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High-density uranium (U) alloys with an increased concentration of U are being examined for the develop-
ment of research and test reactors with low enriched metallic fuels. The U-Mo fuel alloy dispersed in Al-Si
alloy has attracted particular interest for this application. This paper reports our detailed characterization
results of as-fabricated and annealed (475 °C for 4 h) U-Mo dispersion fuels in Al-Si matrix with a Si con-
centration of 2 and 5 wt.%, named as “As2Si”, “As5Si”, “An2Si”, “An5Si” accordingly. Techniques employed
for the characterization include scanning electron microscopy and transmission electron microscopy

ﬁ?’c‘;‘;‘:ﬁ;els with specimen prepared by focused ion beam in situ lift-out. Fuel plates with Al-5wt.% Si matrix con-
U(Mo) sistently yielded thicker interaction layers developed between U-Mo particles and Al-Si matrix, than
Interface those with Al-2 wt.% Si matrix, given the same processing parameters. A single layer of interaction zone

Diffusion reaction was observed in as-fabricated samples (i.e., “As2Si”, “As5Si”), and this layer mainly consisted of U3SizAl;
TEM phase. The annealed samples contained a two-layered interaction zone, with a Si-rich layer near the
U-Mo side, and an Al-rich layer near the Al-Si matrix side. The U3Sis appeared as the main phase in
the Si-rich layer in “An2Si” sample, while both UsSis and UsSisAl, were identified in sample “An5Si”.
The Al-rich layer in sample “An2Si” was amorphous, whereas that in sample “An5Si” mostly consisted
of crystalline U(ALSi)s3, along with a small fraction of U(ALSi)s and UsMo4Als3 phases. The influence of Si
on the diffusion and reaction in the development of interaction layers in U(Mo)/AI(Si) is discussed in the
light of growth-controlling mechanisms and irradiation performance.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction

High-density uranium (U) alloys with an increased concentra-
tion of U are being examined for the development of research and
test reactors with metallic fuel that consists of low enriched U
(235U<20at.%) [1]. To that end, U-Mo dispersion fuel in Al-alloy
matrix has gained interests [2,3] as it can provide U density up to
8.5 gU/cm?3 [4]. One key challenge in application of U-Mo dispersion
fuels in Al-alloy matrix is the development of undesirable interac-
tion layer between the U-Mo alloy particles and Al-alloy matrix
during fabrication (i.e., thermo-mechanical) process and/or under
irradiation [4-8]. This interaction layer may be responsible for poor
irradiation performance of fuels due to the formation of large voids
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and pillowing [5,6] in the interaction layer [4]. As indicated by a
recent transmission electron microscopy (TEM) study on irradiated
U-7 wt.% Mo dispersion fuels [9], a superlattice of fission gas bub-
ble was formed in U(Mo), which was found to be fully coherent
with the U(Mo) host lattice. Unfortunately, some glassy interaction
layer cannot support the bubble lattice, which consequently causes
the bubbles to coalesce and lead to the development of large voids.
The pillowing in the interaction zone was caused by the loss of
the cladding-fuel bond over a substantial portion of area and the
high pressure of fission gas in the interaction region [ 10]. Addition-
ally, poor thermal performance of the interaction layer (e.g., a large
mismatch of the thermal expansion coefficients between interac-
tion products and matrix) may induce a significantly high thermal
stress, which can also induce a de-bonding failure at the interface.

A great improvement in irradiation performance was achieved
when a small amount of Si (typically less than 10wt.%) was
added into the Al-matrix [11-14]. Simulation and experimental
studies have been conducted to understand the role of Si. For
example, atomistic modeling [15-17] based on first principle calcu-
lations and Monte Carlo simulations suggest that Si is energetically
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favorable to diffuse into U, and forms the U-Si compounds at
the interface, which are more stable than U-Al products. Experi-
mental characterizations also revealed that the addition of Si can
significantly reduce the rate of diffusion and/or reaction [18-32].
Development of a thinner interaction layer enriched with Si has
been commonly reported [18-32].

