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Here synchrotron scattering analysis results on U–7wt.%Mo fuel specimens irradiated in the Advanced Test Reac-
tor to three burnup levels (3.0, 5.2, and 6.3 × 1021 fission/cm3) are reported. Mature fission gas bubble
superlattice was observed to form at intermediate burnup. The superlattice constant was determined to be
11.7 and 12.0 nm bywide-angle and small-angle scattering respectively. Grain sub-division takes place through-
out the irradiation and causes the collapse of the superlattice at high burnup. The bubble superlattice expands the
U–Mo lattice and acts as strong sink for radiation-induced defects. The evolution of dislocation loops was, there-
fore, suppressed until the bubble superlattice collapsed.

© 2015 Published by Elsevier B.V.
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The decades-long campaign of the Reduced Enrichment for Research
and Test Reactors (RERTR), later to be known as the Global Threat Re-
duction Initiative (GTRI), and the successive Material Management
and Minimization (M3) programs aims to replace high-enriched-
uranium (HEU) fuels with low-enriched-uranium (LEU) fuels in re-
search reactors in order to minimize the risk of nuclear proliferation
[1]. The realization of this task relies on the successful development of
nuclear fuel materials with high uranium density [2]. Among high-
uranium materials, the U–Mo alloy system has become a strong candi-
date fuel for the conversion of high power research reactors due to im-
pressive in-pile performance [3–6]. The trials of developing U–Mo fuels
involve both monolithic and dispersed forms of fuel plates [7,8]. For
those dispersion U–Mo fuel plates, U–Mo particles are dispersed in an
Al matrix to form fuel “meat”, which is further clad in Al alloy.

Fission gas behavior, gas swelling in particular, affects multiple key
properties of the fuel, and, hence, remains the key component for nucle-
ar fuel material characterization. As such, it is important to investigate
the evolution of the fuel microstructure (including bubblemorphology)
during burnup in order to better understand the fundamental mecha-
nisms involved in the degradation of fuel performance [9]. According
to previous transmission electron microscopy (TEM) observations of
theU–7wt.%Mo dispersion fuels irradiated in the Advanced Test Reactor
(ATR) [10], nanoscale fission gas bubbles form a face-centered cubic
L 60439, United States.
(FCC) superlattice at intermediate burnup (see Fig. 1(a)), which col-
lapses into microscale fission bubbles due to grain sub-division at high
burnup. The grain sub-division reduces the grain size from the micron
scale to 100–500 nm [11,12,13,10]. While TEM observation provides di-
rect microscopic images of the irradiated fuel structures, this technique
is limited to only a few grains. To quantify microstructural information,
in addition to the bubble superlatticemorphology, bulkmeasurement is
critical for precise interpretation of the U–7wt.%Mo's fuel performance.
In recent examinations of out-of-pile U–Mo fuels, synchrotron scatter-
ing techniques have proven to be powerful tools in accomplishing this
task [14–16]. In this regard, a coordinated experiment combining syn-
chrotron wide-angle and small-angle X-ray scattering (WAXS/SAXS)
was carried out to comprehensively study the microstructural features
of U–7wt.%Mo dispersion fuel at different burnup levels.

The U–7wt.%Mo specimens examined in this study were irradiated
in the ATR up to 6.3 × 1021 fission/cm3 [10], as a part of the RERTR-7 ir-
radiation campaign. Detailed sample information can be found in
Table 1. Sample O is the control sample, which was not irradiated.
Each sample was fabricated by focused ion beam (FIB) milling into an
approximately 30 μm × 30 μm × 30 μm cube by an FEI QUANTA 3D
FIB system, and then mounted onto a W omniprobe using Pt welding.
The sample selection regions were carefully limited within the U–
7wt.%Mo fuel particles, to avoid any interference from the matrix or in-
teraction layer. The omniprobes were loaded in a double containment
sample holder fabricated from Kapton tubes for the synchrotron inves-
tigation. The synchrotron investigation was performed at Sector 1-ID,

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scriptamat.2015.12.019&domain=pdf
mailto:ymiao@anl.gov
http://dx.doi.org/10.1016/j.scriptamat.2015.12.019
www.elsevier.com/locate/scriptamat


