point composition determinations by EDS were per-
formed on both zones. In Zone 1, due to the narrowness of the
bands, each measurement corresponds to a different proportion
of both bands. Nevertheless, in a small region of sample II
(1.5 h + 1.5 h), in which these bands were found to be slightly
wider, an attempt to find differences in composition between the
bands was made. Results for U, Mo, Al and Si are plotted in
Fig. 3. Significant differences in the amount of Si and Al were found
between points 1, 3, 5 and 7 (Fig. 2, dark bands) and points 2, 4 and
6 (Fig. 2, light bands). In these last bands, Si content reached its
highest value (around 50 at.%). The addition Al + Si is also included
in Fig. 3. As it is shown, this sum remains almost constant around
72 at.% for the dark bands while lower values were obtained for
light bands. Composition determinations in Zone 2 were performed
randomly along the whole IL. Values plotted in Fig. 4 show that Si
content is always lower than the Al content and fluctuates around
25 at.% while Al does it around 50 at.%. Although both elements
present significant fluctuations around its average values, their
addition remains almost constant at about 75 at.%.

These composition determinations performed in Zone 1 and 2 in
sample II are plotted in a pseudo ternary representation (U + Mo)–
Al–Si in Fig. 5. This representation was considered appropriate be-
cause the ratio U/Mo measured in the IL remains as in the original
U–7wt%Mo alloy. Measurements from Zone 2 accumulate around
(U + Mo)–50 at.%Al–25 at.%Si, while measurements from Zone 1
spread on a line whose ends point to the compositions (U + Mo)–
50 at.%Al–25 at.%Si and (U + Mo)–62.5 at.%Si. Similar behavior of
the composition determinations was also observed for the thermal
treatments on sample I.

XRD with conventional diffractometer showed cU phase and aU
phase from the U(Mo) alloy, Al phase and typical precipitates from
Al A356 alloy and only U(Al,Si)3 compound with lattice parameter
a � 0.418 nm from the IL. This lattice parameter value can be asso-
ciated to a concentration of about 36 at.%Si, in this compound,
according to the correlation between lattice parameter and Si con-
centration presented in Fig. 19 in Ref. [28].

Because previous techniques suggest the existence of more than
one phase inside the IL, XRD characterization was improved by
using synchrotron radiation. Three crystalline structures corre-
sponding to the phases that form the IL were identified: U(Al,Si)3

with lattice parameter a � 0.419 nm (35 at.%Si according to
Fig. 19 in Ref. [28]), the ternary compound Al20Mo2U and the hex-
agonal hP3, AlB2 type, U3Si5 [28] with lattice parameters
a � 0.392 nm and c � 0.405 nm, Fig. 6.

3.2. Interdiffusion at 340 �C

All the ILs showed planar interfaces but not uniform widths.
Widened zones were found in both samples and taken into ac-
count, proportionally, to estimate width in Table 1. Accordingly,
standard deviations were about 30%. Each IL was again accompa-
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Fig. 7. Sample IV. 340 �C–(552 + 2088) h. IL with planar interfaces and the
associated PFZ. Si precipitates in gray in Al A356. OM, mechanical polishing.
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nied by a PFZ, Fig. 7, with a standard deviation, on the width, of
about 10%. At this temperature the ratio PFZ/IL was higher than
the corresponding one at 550 �C.

On sample III, after each diffusion anneal, 5–10 point to point
measurements were done along the whole IL and plotted in a pseu-
do ternary representation (U + Mo)–Al–Si, Fig. 8. No spread in com-
position was observed from each annealing stage. A slight Al
increment is suggested when comparing the three stages.
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Fig. 8. Sample III. 340 �C. Values of composition determinations in at.%. Pseudo
ternary representation (U + Mo)-Al-Si. (j) and (s) by WDS and (4) by EDS.
On sample IV 10 point to point measurements were done after
the second diffusion anneal and are shown in Fig. 9. In this case,
composition values spread on a line whose ends point to the com-
positions (U + Mo)–62.5 at.%Si and pure Al.

XRD was performed on sample IV with conventional diffrac-
tometer after the first diffusion anneal and with synchrotron radi-
ation after the second one. Crystalline structures corresponding to
cU and aU from the U(Mo) alloy and Al and/or typical precipitates
from Al A356 alloy were identified from both diffusion anneals.
Concerning the IL, U3Si5 with lattice parameters a � 0.397 nm
and c � 0.403 nm together with U(Al,Si)3 with lattice parameter
a � 0.416 nm were identified, Figs. 10(a) and (b). According to
Fig. 19 in Ref. [28], the lattice parameter value estimated for
U(Al,Si)3 can be associated to �42 at.%Si. Comparing both spectra,
the one obtained with conventional diffractometer allowed a bet-
ter estimation of U(Al,Si)3 lattice parameter while the obtained
with synchrotron radiation proved to be better to estimate U3Si5

lattice parameters.

4. Discussion

In this work, the interaction layer grown by interdiffusion be-
tween U–7 wt%Mo and Al A356 (7.1 wt%Si) was studied on sam-
ples annealed at two temperatures, 550 and 340 �C.

The dissolution of pure Si precipitates, creating the PFZ in the Al
A356 alloy, and the displacement of Si atoms towards the IL, are
the cause of the significant amount of Si found inside it at both
20 30 40 50 60 70 80
0

5000

10000

15000

20000

U(Al,Si)
3

U
3
Si

5

Si
Si

Si

Si

Al

Al

αU
γ U

In
te

ns
ity

 (
a.

u.
)

2θ (deg.)