The irradiation behavior of U-Mo dispersion fuels in Al-Si
matrix can be strongly influenced by specific phases in the inter-
action layers that are formed when samples are exposed to high
temperature during fabrication process (e.g., hot-rolling, anneal-
ing, etc.). For example, presence of phases with a poor irradiation
stability, such as U(ALSi), and UgMo4Al43, may induce premature
failure. Previous characterization of post-irradiation examination
of U-7 wt.% Mo dispersion fuel reported that the interaction phase
with a composition near 80 at.% Al near Al matrix side has been
linked to poor fuel performance [4], and this phase was surmised
to be UgMo4Al,3 and UAly at first. In a follow-up study of U-Mo/Al
diffusion couples, the appearance of UgMo4Al43 near Al matrix side
has been identified [7]. Furthermore, ion irradiation studies [33]
performed on alloys that contain UgMo4Als3 demonstrated poor
irradiation performance defined by formation of amorphous at low
radiation doses and the development of large fission gas bubbles.
Deleterious performance of UAl4 phase under irradiation has also
been commonly agreed upon [34]. Therefore a better understand-
ing on the phase formation and evolution in the interaction zone
between U-Mo dispersion fuels and Al-alloy matrix is of great
importance.

Earlier studies have suggested the presence of U(ALSi)3 [20,24]
and UsSis phases [25] in the interaction layer. Recent studies sug-
gest that there may be many other phases including UMo,Al;q
[27,28], UsMo4Aly3 [26,28,31,32], U(Si,Al), [30], (U,Mo)g9(AlSi)g
[30], Us3SisAl; [31,32], and USi;gg [31,32]. The discrepancy is
partially due to the variation in composition, processing routes
of the fuel system and, for the case of solid-to-solid diffusion
couples, experimental technique. Furthermore, various analytical
techniques with different capabilities and resolution limits for the
phase identification may also be responsible for the inconsistency.

So far, majority studies have been focused on relatively thick
interaction layers developed between U-Mo fuel and Al-alloy
matrix, most probably for the convenience of experimental pro-
cessing (e.g., bulk sample diffusion couples) and characterization.
A clear understanding on the formation of interaction layer, and its
behavior under irradiation, starts with a detailed characterization
of the initial (e.g., starting) microstructure that influences further
microstructural development. Previously, we reported character-
ization results of U-Mo dispersion fuels with AA6061 cladding
exposed to high temperature of 500 °C [32]. Fabrication of disper-
sion fuels resulted in a substantial U-Mo/Al interaction, which may
be related to a poor irradiation performance. Presence of Si in the
interaction layer was qualitatively related to reduce the growth rate
of the interaction layer.

In this study, the soft cladding AA5052 was employed for the
fabrication at 425 °C, to simulate the performance of fuel plate with
softer cladding alloys such as AG3NBE and AlFeNi. For these soft
cladding alloys, the elevated temperature of 500 °C or higher, typ-
ically used for fabrication of fuel plates with AA6061 cladding, is
considered too high [34]. Furthermore, a reduced temperature is
helpful to minimize the decomposition of y-U(Mo) and the for-
mation of UgMogyAly3 phase [26,28,34]. This study examined the
initial microstructure of fuel plates after fabrication at 425°C and
the microstructural evolution after further thermal annealing at
475°C. An additional annealing is conducted to enhance the Si
diffusion towards the U(Mo)-AI(Si) interface, and form a stable Si-
accumulated layer. Phase constituents, thickness, and composition
in the pre-irradiated interaction zone are important to the irradia-
tion performance of the fuels [34]. The as-fabricated and thermally

Table 1

Size and distribution of Al powders.
Sieve size (m) (%)
>150 wm (100 mesh) 0
>75 wm (200 mesh) 3.6
>45 wm (325 mesh) 12.8
<45 pm (325 mesh) 83.5

Table 2

Composition of Al-Si powder mixtures.

Nominal composition (wt.%) Measured Si (wt.%) Measured Fe (wt.%)

Al-2Si 1.98 0.20
Al-5Si 4.82 0.18
Table 3
Fuel plate rolling schedule.
Pass  Soak before  Thickness Thickness % Reduction ~ Reduction
pass (min) in (cm) out (cm) (X:1)
1 30 0.95 0.67 30 14
2 10 0.67 0.50 25 1.9
3 10 0.50 0.38 25 25
4 10 0.38 0.30 20 32
5 5 0.30 0.24 20 4
6 5 0.24 0.19 20 5
7 5 0.19 0.16 17 6
8 5 0.16 0.16 0 6

annealed (at 475 °C for 4 h) U-7 wt.% Mo fuels were dispersed in Al
matrix with 2 wt.% and 5 wt.% Si. Techniques employed for the char-
acterization include scanning electron microscopy (SEM), focused
ion beam (FIB) with in situ lift-out (INLO) technique, and TEM. The
phase development and its potential effect on the overall irradia-
tion performance are further discussed.

