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a b s t r a c t

Fuel development for the reduced enrichment research and test reactor (RERTR) program is tasked with
the development of new low enrichment uranium nuclear fuels that can be employed to replace existing
high enrichment uranium fuels currently used in some research reactors throughout the world. For
dispersion type fuels, radiation stability of the fuel–cladding interaction product has a strong impact
on fuel performance. Three depleted-uranium alloys are cast for the radiation stability studies of the
fuel–cladding interaction product using Kr ion irradiation to investigate radiation damage from fission
products. SEM analysis indicates the presence of the phases of interest: U(Al, Si)3, (U, Mo)(Al, Si)3,
UMo2Al20, U6Mo4Al43 and UAl4. Irradiations of TEM disc samples were conducted with 500 keV Kr ions
at 200 �C to ion doses up to 2.5 � 1019 ions/m2 (�10 dpa) with an Kr ion flux of 1016 ions/m2/s
(�4.0 � 10�3 dpa/s). Microstructural evolution of the phases relevant to fuel–cladding interaction prod-
ucts was investigated using transmission electron microscopy.

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

The primary objective of the RERTR program is to develop new
low enrichment uranium fuels to replace the high enrichment fuels
for the research and test reactors worldwide. This is a collaborative
effort among many countries to ensure a safe and secured use of
research and test reactors to meet non-proliferation requirement.
An important part of fuel development program is to study the fuel
performance under irradiation. Radiation stability of the potential
fuel–cladding interaction product plays an important role in fuel
performance. Microstructural characterization using transmission
electron microscopy (TEM) is capable of providing important infor-
mation on the microstructure (crystal structure, precipitates, de-
fects, various interfaces and microchemistry) with resolution
down to the nanometer range.

A variety of phases have the potential to develop in the irradi-
ated RERTR fuels as a result of fuel/cladding interaction. To study
the effects of radiation on the potential fuel/cladding interaction
product, three depleted-uranium (DU) alloys were arc-cast with
the compositions of 67U–5Si–28Al, 48U–5Mo–47Al and 69U–
4Mo–20Al–7Si at the Idaho National Laboratory (INL). The first
alloy composition selected is close to that of a U(Al, Si)3 phase. This
phase has been observed to form in uranium-silicide dispersion
fuels and exhibits stable performance under irradiation [1]. The
ll rights reserved.
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second composition is near that of (U, Mo)Al7, a composition ob-
served in interaction layers of the current version of U–Mo disper-
sion fuels that use aluminum as the matrix, which show poor
irradiation performance at very high burn-up [2]. In order to im-
prove the performance of U–Mo dispersion fuels, the RERTR pro-
gram has been investigating the use of Si additions to the
aluminum cladding matrix to influence fuel/matrix interaction
such that a more stable interaction product will form. The idea is
that by having Si participate in the inter-diffusion process, it is
likely that a (U, Mo)(Al, Si)3 phase will form and the resultant
material may remain stable under irradiation, like the U(Al, Si)3

phase did in the uranium-silicide fuels [3]. As a result, the third al-
loy has a composition near that of a (U, Mo)(Al, Si)3 phase.

Many research and test reactors are operating with a water
coolant at coolant temperatures less than 100 �C, such as the ad-
vanced test reactor at Idaho National Laboratory in USA. A plate
type fuel normally has a thickness of approximately 1.5 mm. A thin
layer of dispersion fuel about 0.5 mm thick is sandwiched with
�0.5 mm thick pure aluminum or aluminum alloy cladding on
both sides. In the dispersion fuel layer, fuel particles with various
diameters up to �100 lm are embedded in the aluminum matrix.
Typical peak fuel temperature is expected to be less than 200 �C.
Radiation damage processes in the microstructure of RERTR fuels
consist of damage due to fast neutrons and fission products. For
ion irradiation studies, heavy ion irradiation with Kr ions at an
ion energy of 500 keV is preferred in order to investigate micro-
structural response for both displacement damage and the damage
associated with fission gas products [4,5].
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2. Experiments