Fig. 1. General WAXS results: (a) basic setup of the synchrotron experiment with a scanning electron microscope (SEM) image of a sample cube mounted on aW omniprobe, and a TEM
image of the fission gas bubble superlattice in Sample A [10]; (b) the azimuth distribution of the {110} peak of γ-U–Mo phase, along with the volume fraction evolution of recrystallized
grains; (c) azimuthally integrated WAXS lineouts; (d) expansion of the lattice parameter of γ-U–Mo under irradiation, compared with Golosov et al.'s results [30].
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Advanced Photon Source (APS), Argonne National Laboratory (ANL). As
shown in Fig. 1(a), a 10 μm×10 μmmonochromatic (71.676 keV) X-ray
beam was utilized to illuminate the U–7wt.%Mo samples for the X-ray
scattering experiment. The WAXS patterns were collected by a GE Rev-
olution 41RT panel detector with a 41 cm × 41 cm detection area and
200 μm × 200 μm pixel size. Separately taken were the SAXS data by a
31 mm × 25 mm Pixirad detector with 60 μm hexagonal pixels.
Among the four samples, Sample B had a relatively low volume,
resulting in aweaker X-ray scattering signal and larger statistical errors.

The changes in lattice spacing were measured by averaging the d-
spacing evolution of the reflection peaks. The volume fraction of
recrystallization-induced sub-division of grains was determined by
counting the integrated intensities of the diffraction peaks from either
the large-sized original grains or the small-sized recrystallized grains.
Both original andmodifiedWilliamson–Hall (W–H) analyses were con-
ducted to attain the internal strain/dislocation density information from
Table 1
List of samples investigated in this study.

Sample index O A B C

Fuel plate ID n/a R3R050 (low) R3R050 (high) R2R040
Burnup (×1021 f/cm3) 0.0 3.0 5.2 6.3
the broadening of diffraction peaks[17]. In the original W–H method,
the breadth of diffraction peaks was interpreted to be from the com-
bined effect of internal strain and grain size:

β cosθ ¼ Cε sin θþ Kλ=D; ð1Þ

where β is the breadth of a specific reflection peak, θ is the diffraction
angle, ε is the internal strain, λ is the wavelength of the photon, D is
the grain size, and C and K are adjustable constants. On the other
hand, when the internal strain is assumed to be dominated by disloca-
tions, themodifiedW–Hmethod can be applied to determine the dislo-
cation density within the diffraction volume:

ΔK ¼ 0:9=Dþ πA2b2=2
� �1

2ρ
1
2 KC

1
2

� �
; ð2Þ

where A is an adjustable parameter ranging from1 to 2, b is the length of
Burgers vector, ρ is the dislocation density, �C is the contrast factor, K=
2sinθ/λ, ΔK=2cosθΔθ/λ. �C is determined by the crystal structure and
stiffness tensor of the material [18]. The stiffness tensor of U–7wt.%Mo
was predicted by first principle calculation (c11 = 174.51 GPa, c12 =
107.71 GPa and c44 = 49.52 GPa) using Vienna Ab-initio Simulation
Package (VASP). More details of the W–H analysis and other related
synchrotron scattering techniques can be found in Refs. [19–23]. In
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addition, the Guinier approximation [24] was first employed for the
analysis of the SAXS data:

I Qð Þ ¼ I0 exp −R2
gQ

2=3
� �

ð3Þ

where Q=4πsinθ/λ is the length of the scattering vector, I0 is the refer-
ence intensity, I(Q) is the intensity at Q, and Rg is radius of gyration.
More detailed SAXS data analysis was performed by IRENA package
[25], assuming the fission gas bubbles are unified sphere shapes [26].
That is, these bubbles have the following form factor (F):

F2 Qð Þ ¼ exp −R2
gQ
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The fitting of SAXS data was based on the maximum entropy algo-
rithm [27,28] so that the size distribution of the bubbles could be
assessed.

In WAXS data, only two phases, γ-U–Mo (the original phases in the
unirradiated material) and α-W, were identified in all four samples, as
indicated in Fig. 1(c). Tungsten signals came from the omniprobes hold-
ing the samples. This indicates the high stability of γ phase in U–
7wt.%Mo where no additional α phase was produced under ATR irradi-
ation conditions. Meanwhile, the 2-D X-ray detector precisely captured
the recrystallization-induced grain sub-division phenomenon [29]. In
the control sample (O), themajority of the diffraction (over 95%) is con-
tributed by large-sized grains. As burnup rises, the contribution of
small-sized recrystallized grains increases with burnup to over 70% in
Sample C, as illustrated by Fig. 1(b). In addition, as illustrated by
Fig. 1(d), the lattice constant of γ-U–Mo rises steeply at low burnup
Fig. 2. The satellite peaks around the diffraction peaks in WAXS results: (a)/(g)/(h) positions o
presence of satellite peaks around the {110} reflection contributed by original large grains (upp
lized small grains (lower) in Sample A; (c) the satellite peaks near {110} reflections from remai
large grains around the {220}, {211} and {200} reflections, respectively, in Sample A. (SL stand
(from O to A), and then increases slightly (from A through B to C). The
results are comparable to Golosov et al.'s U–9wt.%Mo report [30].

