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a b s t r a c t

For higher U-loading in low-enriched U–10 wt.%Mo fuels, monolithic fuel plate clad in AA6061 is being
developed as a part of Reduced Enrichment for Research and Test Reactor (RERTR) program. This paper
reports the first characterization results from a monolithic U–10 wt.%Mo fuel plate with a Zr diffusion
barrier that was fabricated as part of a plate fabrication campaign for irradiation testing in the Advanced
Test Reactor (ATR). Both scanning and transmission electron microscopy (SEM and TEM) were employed
for analysis. At the interface between the Zr barrier and U–10 wt.%Mo, going from Zr to U(Mo), UZr2, c-
UZr, Zr solid-solution and Mo2Zr phases were observed. The interface between AA6061 cladding and Zr
barrier plate consisted of four layers, going from Al to Zr, (Al, Si)2Zr, (Al, Si)Zr3 (Al, Si)3Zr, and AlSi4Zr5.
Irradiation behavior of these intermetallic phases is discussed based on their constituents. Characteriza-
tion of as-fabricated phase constituents and microstructure would help understand the irradiation
behavior of these fuel plates, interpret post-irradiation examination, and optimize the processing param-
eters of monolithic fuel system.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

The Reduced Enrichment for Research and Test Reactor
(RERTR) program was created about 30 years ago to develop
low-enriched uranium (LEU) plate-type fuels to replace highly en-
riched uranium (HEU) fuels being used in research and test reac-
tors [1]. Uranium-silicide dispersion fuels, with a uranium-density
of around 4.8 g/cm3, have been previously developed and success-
fully employed to convert reactors from HEU fuel to LEU fuel [1].
In a dispersion fuel, the fuel meat, comprised of U-bearing fuel
particles dispersed in an Al matrix, is clad in AA6061 to form a
relatively thin fuel plate. Other higher uranium-density dispersion
fuels using U–Mo alloys are currently being developed for the
conversion of additional reactors [2]. U–Mo dispersion fuels have
been fabricated with a U density of up to 8.5 g U/cm3 [3]. Some
reactors will require a higher U loading in the fuel meat than
can be provided by a U–Mo dispersion fuel [4]. As a result, a fuel
design is currently being examined so that a higher U loading can
be achieved. This fuel type replaces the fuel meat of the dispersion
fuel with a monolithic foil of U–10 wt.%Mo alloy (U–10Mo). One
performance challenge to be resolved for the monolithic fuel type
is the negative impact that foil/cladding chemical interactions in
U–Mo–Al system can have during fuel plate irradiation [5]. This
ll rights reserved.

: +1 407 882 1461.
interaction can result in the development of a layer at the inter-
face that can develop porosity and deteriorate the foil/cladding
bonding. As a result, a Zr diffusion barrier has been added to
the fuel design in order to eliminate this interaction at the foil/
cladding interface [4]. What particularly makes Zr an effective
barrier is the fact that any interactions that do occur between
the Zr and U–10Mo and AA6061 during fabrication and irradiation
have been observed to be very slow, and more importantly, any
interaction products that are formed appear to be stable during
irradiation [6].

The starting microstructure of a fuel plate will play a role in
determining how the fuel plate will behave during irradiation. Fur-
thermore, in order to adequately interpret the post-irradiation
examination results of a fuel plate, a good understand of the start-
ing microstructure is imperative. This paper reports the first elec-
tron microscopy characterization results for a monolithic fuel
plate with a Zr diffusion barrier that was fabricated as part of a
plate fabrication campaign for irradiation testing in the Advanced
Test Reactor (ATR). The characterization was performed using
scanning electron microscopy (SEM) and transmission electron
microscopy (TEM). Of particular interest was the microstructure
at the interface between the U–10Mo alloy foil and Zr and between
the Zr and the AA6061 cladding. Phase constituents and micro-
structure that developed during fuel plate fabrication are pre-
sented and discussed with respect to their impact on the
irradiation performance of a fuel plate.

http://dx.doi.org/10.1016/j.jnucmat.2010.04.016
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2. Relevant phase equilibria and diffusion

In the U–Zr system, the a-U, b-U, c-UZr, c1-U, c2-U, d-UZr2, a-Zr,
b-Zr equilibrium phases exist [7–12]. In addition, transient inter-
mediate phases, monoclinic-a0 0, martensitic-a0 and hexagonal-x
Zr may develop upon rapid quenching [13,14]. The work of Farkas
et al. [15] is of particular interest to this study because they consid-
ered the ternary phase equilibrium in a selected region of the U–
Zr–Mo system. The a-U, c-U(Zr), c-U(Mo), d-U2Mo, d-UZr2, and
ZrMo2 were observed and reported in UZr2–U2Mo pseudo-binary
phase diagram. They found limited solubility (1–1.5 at.%) of Zr
and Mo in d-U2Mo and d-UZr2 phases, respectively. Rough et al.
[16] found that the stability of d-UZr2 phase is significantly reduced
by oxygen and/or nitrogen contamination. Akabori et al. [17] car-
Fig. 1. Backscatter electron micrograph of a monolithic U–10 wt.%Mo fuel plate
clad in AA6061 with a Zr diffusion barrier.