SEM images for three DU alloys after heat treatment at 500 �C
for 200 h are shown in Fig. 1. The first alloy (67U–5Si–28Al) has
a simple phase content with U(Al, Si)3 and pure Al while the second
alloy (48U–5Mo–47Al) has a more complex phase content with a
mixture of UAl4, UMo2Al20, U6Mo4Al43 and pure Al phases. The
third alloy (69U–4Mo–20Al–7Si) has a phase mixture of
(U, Mo)(Al, Si)3, UMo2Al20 and pure Al. The composition and crystal
structure of each intermetallic phase identified in these alloys are
listed in Table 1. TEM disc samples were prepared from three DU
alloys through slicing, core-drilling, mechanical thinning, electrical
jet-polishing and precision ion polishing. The SRIM code was used
to estimate displacements per atom (dpa) for Kr ion irradiation [6].
The atomic displacement energies of 25 eV, 40 eV and 60 eV were
Fig. 1. SEM images of alloy 67U–5Si–28Al (left), alloy 48U–5Mo–47Al (middl

Table 1
Crystal structural information of the intermetallic phases identified in three DU alloys.

Phase Alloy Crystal structural informati

U(Al, Si)3

U27Si13Al60

67U–5Si–28Al Cubic, L12 ordered Cu3Au typ
UAl3

(U, Mo)(Al, Si)3

U27Mo3Si19Al49

69U–4Mo–20Al–7Si Cubic, L12 ordered Cu3Au ty

UMo2Al20

U5Mo7Al88

48U–5Mo–47Al, 69U–4Mo–
20Al–7Si

Cubic, a = b = c = 1.4506 nm,

U6Mo4Al43

U12Mo9Al79

48U–5Mo–47Al Hexagonal, a = b = 1.0966 nm
group: 193, Tmelt = 1360 �C

UAl4

U22Al78

48U–5Mo–47Al Body-center orthrohomic, a
space group: 74, Tmelt = 730

Note: Both general and the measured specific composition in at.% for each phase is liste

Fig. 2. Results of SRIM calculation showing target displacements (s
used for Al, U and Mo, respectively. The calculated 1-dpa Kr ion flu-
ence at a depth of 100 nm is 2.3 � 1018, 2.4 � 1018, 2.8 � 1018 and
2.5 � 1018 ions/m2 for UAl3 type phase, UAl4, UMo2Al20 and
U6Mo4Al43, respectively. Since the calculated displacement damage
profiles are quite similar for these phases, an average 1-dpa equiv-
alent ion fluence of 2.5 � 1018 ions/m2 was used for all of the five
phases.

The TEM discs of DU alloys were irradiated with 500 keV Kr ions
at 200 �C to doses up to approximately 10 dpa (2.5 � 1019 ions/m2)
using the intermediate voltage electron microscope (IVEM)
equipped with a Tandem accelerator at Argonne National Labora-
tory. The ion beam has a diameter of �1.5 mm on the specimen.
The angle between ion beam and electron beam for TEM analysis
is 30�. The specimen chamber vacuum is better than 5.3 � 10�5 Pa
(4.0 � 10�7 torr). A double-tilt high temperature TEM specimen
e) and alloy 69U–4Mo–20Al–7Si (right) show various phases of interest.

on [7–10]

e, a = b = c = 0.424 nm, Pearson symbol: cP4, space group: 221, Tmelt = 1350 �C for

pe, a = b = c = 0.422 nm, Pearson symbol: cP4, space group: 221

Pearson symbol: cF184, space group: 227, Tmelt = 1200 �C

, c = 1.7690 nm, c/a = 1.613, a = b = 90�, c = 120�, Pearson symbol: hp106, space

= 0.6270 nm, b = 1.3710 nm, c = 0.4410 nm, a = b = c = 90�, Pearson symbol: oI20,
�C

d.

olid) and ion ranges (dash) for 500 keV Kr ions in UAl4 phase.
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holder was used. Fig. 2 shows the calculated profiles of target dis-
placements and ion ranges in UAl4 phase. With the selected ion en-
ergy, a significant portion of the injected Kr ions was retained in the
material (�15% for a 100 nm thick foil). The in situ TEM analysis was
performed using a Hitachi H-9000NAR transmission electron micro-
scope operating at 200 keV at IVEM facility. A more detailed post-
irradiation microstructural characterization was conducted using
a 200 keV JEOL-2010 transmission electron microscope at the Idaho
National Laboratory.