Satellite peaks were observed near all the diffraction peaks of U–Mo
in Sample A. These satellite peaks not only indicate the existence of the
fission gas bubble superlattice, but also demonstrate that the orienta-
tions of a U–Mograin and the associated superlattice are related. Anoth-
er important discovery is that these satellite peaks are only present
around the diffraction peaks of large-sized grains, and are absent near
the peaks of recrystallized grains (see Fig. 2(b)), indicating that the bub-
ble superlattice was eliminated in the recrystallized grains. In fact, with
the evolution of grain sub-division, the satellite peaks could only be
found near the diffraction peaks of those limited number of remaining
large-sized grains in Sample B, see Fig. 2(c). As burnup arrives at
6.3 × 1021 fission/cm3 in Sample C, satellite peaks were not found due
to the absence of large-sized grains. Since many grains are interrogated
simultaneously by the X-ray, the 2D WAXS detector collects diffraction
information from a larger number of grains rather than a handful of
grains interrogated by TEM. Therefore, the investigation of the
superlattice usingWAXS data differs from the one based on electron dif-
fraction. The azimuth integration of the Debye–Scherrer rings is used,
rather than separate diffraction spots. However, the diffraction vectors
of the bubble superlattice are not necessarily perpendicular to the azi-
muth direction. As a result, the satellite peaks on azimuth integrated
profiles actually correspond to the projected positions of the satellite
spots. Hence, in order to correctly interpret the satellite peaks observed
inWAXS investigations andpreciselymeasure the superlattice constant,
this projection effect must be taken into consideration, as shown in
Fig. 2(a), (g) and (h). Based on theWAXS data, the superlattice constant
(aSL)was determined to be 11.7±0.2 nm (see Fig. 2). This value is com-
parable with the previous TEM observations (12.0 nm) [10]. In addition,
satellite peak information also confirms the TEM observations that the
f the satellite peaks near {110} ({220}), {211} and {200} reflections, respectively; (b) the
er) and the absence of satellite peaks around the {110} reflection contributed by recrystal-
ning bubble superlattice in Sample B; (d)/(e)/(f) the satellite peaks contributed by original
s for superlattice.)



Fig. 3. TheWilliamson–Hall (W–H) analyses: the internal strain (Cε) and dislocation den-
sity (ρ) evolution deduced by the original and modified W–H analyses respectively. The
lower R2 values of the originalW–H fittings imply that themodifiedW–H analysis is a bet-
ter interpretation for diffraction peak broadening in in-pile-irradiated U–Mo specimens.
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superlattice structure is FCC, according to the extinction criteria,
and that the orientation relationship between the matrix and the
superlattice is cubic-on-cubic (CoC), referring to the projected positions.

Both original and modified W–H analyses were performed on the
U–7wt.%Mo samples. As the grain size in those samples exceeds the de-
tector limit, which is approximately 100 nm in the current experimental
condition, only the internal strains or dislocation densities were quanti-
fied in the present study. Fig. 3 illustrates the evolution of the internal
strain and dislocation density with increasing burnup along with the
measure of goodness-of-fit, R2. Both quantities slightly decrease at in-
termediate burnup (A), probably due to local fluctuation, and then con-
tinue to increase with burnup. The good linearity of the modified W–H
fitting demonstrates that the isotropically distributed dislocations ac-
count for themajority of the contributions to peak broadeningdue to in-
ternal strain, especially for Samples B and C.