Fig. 2. (a) Bright-field TEM micrograph of the interaction layer that developed between
selected region; (c) detailed HAADF micrograph of the region labeled ‘‘C” in (b); and de
ried out a diffusion study in U–Zr system with 68, 75 and 78 at.%
Zr between 773 and 1023 K. Their study was in agreement with a
study conducted by Ogata et al. [18] at higher temperature. How-
ever at lower temperature, Ogata et al. [18] reported a reduction in
the rates of interdiffusion due to the formation of d-phase.

The Zr–Al phase diagram [19–21] shows 10 intermetallic com-
pounds, viz. Zr3Al, Zr2Al, Zr5Al3, Zr3Al2, Zr4Al3, Zr5Al4, ZrAl, Zr2Al3,
ZrAl2 and ZrAl3. These compounds are all essentially line com-
pounds. Kidson and Miller [22] have studied the chemical diffusion
between Zr and Al using bulk diffusion couples in the temperature
range of 826–913 K for a maximum of 144 h and reported the for-
mation of only ZrAl3. Gukelberger and Steeb [23] have studied the
interdiffusion between Zr and Zr2Al3 in the temperature range
1273–1573 K and reported the formation of Zr5Al3, Zr3Al2 and
Zr4Al3. Laik et al. [24] annealed a set of Al vs. Zr diffusion couples
in the temperature range 838–898 K and observed the develop-
ment of the ZrAl3. A second layer of Zr2Al3 phases was observed
at and above 873 K. The observed phase constituents were de-
scribed based on the modified heat of formation (MEHF) model
[25] based on thermodynamic information.

Ten different phases are observed in the equilibrium phase dia-
gram of the Si–Zr system. At the temperatures relevant to this
study, the Si–Zr binary phase diagram [26] shows the presence of
Si2Zr, a-SiZr, a-Si4Zr5, Si2Zr3, SiZr2, SiZr3 phases with very limited
solid solubilities. A study of the Al–Zr–Si system was carried out
by Jain and Gupta [27] using diffusion couples of solid Zr in contact
with liquid phase Al–Si alloys of eutectic composition from 700 to
1100 �C. The ZrAl3, ZrAl2, Zr2Al3, Zr3Al, and ZrSi were observed at
700 �C. At higher temperatures, the ZrAl, Zr2Al and Zr3Al, Zr4Al3,
Zr5Al3, Zr5Al4 and ZrSi2 phases were observed. Three ternary
phases, labeled s1, s2 and s3 were identified. The s1 phase was ob-
served throughout the temperature range studied, and had a com-
position that varied between 9 and 12.6 Si, 23.3 and 25.5 Zr,
balance Al (at.%). The s2 and s3 phases were observed at and above
900 �C. The s2 phase, also observed by Schob et al. [28], is a Zr-rich
phase with 40.1–42.1 Si, 11.2–11.3 Al, balance Zr (at.%) composi-
tion. The s3 has a Zr3Al4Si5 stoichiometric composition. Jain and
Gupta [27] also reported that the Al–Zr binary intermetallic phases
have little solubility (1–1.5 at.%) for Si.
U–10 wt.%Mo fuel plate and Zr diffusion barrier; (b) HAADF TEM micrograph of a
tailed HAADF micrograph of the region labeled ‘‘D” in (c).
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3. Experimental procedure