2. Experimental procedures

The samples examined in this study were fabricated at a temperature of 425°C
using standard fuel plate fabrication steps [31] and a relatively soft cladding (i.e.,
AA5052). DU-7Mo alloy pins were first fabricated using arc melting and gravity
casting. These pins were made into powders using the rotating electrode process.
High-purity Si(99.999% Si) and Al (99.5% Al, 0.12% Fe, 0.15% Si) powders were mixed
in the various ratios for 30 min in a Turbula Mixer, and then vacuum degassed in
a tube furnace. The Si powders were all less than 45 wm (325 mesh) in size, and
the available information on the Al powder size distribution is reported in Table 1.
Results of chemical analysis of the final Al and Si powder mixtures are reported in
Table 2.

Powder compacts that could be used to produce 8 gU/cm? fuel plates were made
inahardened tool steel die that was designed to make plates at 6:1 rolling reduction.
The cladding material used for fuel plate fabrication was AA5052, with a nomi-
nal composition of (95.7-97.7)Al-(2.20-2.80)Mg—(0.15-0.35)Cr with less than 0.10,
0.40,0.10,0.25,and 0.10 wt.% Cu, Fe, Mn, Si, and Zn, respectively. Rolling of fuel plates
to a final thickness of around 1.5 mm was performed by following the schedule listed
in Table 3. Small samples (~0.76 cm x 2.54 cm) were sectioned from each plate to
be used in annealing experiments. During the rolling, samples were exposed to a
temperature of 425 °C for approximately 80 min. In this study, the as-rolled sam-
ples are considered as “as-fabricated” and designated as “As2Si” and “As5Si” for
fuel plates in Al matrix containing 2 wt.% and 5 wt.% Si, respectively. To understand
the microstructural and phase evolution of the interaction layers, the as-fabricated
samples (i.e., after the rolling process) were further annealed at 475 °C for 4 h. These
annealed samples are labeled as “An2Si” and “An5Si” accordingly. Table 4 lists the
fuel plate samples examined in this study.

Table 4
U-7 wt.% Mo dispersion plates in Al-Si alloy matrix characterized in this study.

Sample ID Al matrix U(Mo) powders  Processing condition

As2Si Al-2wt.% Si  U-7wt.% Mo As-fabricated (after hot-rolling)
As5Si Al-5wt.% Si

An2Si Al-2 wt.% Si Annealed at 475°C for 4 h
An5Si Al-5wt.% Si
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Fig. 1. Back-scattered SEM micrographs providing an overview of U(Mo) dispersion fuels (appeared as bright particles) in Al(Si) matrix (dark background) of samples (a)

“As2Si”, (b) “As5Si”, (c) “An2Si”, and (d) “An5Si”.

Cross-sections were prepared from the fuel plates, mounted in epoxy, and then
polished for microstructural characterization. SEM was carried out by using a Zeiss™
Ultra-55 field emission SEM. Site-specific TEM samples from the interaction layer
containing the terminal ends (e.g., U-7Mo and Al-Si alloys) were prepared with a
FIB-INLO technique using a FEI™ TEM200. A FEI™ Tecnai F30 with a field emission
source working at 300 keV was employed for the TEM analysis. The microstructure,
composition, and phase constituents of samples were characterized using a variety
of TEM techniques including bright/dark field imaging, high angle annular dark field
(HAADF) via scanning TEM (STEM), X-ray energy dispersive spectroscopy (XEDS),
selected-area and convergent beam electron diffraction (SAED and CBED). In this
study, the HAADF imaging technique via STEM is valuable since the image inten-
sity varies approximately proportional to the square of atomic number (Z2). Phases
with different composition exhibit different contrast on HAADF-STEM micrographs,
analogous to backscatter electron imaging of SEM.

It should be noted that the interaction layer thickness is sensitive to the experi-
mental conditions such as powder surface oxidation, interfacial contact conditions
and gamma phase decomposition. This paper presents, to our best effort, results
from typical representative interfacial regions, and the results indicate that the
thickness of the interaction layer is quite uniform.

3. Results

Fig. 1 presents backscattered scanning electron micrographs
from the four dispersion fuel plate samples examined in this study
at a relatively low magnification to provide an overview of the fuel
plates. A clear observation of typical interaction zones for the four
samples is provided by backscattered electron micrographs pre-
sented in Fig. 2. The interaction layer that appears gray can be
identified between the U-7Mo particles and Al-Si matrix. Con-
sistently, samples with 5wt.% of Si exhibited thicker and/or more
continuous interaction layers than those with 2 wt.% Si before and
after the anneal (i.e., “As2Si” vs. “As5Si” and “An2Si” vs. “An5Si”).
The thickness of interaction layer is determined to be 90+ 16 nm
for sample “As2Si”, 660 + 265 nm for sample “As5Si”, 394 + 100 nm
for sample “An2Si”, and 1239 + 568 nm for sample “An5Si”.