Satellite peaks near the transmitted beamwere also captured by the
SAXS detector. Two sets of superlattice reflections of low indices, {111}
and {200}, were found in Sample A, indicating a superlattice constant of
12.0 ± 0.2 nm, as shown in Fig. 4(a). This measurement is more
Fig. 4. SAXS results: (a) SAXS data showing the satellite peaks near the transmitted beam of Sam
(SL stands for superlattice.)
accurate than theWAXS-based values in this study because the satellite
peaks around the transmitted beam are free from the interference
caused by broadened γ diffraction peaks. The extinction of the {110}
peak further confirms the FCC superlattice structure. Satellite peaks
were not observed on the SAXS detector in Samples O, B, and C. In addi-
tion, the azimuthally integrated curve of SAXS data contains informa-
tion about the size of randomly distributed bubbles. In fact, the SAXS
data from both Samples O and A have no distinguishable Guinier re-
gions. In Sample O, there are no fission gas bubbles. In Sample A, the
well-aligned bubble superlattice contributes to diffraction at small
angle rather than a Guinier region. However, in Sample C, the Guinier
fitting gives a radius of gyration around 11.3 nm, corresponding to a di-
ameter around 29.2 nm, which is much larger than the bubbles in the
superlattice (4 nm). Further maximum entropy fitting shows that the
bubble size ranges fromapproximately 20 nmup to 100 nmwith amax-
imum approximately at 35 nm, as illustrated in Fig. 4(b). It is worth
mentioning that a peak was observed in a small-angle neutron scatter-
ing (SANS) investigation of in-pile irradiated U–9wt.%Mo samples, and
was interpreted as the formation of Guinier-Preston zones [31]. That
peakmight also be related to the bubble superlattice, although theQ po-
sition of that peak (0.08 Å−1) is off the observations in this study
(0.091 Å−1 for {111} and 0.105 Å−1 for {200}).

Coordinated WAXS and SAXS investigations clearly indicate that a
mature CoC FCC bubble superlattice is formed at intermediate burnup
in U–7wt.%Mo samples irradiated in the ATR. The superlattice formation
might be explained by interbubble elastic interactions, planar diffusion
of host interstitials, or interactions between bubble-punched disloca-
tions [32]. With increasing burnup, the consequential recrystallization
and grain sub-division result in the collapse of the bubble superlattice.
After the superlattice collapse, in addition to the large bubbles (over
100 nm in diameter) that were observed by TEM [10], intermediate-
sized bubbles (around 35 nm) also exist in the recrystallized grains ac-
cording to the SAXS data. There exists a high initial dislocation density
in the control sample, mainly induced by the mechanical work during
fuel plate manufacturing process. At intermediate burnup, the forma-
tion of a bubble superlattice expands the U–Mo lattice, creating strong
defect sinks that suppress the nucleation and growth of dislocation
loops. At high burnup, the collapse of the bubble superlattice releases
the internal stress and initiates the precipitation of solid fission products
on the surfaces of large bubbles [10], relieving the lattice expansion.
Compared to the neutron scattering data [30], the fact that the
lattice constant does not drop in Sample C might originate from the
relatively insufficient burnup (6.3 × 1021 fission/cm3 compared to
7.3 × 1021 fission/cm3), and local fluctuation of the Mo content [33]
due to the relatively limited illuminated volumes in synchrotron scat-
tering (micron level compared to millimeter level). Meanwhile, in the
ple A; (b) bubble size distribution determined by SAXS fitting using unified spheremodel.
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absence of the bubble superlattice as a sink for defects, dislocation loops
were generated and accumulated significantly, and were found to be
the dominant origin of diffraction peak broadening at elevated burnups.

In summary, U–7wt.%Mo fuel samples were irradiated to various
burnup levels, and investigated by synchrotron scattering. Amature fis-
sion gas bubble superlattice was confirmed to be present at intermedi-
ate burnup, and then the superlattice constant wasmeasured to be 11.7
and 12.0 nm by WAXS and SAXS, respectively. The bubble superlattice
was found to act as a strong sink for radiation-induced defects, sup-
pressing the evolution of dislocation loops. Radiation-induced recrystal-
lization and consequent grain sub-division, continuously take place
after burnup exceeds the threshold, eventually causing the bubble
superlattice to collapse. Once the bubble superlattice structure was
eliminated, the nucleation and growth of dislocation loops increased
five fold. In this study, synchrotron X-ray scattering was used for the
first time to study in-pile irradiated U–Mo fuel as a function of burnup.
Various microstructural modifications were quantitatively character-
ized to provide a systematic microstructure evolution mechanism in
in-pile-irradiated U–7wt.%Mo. This knowledge will help establish pre-
cise methods for the fuel performance prediction of the U–Mo system
and consequently advance the M3 program.
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