The U–10 wt.%Mo alloy used in this study was cast by arc-melt-
ing high purity (>99.9% pure) depleted U and Mo under an Ar
atmosphere. The alloy was cast into coupon shape ingots with
approximate dimension of 38 mm � 25 mm � 3 mm. The ingots
were then laminated, in a carbon steel can, with pure Zr (99.9%
Fig. 3. Typical results from analytical TEM of interaction layer that developed between U–
CBED pattern from Zr stabilized c-U (bcc); (c) XEDS from Zr stabilized c-U (bcc); (d) XED
and (f) CBED pattern from the transformed a-U.
pure) foil on each surface. The thickness of the Zr foil was approx-
imately 250 lm before rolling. In order to remove the residual
oxide scale on the Al alloy, the AA6061 cladding was etched using
2 M NaOH rinse followed by pickling using 30% nitric acid. Prior to
rolling, the assembly was placed in a box furnace that was pre-
heated to 650 �C. Typically 20–40 rolling passes at 650 �C were re-
quired to reach the final desired U–10Mo foil thickness of 0.25 mm,
10 wt.%Mo fuel plate and Zr diffusion barrier: (a) SAED pattern from UZr2 phase; (b)
S from Zr layer between Mo2Zr and c-U (bcc) layers; (e) CBED pattern from Mo2Zr;



Table 1
Crystal structures, lattice parameters and space group numbers for relevant phases.

Phases Structure Lattice parameters
of unit cell (Å)

Space group #

Al Cubic 4.05 � 4.05 � 4.05 225
(Al, Si)3Zr Tetragonal 4.01 � 4.01 � 17.29 139
(Al, Si)2Zr Hexagonal 5.28 � 5.28 � 8.75 194
(Al, Si)Zr3 Cubic 4.37 � 4.37 � 4.37 221
AlSi4Zr5 Orthorhombic 3.77 � 9.99 � 3.71 63
UZr2 Hexagonal 5.03 � 5.03 � 3.08 191
Mo2Zr Cubic 7.59 � 7.59 � 7.59 227
a-U Orthorhombic 2.85 � 5.87 � 4.96 63
c-U Cubic 3.53 � 3.53 � 3.53 229
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with a final thickness of around 25 lm for the Zr diffusion barrier.
The total time exposed to 650 �C was estimated at approximately
300 min. The assembly was then removed from the can, and
cleaned with a mixture of nitric and hydrofluoric acid (2.5% HF,
35% HNO3 and 62.5% H2O). Further, to ensure the adhesion among
U–Mo, Zr and 6061Al, they were stacked in a hot isostatic press
(HIP) stainless steel can with tool steel strong-backs. They were
vacuum de-gased at 315 �C for 3 h. The HIP can was then crimp
welded and hot isostatic pressed at 560 �C for 90 min at
100 MPa, with a heating and cooling rate of 280 �C per hour.

After the assembly procedure was completed, the fuel assembly
with Zr diffusion barrier was sectioned, mounted in epoxy and pol-
ished down to 0.25 lm metallographically. General microstruc-
tural features of the fuel assembly were examined by using
Hitachi 3500 N scanning electron microscopy (SEM) equipped with
solid-state backscatter electron (BE) and X-ray energy dispersive
spectroscopy (XEDS) detectors. Interface between U–Mo and Zr
as well as Zr–Al, where the interdiffusion-induced interaction have
taken place, were further examined by FEI/TecnaiTM F30 300 keV
TEM equipped with a Fischione™ high angle annular dark field
(HAADF) detector and XEDS. Site-specific specimens were pre-
pared by using a FEI TEM200 Focus Ion Beam (FIB) in situ lift-out
(INLO) technique. The standardless semi-quantitative XEDS was
employed for composition estimation, and selected area electron
diffraction (SAED), convergent beam electron diffraction (CBED)
and high resolution TEM images were employed to identify the
phase constituents.
Fig. 5. A schematic representation of microstructure at the interface between a Zr
diffusion barrier and AA6061 cladding alloy.
4. Results

Fig. 1 presents a typical backscatter electron micrograph of the
specimen produced according to the process described in Section 3.
The light gray region in the middle is the U–10 wt.%Mo monolithic
fuel, the dark gray region around is the AA6061 alloy and the inter-
mediate gray layer between these constituents is the Zr barrier
plate whose final thickness was approximately 25 lm.