3. Results

The selected area diffraction (SAD) patterns at zone direction of
[0 0 1] for unirradiated (U, Mo)(Al, Si)3 and U(Al, Si)3 are shown in
Fig. 3. While both phases have an ordered fcc crystal structure
(L12 type), the latter also exhibits a super lattice structure with ex-
tra fine spots at eight times that of the lattice spacing in the
U(Al, Si)3 phase. Kr ion irradiation resulted in loop development
in U(Al, Si)3 as shown in Fig. 4. Small loops are identified at
1 dpa. At 3 dpa, some large loops with size greater than 50 nm
are present. At 10 dpa, the density of loops increases and loops tan-
gle with dislocation segments. The rel-rod dark field image did not
reveal any faulted loops on {1 1 1} planes. The supper lattice struc-
ture diminished at an irradiation dose of approximately �0.2 dpa.
The U(Al, Si)3 phase maintains its crystal structure with no evi-
dence of degradation in the zone diffraction patterns with dose
up to 10 dpa.

The microstructural changes as a function of irradiation dose in
the phase of (U, Mo)(Al, Si)3 are shown in Fig. 5. The images on the
Fig. 3. The [0 0 1] zone patterns for (U, Mo)(Al, Si)3 (left) and U(Al, Si)3 (right). Both show
U(Al, Si)3.

Fig. 4. Dislocation loops imaged using g = �1, 1, �1 in U(Al, Si
top show the SAD patterns of zone [1 2 3] while the images on the
bottom show the bright field image under the same condition as in
Fig. 4. At a dose of 0.25 dpa, there are small defects that have devel-
oped and a diffuse ring is visible in the SAD zone pattern. At
0.5 dpa, these defects grow in size and many spots in SAD pattern
are diminished. As the irradiation proceeds to 1 dpa, the defect
contrast drops to zero and the SAD pattern indicates the majority
of the (U, Mo)(Al, Si)3 has transformed to an amorphous state. At
approximately 2 dpa, this phase becomes completely amorphous.
The microstructural evolution in (U, Mo)(Al, Si)3 is quite different
than in U(Al, Si)3 with no evidence of loop development before it
turns amorphous at an irradiation dose as low as �2 dpa. Small
bubbles were found in both U(Al, Si)3 and (U, Mo)(Al, Si)3. No voids
are found in U(Al, Si)3 and (U, Mo)(Al, Si)3 at doses up to 10 dpa and
4 dpa, respectively.

Bright field images showing high density of stacking faults for
the unirradiated UMo2Al20 phase and bubbles in UMo2Al20 irradi-
ated with Kr ions to 1 dpa and 10 dpa are shown in Fig. 6. High
density stacking faults are found in the unirradiated UMo2Al20 in
alloy-B. The same phase in alloy 69U–4Mo–20Al–7Si shows only
scattered stacking faults at much lower density. The UMo2Al20

phase transforms to an amorphous phase under Kr ion irradiation
at a dose of approximately 2 dpa. There is no significant change in
small bubbles between 1 dpa and 10 dpa. Voids are not observed at
doses up to 10 dpa. No loops were found prior to the UMo2Al20

phase becoming amorphous.
For the UAl4 phase, small defects at high density with sizes of

few nanometers were found at 1 dpa as shown in Fig. 7. These
small defects are believed to be responsible for the presence of
the L12 ordered structure (indexed spots) with super lattice fine spots only found in

)3 irradiated up to 10 dpa with 500 keV Kr ions at 200 �C.



