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Abstract

Body-centered cubic (BCC) structured y U-Mo fuels have been developed for application in high
performance research reactors. The formation of a Xe gas bubble superlattice in irradiated U-Mo fuels has
been suggested to play a role in reducing the volumetric swelling of the fuels. In this study, atom probe
tomography (APT) was used for the first time to measure the characteristics of the Xe gas bubble
superlattice (GBS), including the chemical composition, number density and volume fraction of the gas
bubbles, as well as the characteristics of the solid fission products, in neutron irradiated U-10 wt.% Mo
fuel. It was found that in the bubbles (~2 nm in diameter) that form the GBS, as compared to the matrix,
Xe is enriched with depletion in U; however, the atomic concentration of Xe is not 100%, suggesting that
Xe bubbles are not pure Xe. There is a significant fraction of Xe atoms remaining in the BCC U-Mo matrix,
indicating some solubility. These observations are different from conventional assumptions. In addition,
Nd clusters/precipitates were found to arrange themselves in a superlattice structure of their own, separate
from the Xe GBS. Despite some limitations of APT in measuring gas bubbles and consequently the
associated uncertainty in obtaining entirely accurate compositions, this study provides some new insights

into the characteristics of fission product superlattice in neutron irradiated U-Mo fuels.


mailto:wenha@mst.edu

1. Introduction

Reduced enrichment for research and test reactor program was initiated in 1978 by the U.S. Department of
Energy in response to the concern that high enriched uranium (HEU, >20 wt.% U-235) could be weaponized
[1,2]. It was proposed that HEU be replaced with low enriched uranium (LEU, <20 wt.% U-235); however,
decrease in enrichment requires an increase in the density of U to > 14.5 g/cm® in the fuels [3,4]. Metallic
v (bee) U- 7-10 wt.% Mo fuel has been identified to be a good replacement for oxide fuels as it has the
desired fuel density and phase stability [5,6]. Although U-Mo fuels possess a high density of U and good
thermal conductivity, volumetric swelling in irradiated metallic fuels is more significant than that in oxide
fuels [7]. Investigation of swelling is important as it affects the thermal conductivity of the fuel and the
mechanical robustness of the fuel structures. The main reason behind swelling in neutron irradiated metallic

U-Mo fuels is the generation of inert gas atoms such as Xe and Kr due to fission of uranium isotopes [8].

These gas atoms segregate and form bubbles with bubble diameter varying as a function of fission density.
It has been found that for fission densities < 4.5 x 10?' fiss/em®, Xe gas bubbles (2-3.6 nm) arrange
themselves in a face-centered cubic (FCC) superlattice in the BCC U-7wt.% Mo fuel, and the bubble sizes
do not vary above a fission density of 3 x 10*! fiss/cm® [9,10]. It is noted that, at each lattice site of the FCC
superlattice, there resides a Xe gas bubble and not a Xe atom. This gas bubble superlattice formed in the
U-Mo matrix has a superlattice constant of ~12 nm [9]. At fission densities > 5.2 x 10*! fiss/cm’, owing to
irradiation-induced grain refinement of the matrix [9,11-13], the Xe GBS in U-7wt.%Mo collapses and
coalesces, resulting in the formation of large Xe gas bubbles (a few hundred nanometers to a few microns).
Energy dispersive X-ray spectroscopy (EDS) in transmission electron microscopy was performed on a
single column of bubbles in the superlattice, in an effort to confirm that the bubbles were indeed filled with
fission gas (Kr or Xe); however, such attempts were unsuccessful due to the fact that the signal obtained

from these bubbles was limited [9].

Accurate chemical information on Xe gas bubbles is lacking, which is critical to understanding the

evolution of Xe GBS in the U-Mo matrix. Several phase field modelling and atomistic simulation studies



assumed that each Xe gas bubble in the GBS is made up of 100 at.% Xe (i.e., gas bubbles are pure Xe), to
create models to comprehend the evolution of Xe GBS. The studies attributed segregation and precipitation
of Xe gas bubbles to extremely low to no solubility of Xe in the U-Mo matrix [7,8,14—17]. This assumption
was claimed to be supported by the observation that a BCC structured helium GBS was formed in the matrix
in BCC metals [18,19]. However, the assumptions that Xe atoms are entirely insoluble in U-Mo and that
gas bubbles in the GBS are 100% pure Xe have not really been confirmed or disproved by solid

experimental evidence.