The interface between the U-alloy and Zr, and the Zr and
AA6061 alloy was further examined by TEM with specimen prepa-
ration by FIB-INLO. Fig. 2 presents (a) bright-field and (b) HAADF
micrographs taken from the interface between U–10 wt.%Mo and
Zr diffusion barrier. The major constituent of the interaction layer
consisted of a continuous 2 lm-thick UZr2 phase that was in con-
tact with the Zr barrier plate. A SAED pattern from the UZr2 phase
is presented in Fig. 3a. Three other phases were observed upon fur-
ther examination of the interfacial region between the UZr2 phase
and U–Mo alloy. In Fig. 2c, a detailed HAADF micrograph is pre-
sented (i.e., square box labeled ‘‘c”). Immediately next to the
Fig. 4. A schematic representation of microstructure at the interface between a U–
10 wt.%Mo fuel plate and Zr diffusion barrier.
UZr2 phase, c-U (bcc) stabilized with Zr, with a noticeable deple-
tion of Mo, was observed in the matrix of the UZr2 phase, as shown
in Fig. 2c. This two-phase layer was approximately 0.5 lm in thick-
ness. CBED pattern and XEDS data from this c-U (bcc) phase is pre-
sented in Fig. 3b and c. High resolution HAADF micrograph of the
region (d) in Fig. 2c is presented in Fig. 2d. A 50 nm-thin layer of
relative pure Zr was observed, and its XEDS data is presented in
Fig. 3d. However, this layer was too thin to obtain reliable diffrac-
tion data. A continuous yet non-planar layer of Mo2Zr was ob-
served between the pure Zr and U–10 wt.%Mo. A CBED pattern
from this phase is presented in Fig. 3e. Its thickness varied from
Fig. 6. HAADF micrograph of the interaction layer that developed between Zr
diffusion barrier and AA6061 cladding alloy.
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a few nm to 250 nm as shown in Fig. 2d. While the bulk of the U–
10 wt.%Mo remained as the c-U (bcc) phase, the region near the
interaction layer contained a-U, whose CBED pattern is presented
in Fig. 3f. A schematic summary of the interaction layer between
U–10 wt.%Mo and Zr barrier plate is presented in Fig. 4, and the
crystallographic information on the phases observed in this study
is listed in Table 1.

The interface between AA6061 cladding and Zr barrier plate
consisted of four layers, (Al, Si)2Zr, (Al, Si)Zr3 (Al, Si)3Zr, and Al-
Si4Zr5, from the side of AA6061 to the Zr side. A schematic presen-
tation of the interaction between AA6061 and Zr barrier plate is
presented in Fig. 5. The crystallographic information on the phases
observed in this study is listed in Table 1, and the HAADF micro-
graph of the interaction layers is presented in Fig. 6. Typical analyt-
ical TEM results, including CBED and HR-TEM micrograph used for
phase identification of (Al, Si)2Zr, (Al, Si)Zr3 (Al, Si)3Zr, and AlSi4Zr5

are presented in Fig. 7 a–d, respectively. The Si in AA6061 was al-
ways present in the interaction layers and a significant amount (up
to 2 wt.%) was observed within the Zr solid-solution.
Fig. 7. Typical results from analytical TEM of interaction layer that developed between Z
phase; (b) HR-TEM image from (Al, Si)Zr3 phase; (c) HR-TEM image from (Al, Si)3Zr phas
Fourier-Transformation (FFT) of the corresponding HR-TEM images.
5. Discussion

The phases that develop during reactive diffusion can be
strongly influenced by the thermodynamic and kinetic properties
of each constituent element. At the interface between U–10Mo al-
loy and Zr barrier, d-UZr2 is most likely to be the first phase to de-
velop in the interdiffusion zone, judged by a much thicker layer
compared to other products. Since Mo has a very limited solubility
(1–1.5 at.%) in d-UZr2 [15] and in a-Zr phase [30], the growth of d-
UZr2 takes place by the consumption of U and Zr, yielding a Mo-
rich layer between d-UZr2 and U–10Mo. This Mo-rich layer may
readily react with Zr atoms, that diffuse through the d-UZr2 from
Zr cladding layer, to form the Mo2Zr, the only stable intermetallic
alloy between Mo and Zr. It is also suspected that the continuous
growth of Mo2Zr takes place by consumption of Mo from the c-U
phase, resulting in destabilization of this phase. This may explain
the presence of the small fraction of a-U phase that was observed
between the Mo2Zr and c-U layers. Aforementioned, up to eight
intermetallic phases can form between Zr and Al, while the
r diffusion barrier and and AA6061 cladding alloy: (a) CBED pattern from (Al, Si)2Zr
e; and (d) CBED pattern from AlSi4Zr5 phase. Inserts within (b) and (c) are the Fast-
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presence of Si within AA6061 Al alloy makes the reactive diffusion
and phase evolution more complex. All phases formed in the inter-
action zone of AA6061 and Zr layers contain significant amounts of
Si, which indicates that Si diffuses faster than Al in the interdiffu-
sion zone, and can readily react with the Zr and Al to develop bin-
ary compounds with Si dissolved-in and Si-containing ternary
compound.