Fig. 3 highlights the results from the TEM characterization of
sample, as-fabricated with 2wt.% Si, “As2Si”. The HAADF-STEM
micrograph presented in Fig. 3(a) clearly shows the development
of a very thin interaction layer between U-7Mo and Al-2Si. XEDS
data acquired from the interaction layer (Fig. 3(b)) indicates a coex-
istence of U, Al, and Si. The appearance of Cu peak is due to the signal
from the Cu TEM grid employed. The standard-less quantification
of XEDS pattern gives a composition of UsgMo,Al19Siz; (at.%). Since
the interaction layer is very thin (less than 100 nm) and surrounded
by U-7Mo and Al-2Si matrix, the composition should be consid-
ered as semi-quantitative. Approximately 10 CBED patterns were
acquired from random locations within the interaction layer to
identify the constituent phases. Majority of the patterns acquired
were identified to be U3Si3Al,, and a representative, indexed TEM-
CBED pattern is presented in Fig. 3(c). A single CBED pattern (i.e.,
out of 10 acquired) from U(ALSi); phase was also obtained as pre-
sented in Fig. 3(d). These results indicate that more than one phase
has developed even at the very early stages of interaction. Both
phases have very fine grains at nano-scale. The U-7Mo alloy was
indexed as bcc-y phase (pattern not shown) and no other U phase
was observed. The space group, crystal structure, and lattice param-
eters of phases [35] relevant to this study are listed in Table 5.

Fig. 4 highlights the results from the TEM characterization of
sample, as-fabricated with 5 wt.% Si, “As5Si”. Compared to the inter-
action layer of sample “As2Si” (with a thickness of 90 £ 16 nm),
a thicker interaction zone (6604265 nm) was observed in sam-
ple “As5Si” as seen in Fig. 4(a). Fig. 4(b) presents a XEDS pattern
acquired from the interaction area showing peaks of Si, Al, and U,
corresponding to a composition of Ugy;Mog 1AlgSi3g (at.%). Among
multiple electron diffraction patterns acquired and analyzed, only
U3Si3Al, was identified. A typical TEM-CBED pattern is shown
in Fig. 4(c). The grain size of U3SizAl, was very small in nano-
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Fig. 2. Back-scattered SEM micrographs showing typical interaction zones between U(Mo) fuels and Al(Si) matrix in samples (a) “As2Si”, (b) “As5Si”, (c) “An2Si”, and (d)
“An5Si”.

25004
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Fig. 3. TEM characterization results of sample “As2Si”. (a) A HAADF-STEM micrograph showing interaction layer, (b) a typical XEDS pattern acquired from the interaction
layer showing a coexistence of U, Al, and Si, (c) a representative TEM-CBED pattern of phase UsSi3Al, from the interaction layer, and (d) a TEM-CBED pattern of phase U(Al,
Si); from the interaction layer.
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Table 5
Space group, crystal structure, and lattice parameters of relevant phases in the
U(Mo)/AI(Si) fuel plates [35].

Phases Space group Structure Lattice parameters (A)
(number)

UsSisAly [4/mcm (140) Tetragonal 7.628 x 10.799

UsSis P6/mmm (191) Hexagonal 4,028 x 3.852

U(Al Si)s Pm-3m (221) Cubic 4.263

U(AL Si)4 Imma (74) Orthorhombic 441 x6.27 x13.71

UsMo4Aly3 P63/mcm (193) Hexagonal 10.966 x 17.69

aU(Mo) Cmcm (63) Orthorhombic 2.8444 x 5.869 x 4.932

BU(Mo) P42/mmm (136) Tetragonal 10.759 x 5.656

yU(Mo) Im-3m (229) Cubic 3.534

U;Mo [4/mmm (139) Tetragonal 3.427 x9.834

scale, similar to that in sample “As2Si”. The U-7Mo alloy near the
interface was indexed to be bcc-y phase, and a typical SAED pattern
is presented in Fig. 4(d).

The annealed samples with 2 and 5 wt.% Si, “An2Si” and “An5Si”,
respectively, exhibited a significant evolution of constituent phases
and microstructure, both in the interaction zone and in the U-7Mo
particles. Figs. 5 and 6 highlight results from TEM characterization
of samples “An2Si” and “An5Si”, respectively. An interaction zone,
consisting of two layers, labeled as 1 and 2 in Fig. 5(a) for “An2Si”
sample, was observed as presented in HAADF-STEM micrographs.
XEDS data from layers 1 and 2, presented in Fig. 5(b) and (c), respec-
tively, indicate that the layer 1 is enriched with Si (UsgMo03Al4Siss5 in
at.%) and the layer 2 is enriched with Al (U31Mog 1Als5Siz4 in at.%).