Fig. 5. SAD zone diffraction patterns ([1 2 3]) and bright field images (g = �1, �1, 1) in (U, Mo)(Al, Si)3 as a function of irradiation dose up to 1 dpa with 500 keV Kr ions at
200 �C.

Fig. 6. Bright field image of UMo2Al20 phase near zone [0 1 1] shows the high density of stacking faults (left) and bubbles (right) at dose of 1 dpa and 10 dpa.

Fig. 7. Bright field images of defects in UAl4 phase irradiated with 500 keV Kr at 200 �C to 1 dpa (left) and 10 dpa (right) showing high density of small defects.
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streaks in the SAD patterns. The size of these small defects in-
creases with dose up to 10 dpa. The contrast of these defects sug-
gests that these are likely dislocation loops. Small bubbles (<2 nm)
at high density are found at 1 dpa but no voids are identified at
doses up to 10 dpa. The effect of Kr ion irradiation on the preexist-
ing amorphous precipitates in UAl4 is shown in Fig. 8. Limited com-
position analysis with electron-dispersive spectroscopy (EDS)
reveals Mo in these precipitates. Both shrinkage and dissolution
of these precipitates with irradiation dose are evident as shown
in the pictures. Although UAl4 phase retains a crystal structure at
10 dpa, the visibility of the Kikuchi line pattern drops to zero and
the clarity of SAD pattern is significantly deteriorated.

For the phase of U6Mo4Al43, Fig. 9 shows a bright field image
and a SAD pattern at a zone direction of [3 1 1] for the unirradiated
condition. The initial microstructure is clean with no sign of dislo-
cations or precipitates. Kr ion irradiation at 200 �C quickly turns
U6Mo4Al43 amorphous at a dose as low as 1 dpa. Small bubbles
are found at 1 dpa, but no voids are identified at 10 dpa. Due to
multiple phases present in alloy 48U–5Mo–47Al, in situ TEM
observation of microstructural evolution below dose of 1 dpa for
U6Mo4Al43 phase was not performed.
Fig. 8. Bright field images showing effect of Kr ion irradiation on precipitates in UAl4

precipitates are evident.

Fig. 9. Two beam bright field image (left) and SAD pattern (middle) for the unirrad
amorphization from 500 keV Kr irradiation at 200 �C.
4. Discussion

Irradiations of TEM disc samples with 500 keV Kr ions at 200 �C
to various doses up 10 dpa result in different microstructural
response in the five phases investigated. These results may help
to improve the understanding of the role of irradiated microstruc-
ture on the RERTR fuel performance, particularly on the control of
fuel swelling. The discussion will follow the microstructural
observation of various phases characterized before and after Kr
irradiations.

The irradiation behavior of U(Al, Si)3 is consistent with litera-
ture data [1]. In addition to its Cu3Au type of ordered fcc structure
(L12), the presence of a super lattice structure in the unirradiated
condition has not been previously reported. Although both Al
and Si atoms occupy the face center lattice sites, the appearance
of superlattice spots indicates a chemical ordering rather than ran-
dom occupation of the face center sites for the Al and Si atoms. This
chemical ordering between Si and Al atoms in the microstructure
appears not stable under irradiation. Since the super lattice diffrac-
tion spots are diminished at very low dose (around 0.2 dpa), the
role of this chemical ordering on the microstructural performance
phase at low dose (left) and high dose (right). Shrinkage and dissolution of the

iated U6Mo4Al43 and the SAD pattern of the irradiated (�1 dpa) (right) showing
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of U(Al, Si)3 under irradiation is expected to be insignificant. Con-
sidering the melting temperature of �1350 �C, the large loops
developed at relatively low irradiation temperature at 3 dpa sug-
gests high mobility of point defects in this phase.