The purpose of incorporating a Zr layer between the U–10Mo
and AA6061 cladding in U–10Mo monolithic fuel plates is to elim-
inate the interaction between the U–10Mo and AA6061 during fab-
rication and irradiation. This is because the phases that develop in
this type of interaction zones do not exhibit acceptable irradiation
performance [5]. Based on the results reported in this paper, Zr is
acting as an effective diffusion barrier in that no phases containing
U, Mo and Al are observed anywhere. This ensures that none of the
U–Mo–Al ternary phases that have exhibited poor irradiation per-
formance in the past will be present in the fuel plate with Zr barrier
[31].

However, fuel plates with a Zr diffusion barrier develop interac-
tion zones with phases that are different than those observed in
fuel plates with only U–10Mo foil and AA6061 cladding. These
interaction zones, between U–10Mo with Zr and interaction of
the Zr with the AA6061 cladding, form because of the exposure
to high temperatures during the fabrication process. The total
thicknesses of these zones that form at the U–10Mo/Zr and Zr/
AA6061 interfaces are on the order of a few micrometers. In order
for a monolithic fuel plate with a Zr diffusion barrier to exhibit the
necessary irradiation performance, it is important that the phases
in these interaction zones remain stable during irradiation (e.g.,
low swelling rate). Unstable behavior of these phases could result
in the development of porosity at the U–10Mo/Zr and Zr/AA6061
interfaces that could result in de-bonding of the U–10Mo fuel foil
with the AA6061 cladding and premature failure of the fuel plate.

The most prevalent phase at the interface between U–Mo and Zr
was observed to be UZr2, whose irradiation behavior in sodium fast
reactors has been documented by Hofman and Walters [29]. U–Zr
alloys have typically been irradiated at higher temperatures than
the monolithic fuels discussed in this paper. The good irradiation
behavior of the UZr2, which has been reported at high tempera-
tures in U–Zr alloys [29], must be demonstrated at the lower irra-
diation temperatures seen by U–Mo monolithic fuel plates with a
Zr barrier. This behavior will be investigated through irradiation
testing in the Advanced Test Reactor.

The interaction between U–10 wt.%Mo and Zr also produced the
a-U phase, and the irradiation behavior for this phase is not ex-
pected to be as good as for the UZr2 phase. In general, c-phase ura-
nium alloys, with a bcc crystal structure, exhibit more stable
irradiation behavior than a-U phase with an orthorhombic crystal
structure [29]. However, due to the small amount of a-U that is
present, the overall impact on the irradiation behavior of the fuel
plate should be negligible.

The interaction at the Zr/AA6061 cladding interface produced,
from AA6061 to the Zr, (Al, Si)2Zr, (Al, Si)Zr3 (Al, Si)3Zr, and AlSi4Zr5

phases. During the nuclear fission process, irradiation damage can
take place in a recoil zone that can extend from the U–10Mo fuel
into the Zr or Al for a distance of about 10 lm [32]. The fission frag-
ments and thermal spikes within the recoil zone produce the dam-
age, and similar irradiation damage has resulted in the
amorphization of some phases found in the U–Mo–Al and U–
Mo–Al–Si systems [33,34]. Similarly, this damage may affect the
crystallinity of those phases observed at the U–10Mo/Zr interface.
However, those phases identified at the Zr/AA6061 interface
should not be contained in the recoil zone of the U–10Mo foil since
the Zr diffusion barrier is at least 25 lm thick, and as a result, these
phases should not go amorphous. Therefore, only the behavior of
crystalline phases at this interface will have to be considered when
evaluating the irradiation performance of a U–Mo monolithic fuel
plate with Zr diffusion barrier.

In the future, it will be critical to characterize additional mono-
lithic fuel plates that contain a Zr diffusion barrier, preferably using
TEM, since any changes in the materials (e.g., impurity contents) or
how the fuel plates are fabricated (e.g., time at temperature) will
affect the phases and microstructure that are present at the U–
10Mo/Zr and Zr/AA6061 interfaces. The presence of different
phases or different amounts of phases can have varying effects
on the overall irradiation performance of a fuel plate.

6. Summary

Microstructural characterization of a monolithic U–10 wt.%Mo
fuel plate clad in AA6061 with a Zr diffusion barrier was carried
out by SEM and TEM. The UZr2, c-UZr, Zr solid-solution and Mo2Zr
phases were observed at the interface between the Zr barrier and
U–10 wt.%Mo. Layers of (Al, Si)2Zr, (Al, Si)Zr3 (Al, Si)3Zr, and Al-
Si4Zr5 were observed at the interface between AA6061 cladding
and Zr barrier plate. The phase constituents and their amounts ob-
served appear promising for positive irradiation performance.
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