(a)

U-Mo

(b)

Counts

9491

A closer examination with HAADF-STEM revealed that the Si-rich
layer consists of multiple phases with different contrasts. Regions
with a medium contrast in Si-rich layer (labeled as “A” in Fig. 5(a))
were identified to be UsSis, and its CBED pattern is presented in
Fig. 5(d). On the other hand, a few dark spots observed in Fig. 5(a)
(labeled as “B”) correspond to the undesirable UsMo4Al43 phase
whose CBED pattern is presented in Fig. 5(e). However, there is a
very limited fraction of UsMo4Al43 phase in the Sirich layer. The Al-
rich layer 2 in sample “An2Si” was amorphous with typical diffused
diffraction patterns (not shown). Fig. 5(f) demonstrates the absence
of diffraction contrast in bright-field micrograph. The formation of
amorphous phase during diffusion reaction is not uncommon [36],
and it is believed to be induced by a rapid interdiffusion at temper-
atures low enough to suppress nucleation of crystalline phases.

A much thicker two-layer interaction zone (more than 1 wm)
was observed in sample “An5Si” as presented in Fig. 6(a). Similar
to the “An2Si” specimen, the layer near to the U-Mo alloy was rich
with Si (Ug1Mo3Al14Si4; in at.%), and the layer near the Al-Si alloy
was Al-rich (UsgMo1 AlzgSiy7 in at.%). Corresponding XEDS patterns
from Si-rich and Al-rich layers are presented in Fig. 6(b) and (c),
respectively. However, interface between these two layers was
somewhat diffused as shown in Fig. 6(a). Both U3Si3Al, and Us3Sis
phases were commonly identified in the Si-rich layer next to the
U-Mo alloy, and their CBED patterns are presented in Fig. 6(d) and
(e), respectively. The majority of the Al-rich layer (labeled as layer
2) was characterized to be U(ALSi)3 as shown by the CBED pattern
in Fig. 6(f). However, this Al-rich layer contained some localized
spots with variation in composition, as clearly evidenced by a com-

B EDX HAADF
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1000+
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5 10
Energy (keV)

Fig. 4. TEM characterization results of sample “As5Si”". (a) A HAADF-STEM image showing a typical interaction layer, (b) a representative XEDS pattern from the interaction
layer, (c) a TEM-CBED pattern of phase Us3Si3Al, from the interaction layer, and (d) a TEM-SADP pattern of phase yU(Mo) from U(Mo) matrix.
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Fig. 5. TEM characterization results of sample “An2Si". (a) A HAADF-STEM image showing a two-layer interaction zone (layer 1 and layer 2), (b) an XEDS spectrum from
Si-rich layer (layer 1), (c) an XEDS pattern from Al-rich layer (layer 2), (d) a TEM-CBED pattern of phase Us3Sis from the medium-contrast in the Si-rich layer (labeled as “A”
in (a)), (e) a TEM-CBED pattern of phase UsMo4Als3 from a few dark spots (labeled as “B” in (a)), and (f) a BF-TEM image showing an amorphous phase in Al-rich layer (layer

2) with an absence of any diffraction contrast.

plex HAADF-TEM contrast in Fig. 7(a). A few dark sports with high
Al concentration and negligible Si content were observed in these
regions as presented in Fig. 7(a) and (b). The composition was mea-
sured to be UygMo3Al75Si; (at.%). The TEM-CBED patterns acquired
from these regions, presented in Fig. 7(c) and (d), were indexed to
be U(AlSi)4 and UgMoy4Aly3, respectively.

A significant change in the microstructure and phase con-
stituents was also observed in the U-7Mo alloy after the annealing
at 475°C for 4h. Aforementioned, the as-fabricated U-7Mo
alloys retained its y-bcc structure with large grains. In contrast,
Fig. 8(a) represents typical microstructure in the U-7Mo alloy from
annealed samples, and shows the development of small grains
with multiple phases including a-U(Mo), 3-U(Mo), y-U(Mo), and
8-U;Mo. The TEM-CBED patterns acquired from these phases are
presented in Fig. 8(b) through (e), respectively.