In order to more accurately measure the characteristics (including the composition, number density and
volume fraction) of the Xe bubbles in the GBS, the matrix composition, as well as the characteristics of
solid fission products, this study employed APT, a cutting-edge characterization technique that is capable
of determining the chemical identity of each individual atom and generating three-dimensional chemical
maps imaging the distribution of individual atoms. APT has high spatial resolution better than 0.3 nm in all
directions and high analytical sensitivity almost equivalent to 1 appm [20,21]. This paper is the first to
report the chemical composition of the bubbles that make up the GBS in neutron irradiated U-
10wt.%/16at.%Mo fuel along with their number density and volume fraction. The results obtained from
this study challenge the prevailing assumptions about the Xe GBS that lack experimental evidence. In
addition, this study indicates that Nd clusters/precipitates (one of the major fission products) form a
superlattice of their own, which has not been previously reported. Furthermore, mechanisms for formation
of solid fission product superlattice are proposed, which are novel, as opposed to mechanisms for Xe GBS

formation, which have been addressed in several existing studies [7,8,14,16,17,22].

2. Experimental
LEU U-10wt.%/16at.%Mo was irradiated in the Advanced Test Reactor at [daho National Laboratory (INL)

at a temperature of to a neutron fission density of . ///Drs. Miller and/or

Aitkaliyeva, please fill in these two blanks/// Sharp taper-shaped APT tips from grain interiors of the



irradiated U-Mo fuel were prepared using a shielded FEI Helios scanning electron microscope (SEM) /
focused ion beam (FIB) instrument in Irradiated Materials Characterization Laboratory (IMCL) at INL.
SEM images of the APT tips were taken after FIB. APT was conducted using a local electrode atom probe
(LEAP) 4000X HR (Cameca Instruments Inc.) in the Microscopy and Characterization Suite (MaCS) at the
Center for Advanced Energy Studies (CAES). The APT experiments were carried out in laser mode at a
temperature of S0K with a pulse energy of 10-20 pJ and pulse rate of 250Hz, and a target detection rate of
0.5%-1.5%. Reconstruction and data analysis were performed using the integrated visualization and
analysis software (IVAS) developed by CAMECA Instruments Inc.. SEM images of the APT tips were

used to facilitate accurate reconstruction.

3. Results

3.1. Xe gas bubble superlattice

Figure 1 displays a 3D APT reconstruction of an analyzed volume of 2.46 x 10° nm? (hereafter referred to
as analysis volume 1), containing 148 million atoms. Note that such a dataset is extremely large for APT,
meaning that the data collection ran very well. 5 at. % Xe isoconcentration surfaces are shown in Figure 1a
and 1a, at two different orientations. These isoconcentration surfaces delineate Xe GBS. The Xe GBS can
be seen only at some orientations. It has been found through TEM studies that the superlattice exhibits an
FCC structure [9,11-13]. Analysis of the mass spectrum from analysis volume 1 yielded the concentration
of the various fission products generated. The major fission products were identified to be Xe, Nd, Zr and
Ce, with background-corrected atomic concentrations of 2.83 at.%, 1.68 at.%, 2.13 at.% and 0.92 at.%,
respectively, in the overall analysis volume. Other fission products such as Kr, Pr, Sr, Ba, La, Y, Cs, Er,
Te, Cd, Pd, Ag, Rh, Ru, Sm, La, I, Rb, Tc and Eu were also detected, with background-corrected atomic

concentration of <0.6 at.% for each.
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Figure 1. 3D APT reconstruction of an APT tip (analysis volume 1), where 5 at.% Xe isoconcentration
surfaces are shown, which delineate the Xe gas bubble superlattice. The scale is in nm. a) and b) correspond
to same APT reconstruction but different orientations.

Major solid fission products such as Zr, Nd and Ce were found to have a low degree of
clustering/precipitation and so did certain minor fission products. The partitioning ratio of a fission product
between the clusters/precipitates and the bcc U-Mo matrix was obtained by calculating the ratio of the
average atomic concentration (at.%) of that fission product in the clusters/precipitates to the average atomic
concentration of the same fission product in the matrix. This process was carried out for six analysis
volumes and a small range of low partitioning ratios of 2 to 3 were obtained. Clustering/precipitation of the
fission products can be evidently seen in the 3D reconstruction of another APT analysis volume (hereafter
referred to as analysis volume 2) of 1.43 x 10° nm® and 89 million atoms. The distributions of the major
and certain minor fission products are indicated by the isoconcentration surfaces shown in Figure 2(a-g).
From the isoconcentration surfaces of Nd, Ce, Kr and Ru in Figure 2 b, c, e and f, respectively, it appears
that these fission products co-precipitate with Xe or segregate to the interfaces between the matrix and Xe
gas bubbles. In order to examine this possibility, proximity histogram concentration profiles (proxigrams)
were obtained from the matrix to the center of the Xe gas bubbles, across the interface between the matrix

and the bubbles.
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Figure 2. 3D APT reconstruction of analysis volume 2 containing 89 million atoms: a) 5 at.% Xe
isoconcentration surface, b) 4at.% Nd isoconcentration surface, c) 2 at.% Ce isoconcentration surface, d) 4
at.% Zr isoconcentration surface, e) 1 at.% Kr isoconcentration surface, f) 1 at.% Ru isoconcentration
surface, and g) 1at.% Cs isoconcentration surface. All images are of the same dimensions and from the
same orientation.