Fig. 10a. Sample IV. 340 �C–552 h. Phase identification in the diffusion couple. Full
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temperatures. This Si accumulation was also observed by
[15,18,21] in similar experiments. Taking into account the IL and
PFZ widths presented in Table 1, the ratio PFZ/IL resulted larger
at 340 �C than at 550 �C. This is associated to the higher Si content
measured in the IL at 340 �C, Figs. 8 and 9, than at 550 �C, Fig. 5.

At 550 �C, considering the information gathered with all the
characterization techniques, the phases in the IL were: U(Al,Si)3,
U3Si5 and Al20Mo2U. Composition measurements plotted in Fig. 5
suggest that the phases U(Al,Si)3 and U3Si5 are associated to the
banded morphology in Zone 1 while only U(Al,Si)3 is associated
to Zone 2. The Al20Mo2U phase could be assigned to any zone inside
the IL because its spatial location could not be confirmed.

At 340 �C, considering the information gathered with all the
techniques, U(Al,Si)3 and U3Si5 are the phases that form the IL, hav-
ing no specific location inside it. Al20Mo2U was not identified at
this temperature.

Comparing the estimated lattice parameter for the phase
U(Al,Si)3 identified by XRD at both temperatures, the decrease in
its value obtained at 340 �C (a � 0.416 nm) with respect to the va-
lue obtained at 550 �C (a � 0.419 nm) is known to be associated to
an increment in Si concentration present in this phase [28]. The Si
concentration in U(Al,Si)3 was obtained by two different methods:
direct measurement (EDS or WDS) and estimation from the lattice
parameter obtained from XRD patterns using Dwight correlation
(Fig. 19 in Ref. [28]). When comparing results from both methods
at 550 �C (25 at.% Si and 35 at.% Si, respectively) it was observed
that the agreement is not satisfactory. In this sense, it is important
to take into account that Al20Mo2U phase could not be spatially lo-
cated inside the IL and, if a fine dispersion is supposed, it could af-
fect the interpretation of composition measurements. Based on
this explanation, the 35 at.%Si, indirectly obtained from XRD, is
adopted. When comparing both Si concentration results in
U(Al,Si)3 phase at 340 �C (44 at.%Si and 42 at.%Si), for which Al20-

Mo2U phase was not identified, both methods showed a good
agreement. The concentration of 44 at.%Si was obtained from the
intersection between the dotted line and the 25 at.%(U + Mo) iso-
pleth in Fig. 9.

Concerning U3Si5 phase, lattice parameters reported in this
work were a � 0.392 nm and c � 0.405 nm at 550 �C and
a � 0.397 nm and c � 0.403 nm at 340 �C while the original lattice
parameters reported for this phase are a = 0.3896 nm and
c = 0.4017 nm [28]. As it can be seen, an increment in the unit cell
volume, with respect to the original one, was obtained in this work
for both temperatures. According to Dwight [28], the crystalline
structure of this phase is a defect type and a ternary element
(e.g. Al) could either enter an empty lattice site or displace Si atom.
In the isothermal section at 400 �C presented in Ref. [28], up to
�5 at.%Al is accepted by this phase. Nevertheless, no information
of correlation between lattice parameters and the Al concentration
could be found in literature. Composition measurements per-
formed at both temperatures in this work (Figs. 5 and 9) suggest
the presence of Al in this phase which could explain the cell vol-
ume increment mentioned above.

Previous out-of-pile diffusion investigations between U–Mo al-
loys and Al–Si alloys [15,21,29], found a high Si content inside the
IL and agreed in the presence of a Si-rich phase near the U(Mo) al-
loy. In these works, proposed Si-rich phases were: U(Si,Al)2�x,
U(Si,Al)2 and USi2 type phase with Si accepting a few substitutions
with Al and Mo, respectively. Nevertheless, according to the
isothermal section at 400 �C in the U–Al–Si system presented in
Ref. [28], there are four phases which existence domains would ex-
plain composition measurements showed in [15,21,29]: the binary
compounds USi2–x, USi2, U3Si5 and the ternary intermetallic
Al2Si3U3. In this sense, it is evident that composition measure-
ments alone are not enough to determine which of these four
phases is, or are, present in the IL. XRD with synchrotron radiation
experiments, presented in this work, showed that the Si-rich phase
is the compound U3Si5.

It is important to remark that the phase UAl4 was not found in
the IL at 550 �C, as it was in diffusion couples U–Mo/Al at temper-
atures from 500 �C to 600 �C [7,8,10,11]. The effect of Si suppress-
ing the formation of this phase at high temperature has already
been reported by [12–14] for pure U. In this work, same effect is
shown for U–7 wt%Mo alloy.

The results presented in this work are considered promising
since a change in IL composition, with respect to the one with pure
Al, has been obtained. Besides, U(Al,Si)3 has been reported to be the
interaction product in out-of-pile diffusion experiments between
U3Si and Al [30], and in PIE of U3Si2 dispersion fuel elements
[31]. These fuel elements have shown a good performance under
irradiation in normal conditions [31].

5. Conclusions

A complete characterization of the interaction layer grown by
interdiffusion between U–7 wt%Mo and Al A356 alloy at 550 and
340 �C was achieved.

The dissolution of Si precipitates in the Al A356, creating the
precipitate free zone, and the migration of this element are the
causes of the accumulation of Si in the interaction layer.

The interaction layer at 550 �C is formed by the phases U(Al,Si)3,
U3Si5 and Al20Mo2U while at 340 �C is formed by U(Al,Si)3 and
U3Si5.

XRD with synchrotron radiation experiments allowed going fur-
ther in the phase identification at 340 �C and showed that the Si-
rich phase, already reported in literature at 550 �C, is the hexagonal
hP3, AlB2 type, U3Si5 compound.

It was confirmed that the concentration of Si present in the Al
A356 alloy avoids the formation of UAl4 phase at 550 �C.
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