4. Discussion

4.1. Effect of Si content on the thickness of initial interaction
layers

In this investigation where initial formation and evolution
of very thin (typically less than 1pum) interaction layer were
examined, thicker interaction layers formed in samples with a
higher concentration of Si in Al(Si) matrix have been consistently
observed. This result does not agree with previous investiga-
tions that typically employed solid-to-solid diffusion couples [37]
annealed isothermally for a long time to obtain relatively thick (e.g.,
hundreds of micrometers) interaction layer, where the addition of
Si in the Al alloy matrix significantly reduced the growth rate of

interaction layers. The thickness growth of interaction layers can
be controlled by the interfacial reaction to form the product or the
diffusion of Si from Al(Si) matrix to the interaction zone. In case
of reaction-controlled growth, however, similar interaction layer
thickness in controlled samples (“As2Si” vs. “As5Si”, “An2Si” vs.
“An5Si”) should be expected since they experienced the same pro-
cessing conditions (e.g., fabrication temperature and time) and the
reaction rate is expected to be similar to each other. Note that this
statement is based on the fact that the controlled samples examined
in this study consist of similar phases and composition in the inter-
action layer. In the diffusion couple study (e.g., the one by Allenou
et al. [28]), situation can be totally different. It was found that dif-
ferent Si concentration yields totally different layers and phases.
In this study, a significant variance of the product layer thickness
suggests that the diffusion of Si controls the growth of interaction
layers. The solid solubility of Si in Al matrix is very limited (less than
1at.% at 400°C) [38]. Consequently, an increase of Si from 2 wt.%
to 5wt.% in Al(Si) matrix does not lead to a significant increase
of chemical potential of Si. However, a higher concentration of Si
may more resourcefully reduce the thickness of Si-depleted region
in the Al matrix near the interaction layer [16,17,20,21,23], which
may consequently result in a thicker interaction layer.

4.2. Initial evolution of thin interaction layers of as-fabricated
and annealed fuel plates

A clear understanding of the phase formation and its evolution
in the interaction layer is important in predicting its behavior under
irradiation. In both as-fabricated U(Mo)/Al(Si) samples (“AS2Si” and
“As5Si”), a single layer, mainly composed of U3SizAl, has beeniden-
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Fig. 6. TEM characterization results of sample “An5Si”. (a) A HAADF-STEM image showing a two-layer interaction zone (layer 1 and layer 2), (b) an XEDS spectrum from Si
rich layer (layer 1), (c) an XEDS spectrum from Al-rich layer (layer 2), (d) a representative indexed TEM-CBED pattern of phase UsSi3Al, from Si-rich layer (layer 1), (e) a
typical TEM-CBED pattern of phase UsSis from Si-rich layer (layer 1), and (f) a TEM-CBED pattern of phase U(AI, Si); from Al rich layer (layer 2).

tified. Based on the Effective Heat of Formation (EHF) model [39],
the phase formed at the interface is influenced by both the heat of
formation of candidate phases and the effective composition at the
interface. The coexistence of U, Si, and Al at the interface between
U(Mo) and Al(Si) may make the nucleation of U3SizAl, favorable.
The appearance of U3Si3Al, phase in the interaction layer was first
reported in our recent FIB/TEM studies on U(Mo)/Al(Si) fuel plates
[31,32], typically in samples with very thin “initial” interaction lay-
ers. Most studies based on XRD and SEM/XEDS characterization
of thick interaction layers [18-29], however, did not identify this
phase, which suggests that U3Si3Al, may not be stable upon further
annealing.

The phase evolution of samples annealed at 475 °C is likely to be
influenced by local Si concentration. Suggested by atomistic mod-
eling [15-17] and experimental observations [20,21,23], U has a
larger affinity for Si than for Al, and Si is accumulated in the inter-
action zone near the U(Mo) particle. Due to the accumulation of Si
in the interaction zone, a Si-depleted region has been commonly
observed in the Al(Si) matrix near the product layer [20,21,23]. It
is therefore expected that the initial U3Si3Al, product layer has
two distinct interfaces: the one near the U-Mo side having an
accumulated high concentration of Si, while the other near the
Al(Si) side containing depleted Si. A high Si concentration at the
U(Mo)/U3Si3Al, interface drives the nucleation of U-Si phases, such
as UszSis and U(Si,Al)3, at the expense of U3SizAl,, U(Mo) and Si. On
the other hand, the deficiency of Si at the U3Si3Al,/Al(Si) interface
may produce the U-Al phases, such as U(AlSi);. The phase forma-
tion of U(Al,Si)4 and UgMo4Aly3 in sample “An5Si” (Fig. 7) further
confirms such an explanation. As shown in Fig. 7, these two phases
were observed typically far away from the Si-rich layers, and a
negligible Si concentration (U;gMo3Al75Si, in at.%) was identified

from their XEDS data. It is reported that the appearance of these
two phases is related to the local concentration of Si, and a low
Si concentration cannot effectively inhibit their formation [19-21].
The formation of UgMo4Al43 in the Si-rich layer of sample “An2Si”
(Fig. 5), however, is believed to be induced by local composition
variation.