It was unexpected that (U, Mo)(Al, Si)3, with a similar crystal
structure to U(Al, Si)3, showed a very different response to Kr ion
irradiation under similar conditions. Before a mature defect micro-
structure developed, the crystal transformed to amorphous phase
at a dose of �1 dpa. The contrast shown in Fig. 5 at 0.5 dpa may
be due to the formation of amorphous domains instead of disloca-
tion loops. The amorphization in this phase may suggest a signifi-
cantly low mobility for point defects comparing to that of U(Al, Si)3

phase. Elongated spots were found in the SAD zone patterns in
some of the unirradiated (U, Mo)(Al, Si)3 phases, indicating crystal
bending under stress. In comparison between the U(Al, Si)3 and
(U, Mo)(Al, Si)3 phases, the measured composition in Table 1 indi-
cates that the latter has an extra 3 at.% Mo with a stoichiometry of
heavy element (U, Mo) to light element (Al, Si) as 1:2.3, rather than
1:3 for a Cu3Au type structure. Kim reported that the addition of
Mo to the interaction layer of U–Mo/Al reduces the stability of
the interaction layer [11]. This result indicates that approximately
5 at.% of U or Mo atoms cannot occupy their normal lattice sites at
the corners in a Cu3Au type ordered fcc crystal structure. This may
be another reasons for the structural instability in the (U, Mo)
(Al, Si)3 phase in this work.

Hofman proposed a correlation between fission-induced amor-
phization and the behavior of fission-gas driven fuel swelling. It
was suggested that amorphization is responsible for an increase
in fission-gas mobility and plastic flow rate of the fuel that lead
to breakaway swelling [12]. If this is true, then the high dose irra-
diation of the (U, Mo)(Al, Si)3 phase should result in relatively
aggressive swelling. Keiser et al. reported the presence of
(U, Mo)(Al, Si)3 phase in the interaction layer of the as-fabricated
dispersion fuel [13]. The recent results by Keiser et al. on the irra-
diated dispersion fuel with �50% burn-up, �100 �C peak tempera-
ture and �3.5 � 1027 fission/m3 show clear correlation between Si
content and fission gas bubbles [14]. Fission gas bubbles are found
in the Si depleted zone but not in the neighboring zones with rel-
atively high Si content in the interaction layer. It may be possible
that Si atoms in the U(Al, Si)3 type interaction layer reduce the
mobility of fission gaseous atoms. The high Si content in the inter-
action layer may also increase the material surface energy, thus
inhibiting bubble growth. These effects may compete with the ef-
fects of amorphization and slow down the swelling driven by fis-
sion gas.

On the other hand, Rest [15] has shown that the viscosity of an
irradiated amorphous material depends on the composition. Rest
[16] has also related the gas-driven swelling of the amorphous
material to the viscosity. A relatively high Si content may increase
the viscosity of the irradiated material and, thus, limit the growth
of the fission gas bubbles.

The microstructural response of UMo2Al20 phase under Kr ion
irradiation is consistent with the literature data. The high density
stacking faults found in this phase in alloy 48U–5Mo–47Al but
not in alloy 69U–4Mo–20Al–7Si demonstrates the effect of alloy
fabrication on the microstructure of the individual phase. Specifi-
cally, it suggests low stacking-fault energy in the UMo2Al20 phase.
This crystal has a very large simple cubic cell with 184 atoms in a
very complex arrangement [17]. Lack of defect feature develop-
ment except for stacking faults may be related to its complex
structure. This phase begins transforming to amorphous at
�2 dpa and becomes fully amorphous at �10 dpa. The little change
on small bubbles between 1 dpa and 10 dpa may suggest low
mobility of Kr atoms in the material that may inhabit bubble coars-
ening. The visibility of the small bubbles at 10 dpa degrades likely
as a result of amorphization.
The UAl4 phase is the low melting point phase among the five
phases investigated. The irradiation temperature of 200 �C may
be too high (Tirr/Tm = 0.47) for it to undergo an amorphous trans-
formation. Significant radiation damage in this phase is evident
as the visibility of Kikuchi line patterns drops to zero and clarity
of SAD patterns is degraded. UAl4 phase may become unstable be-
fore it reaches high dose of �100 dpa. The heavy ion irradiation
study by Wieschalla et. al. using 120 MeV Iodine ions at 200 �C in
dispersion fuel (U–6Mo or U–10Mo dispersed in Al) indicated that
the irradiation induced fuel/cladding interaction layer contains
multiple phases of UAl2, UAl3 and UAl4 [18]. They concluded that
the large fraction of brittle UAl4 phase that tends to crack under
stress in the interaction layers is responsible for the breakaway
swelling observed in the reactor irradiated dispersion fuel. The
high dose Kr ion irradiation of UAl4 will be helpful to verify this
assumption. The presence of Mo rich amorphous precipitates in
the unirradiated UAl4 has not been previously reported. These pre-
cipitates could be a result of artifact from alloy preparation. The
observed shrinkage and dissolution of these precipitates suggest
that they are not stable under irradiation.