4.3. Influence of Si observed as a function of interaction layer
thickness

This study presented the initial formation and evolution of very
thin (typically less than 1 wm) interaction layer in the fuel plates.
It should be noted that the influence of Si content on the phase
formation and growth may be complex as the interaction layer
grows with time. Allenou et al. [28] examined solid-to-solid diffu-
sion couples consisting of U-7 wt.% Mo vs. Al-Si alloy with varying
Si concentration of 2, 5, 7, and 10 wt.%, annealed at 450°C for 2 h.
The interaction layer grew up to 100 wm, and the rate of growth
varied as a function of Si content. An increase in Si-content, up to
5wt.%, decreased the thickness of the interaction layer, and did
not influence the rate of growth with further increase in Si-content
(e.g., 7 and 10 wt.%) [28]. Similar trend has been reported by Perez
et al. [37], who also examined solid-to-solid diffusion couples with
relatively thick interaction layers.

In a typical diffusion couple study with longer anneal time,
an increase in Si content up to a few wt.% decreases the growth
rate of the interaction layer since diffusional flux necessary to
maintain the slow-growing U-Si compound [8] is more sufficient.
This sufficiency is due to (1) an increased chemical potential of Si
in Al solid solution, and (2) unlimited reservoir of Si in infinite
boundary condition for solid-to-solid diffusion couples. Another
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Fig. 7. Further TEM characterization results of Al rich interaction layer near Al(Si) matrix of sample “An5Si”. (a) A HAADF-STEM micrograph showing a complex contrast in
the Al rich interaction layer near Al(Si) matrix, (b) a XEDS pattern acquired from the circled dark region (a) showing a high concentration of Al and negligible Si, (c) U(AL, Si)4
and (d) UsMo4Alys identified from patterns acquired from the circled dark regions in Al rich layer showing in (a).

factor that can contribute is an increase in diffusion coefficient
(e.g., mobility) with higher Si content. When the Si-content is
higher than 5 wt.%, for example, above the solubility limit of Al solid
solution, the chemical potential of Si in Al solid solution remains
the same in the two-phase Al-Si alloy. Of course, the unlimited
reservoir of Si also remains the same.

In the studies with diffusion couples [28,37], separation of
Si- and Al-rich regions within the interaction layers are typically
reported. Furthermore, many different phases were identified. For
example, in the diffusion-couple study by Allenou et al. [28], the Si
rich layer (near to the Al matrix side) was identified to be U(ALSi)3
and UMo»Al,g, while the Al rich layer (near to the U-Mo side) con-
tains UAl3 and UgMo4Alys for diffusion couples with Si content less
than 5 wt.% in the Al-Si alloy. For diffusion couples with more than
5 wt.% alloying addition of Siin Al, the Sirich layer (near to the U-Mo
side) contains U3(Si,Al)s and U(Al,Si)s, while the Al rich layer (near
to the Al side) was indexed to be U(Al,Si); and UMo;Al5g.

In this TEM study to examine the initial growth of interac-
tion layer (thickness typically less than 1 wm), the growth rate of
interaction layer, at least initially, increased with increasing Si con-
centration. Also during this initial stage, the Si-rich layer appeared
on the U-Mo side, while the Al-rich layer appeared on the Al-Si
matrix side. Furthermore, the phase constituents of each layer were
different. The “as-fabricated” interaction layer mainly composed of
single phase, U3 Al3Si,, while the two layers in the annealed samples
consisted of U3Sis and U3Si3Al, in the Si-rich layer and U(ALSi)3,
U(ALSi)4, UsMog4Al43 and amorphous phase in the Al-rich layer.

These differences in observations are typical for different diffu-
sion couple studies [28,40,41] and “thin” interaction layer studies
[30-32]. Based on this study, the evolution of a single phase
Us3SizAl,-layer in the as-fabricated sample into two layers (Si-rich
and Al-rich) in annealed samples is clear. Upon further growth,
analogous to diffusion couples, the phases present in initial interac-
tion layer may or may not be stable, depending upon the diffusional
flux of Si that would significantly vary since this is not a solid-
to-solid diffusion couple study with infinite boundary condition.
Results from this study, particularly after the anneal should be
strongly influenced by local chemical potential of Si in Al solid
solution and “locally-limited Si-reservoir.”

4.4. Amorphous phase and other products in interaction layer

Failure of post-irradiation fuels has been linked frequently to the
presence of an amorphous phase in the interaction layer between
U-Mo and Al-Si [4]. The reason for the failure has been attributed to
the formation of fission bubbles during irradiation [9]. The glassy
layer cannot support the bubble lattice, and consequently causes
the bubbles to coalesce and lead to the development of large voids.
For samples without the irradiation damage, the formation of amor-
phous phase during diffusion reaction is commonly believed to be
induced by a rapid interdiffusion at relatively low temperatures
where the nucleation of crystalline phases is suppressed. Because
of irradiation enhanced atomic mobility and interdiffusion, the
formation of amorphous phase would be easier, and this may be
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Fig. 8. (a) TEM images showing U(Mo) microstructure in annealed sample “An2Si”. Phases including (b) aU(Mo), (c) BU(Mo), (d) yU(Mo) and (e) U, Mo have been identified.

Similar microstructure and phases also appeared in sample “An5Si”.

the reason for commonly reported irradiation-induced amorphous
phase in interaction layer of U-Mo/Al-Si dispersion fuel.

In this study, for the first time, we identified the formation of
amorphous phase in the interaction layer prior to irradiation of
U-Mo/Al-Si dispersion fuel. There are two potential reasons why
the amorphous phase was observed in this study. First, the sample
was annealed at relatively low temperature (475 °C), which may be
enough for the U-Mo/Al-Si interdiffusion, but not enough to nucle-
ate new crystalline phases. Second, this amorphous phase is very
thin, and can limit the total number of potential nuclei. It is still not
clear if this amorphous layer is stable with further annealing and/or
under irradiation. Amorphous phase can be characterized by its
composition and corresponding microstructure (e.g., nearest atom
distance). The composition of the amorphous layer observed in this
study (U31Mog 1Aly5Sio4 in at.%) is different from that commonly
found in interaction layer (i.e., 80 at.% Al).

4.5. Remarks on irradiation behavior

Irradiation performance of the interaction layer can be cor-
related with the structure and phase development of dispersion
fuel after manufacturing. The formation of Si-rich layer around
the U-Mo/Al-Si dispersion fuel is important to the irradiation
performance. One potential beneficial role of Si-rich layer is the
prevention of rapid reaction that produces Al-rich compounds that
grow rapidly and are not stable under irradiation. The Si-rich phases
such as U3Al3Si;, UsSis, U(Si,Al)z, and USi, were observed in this
study. The appearance of specific phases may depend on the Si
content (i.e., local and overall) and heat treatment.

Unfortunately, the Si-rich layer may evolve into other phases
during growth upon further annealing and/or under irradiation. As
discussed, the Si-rich layer in initial interaction layer of dispersion

fuels with 2 wt.% Si may completely evolve into other U-Al com-
pounds upon further growth due to insufficient Si diffusional flux
(e.g., local and/or overall chemical potential of Si). Therefore it may
be beneficial to increase Si concentration so that chemical poten-
tial that drives the diffusion remains high and its local variation is
minimized.

Another factor important to the performance of dispersion fuels
is the formation of undesirable U-Al compounds (e.g., UAl; and
UgMoyAly3) in Al-rich layer due to the formation of Si-depleted
region. In this study of initial layer formation, small amounts of
these phases appeared even when the Si-rich layer was dominant.
If the formation of UAl4 and UgMo4Al43 phases can be suppressed
locally and globally by adding Siin Al alloy, a higher Si concentration
may also be helpful to minimize the fraction of these undesirable
phases.

5. Conclusions

A detailed characterization of as-fabricated and 475 °C annealed
U-7 wt.% Mo dispersion fuel in Al-Si matrix plates, namely, “As2Si”,
“As5Si”, “An2Si”, and “An5Si” has been carried out. Fuel plates
with a 5wt.% of Si consistently produced thicker interaction lay-
ers between U(Mo) particles and Al(Si) matrix, than those with
2 wt.% Si, when processed under the same conditions. A single layer
of interaction zone was observed for as-fabricated samples (i.e.,
“As2Si”, “As5Si”), and this layer was identified mainly to be the
U3Si3Al, phase. The annealed samples contained a two-layered
interaction zone: a Si-rich layer near the U-Mo side, and an Al-
rich layer near the Al-Si matrix side. U3Sis appeared as the main
phase in the Si rich layer in sample “An2Si”, while both U3Si5 and
U3Si3Al, were identified in sample “An5Si”. The Al-rich layer in
sample “An2Si” was amorphous, whereas that in sample “An5Si”
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was mostly crystalline U(AI,Si)s3, along with a very small fraction of
U(ALSi)4 and UgMo4Al43 near the Al-Si matrix.
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