The U6Mo4Al43 phase showed as the most unstable phase
among five phases under Kr ion irradiation. The initial microstruc-
ture of this phase is clean and featureless. Irradiation-induced
amorphization occurred at quite low dose and the phase became
completely amorphous at �1 dpa. Since no in situ microstructural
observation was made during the irradiation due to multiple
phases present in the alloy 48U–5Mo–47Al, the information on
microstructural development in this phase below 1 dpa is not
available. Nevertheless, the early complete amorphization of this
phase is consistent with its anticipated unstable microstructure
in response to the irradiation.

The results from this work indicate that the microstructural sta-
bility of these five phases, ranking from the stable to the unstable,
are U(Al, Si)3, UAl4, UMo2Al20, (U, Mo)(Al, Si)3 and U6Mo4Al43.
Although small bubbles of �2 nm are found in some of these
phases, none of these phases develop to voids at the maximum
dose of 10 dpa. The large sink strength due to large surface-to-vol-
ume ratio for a thin TEM foil, low mobility of Kr atoms in the mate-
rials and the high sink strength as a result of high density small
bubbles may delay or inhabit the development from bubble to
voids. It is desirable to conduct high dose Kr ion irradiation
(�102 dpa) to link the early microstructural development to the fi-
nal swelling behavior.
5. Conclusions

Three DU alloys were cast with five phases relevant to fuel/clad-
ding interaction product in RERTR dispersion fuels. The effective-
ness of the use of Kr ion irradiation to investigate the irradiation-
induced damage to the microstructure from fission has been dem-
onstrated. Among the five phases investigated, U(Al, Si)3 is identi-
fied as the most stable phase up to 10 dpa with well developed
dislocation microstructure. The U6Mo4Al43 is the least stable phase
that turns fully amorphous below 1 dpa. The UAl4 is relatively sta-
ble and retains its crystalline structure at 10 dpa, although signifi-
cant degradation due to radiation damage is evident in its zone
diffraction pattern. The ternary phase of UMo2Al20 is also relatively
unstable as expected and becomes amorphous at a dose of approx-
imately 2 dpa. The (U, Mo)(Al, Si)3 phase is less stable than
UMo2Al20 and transforms to amorphous at a dose of �1 dpa. It is
believed that the addition of Mo and the deviation from the stoi-
chiometry for a Cu3Au type structure are responsible for its struc-
tural instability under Kr ion irradiation. The relatively high
content of Si in this phase is expected to play an important role
in controlling swelling driven by fission gas.
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6. US department of energy disclaimer

This information was prepared as an account of work sponsored
by an agency of the US Government. Neither the US Government
nor any agency thereof, nor any of their employees, makes any
warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness, or usefulness of
any information, apparatus, product, or process disclosed, or repre-
sents that its use would not infringe privately owned rights. Refer-
ences herein to any specific commercial product, process, or
service by trade name, trademark, manufacturer, or otherwise,
does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the US Government or any agency there-
of. The views and opinions of authors expressed herein do not
necessarily state or reflect those of the US Government or any
agency thereof.
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