Based on 5 at.% Xe isoconcentration surfaces from analysis volume 1, two proxigrams with respect to two

distinct bubbles out of the 8462 bubbles were obtained and presented in Figure 3a and 3b. It can be seen



that the atomic concentration of Xe increases from the interface between the bubble and the matrix to the
center of the bubble, and that Xe atomic concentration is at maximum in the center of the bubble. The
maximum atomic concentration of Xe observed in the center of the gas bubble presented in Figure 3a is
29.0 = 7.0 at.%, whereas that displayed in Figure 3b is 18.3 + 4.9 at.%. From the proxigrams of many Xe
bubbles based on 5 at.% Xe isoconentration surfaces in six analysis volumes, the maximum concentration
of Xe in the center of Xe bubbles is approximately within the range of 10 to 40 at.%. Depletion in U is
observed in the case of the bubble presented in Figure 3a; however, the bubble highlighted in Figure 3b
exhibits no depletion in U. Therefore, there is not a consistent trend in the compositional variation of U
when comparing individual bubbles. Figure 3a and 3b show no enrichment of other fission products such
as Nd, Ce, Kr and Ru neither at the bubble-matrix interface nor inside the bubbles. In order to be affirmative
of the observed behavior, further analysis was carried out comparing the average atomic composition of the

matrix to that of the bubbles.
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Figure 3. Proximity histograms of Xe bubbles (highlighted in the images presented in the insets of the plots)
based on 5 at.% Xe isoconcentration surfaces, showing the chemical compositions of the highlighted
bubbles. Two different bubbles are analyzed in a) and b). All the bubbles are from analysis volume 1.



Table 1 shows the overall atomic compositions of the different analysis volumes. Table 2 displays the
average atomic compositions of the bubbles identified based on Xe 5 at.% isoconcentration surfaces in
different analysis volumes. By comparing both, it can be seen that there is a depletion of U ( ~4-11 at.%)
and an enrichment of Xe (~3.5-9.5 at.%) in the bubbles. Previous studies on Xe GBS have assumed that the
Xe gas bubbles are made of 100% of Xe atoms. The results obtained (proxigrams and average atomic
compositions) in this study have shown that the bubbles are not completely made of Xe and that the matrix
elements (U and Mo) are also present in the bubbles. In addition, from Tables 1 and 2, the concentrations
of other fission products (Kr, Nd and Zr) are similar between the Xe bubbles and the matrix, with no trend
of enrichment or depletion in the bubbles, which is consistent with the observation from the proxigrams in
Figure 3. As indicated in Figure 2 and previously described, a small degree of clustering/precipitation was
found for other fission products with a partitioning ratio of 2 to 3 between the clusters/precipitates and the
matrix. From the analysis above and from the results in Figure 3, clusters/precipitates of solid fission

products are not associated with Xe GBS.

Table 1. Overall atomic compositions of different APT analysis volumes.
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Table 2. Average atomic compositions of the Xe bubbles, identified based on Xe 5 at.% isoconcentration
surfaces, in different APT analysis volumes

Analysis Xe Kr Nd Zx
volume | (at. %) (at % ) | (at. %) |(at. %)|(at. %) | (at. %)

1 60.59 1329 1048 054 1.82 2.11
63.67 1199 1090 033 187 1.37
52.23 1649 1237 021 1.66 2.19
67.34 12.62 699 0.19 216 1.60
6092 20.67 7.60 0.14 180 1.09
63.92 1560 6.89 024 130 2.32

SN Ut A W N

Thorough analyses were conducted on six APT reconstruction volumes, for statistics of the characteristics
of Xe bubbles and distribution of Xe atoms in the bubbles versus the matrix. The analyses were performed
based on Xe 5at.% isosurface to delineate the Xe bubbles. The statistical results are presented in Table 3.
For all the analysis volumes, the Xe bubble number density is on the order of 10**/m?, although there are
variations among them (the largest variation is by a factor of 2). Such variations are not surprising, since
APT analysis volumes are very small compared to the macroscopic sample dimensions, although the six
APT analysis volumes involved here, which range from 8.2 x 10°to 2.81 x 10°nm® and contain 52-175 M
atoms in each volume, are already exceptionally large for the APT technique. The variations in number
density of the Xe bubbles among different APT analysis volumes may be attributed to a possible gradient

in fission density across different locations in the fuel.

Xe bubble volume fraction in percentage was calculated in each of the analysis volumes by dividing the
volume of the bubbles obtained based on the Xe 5 at.% isoconcentration surface by the total analysis volume
and multiplied by 100. The volume fraction of Xe bubbles in each analysis volume ranges from 3.1 to 8.3%.
Although the number density of the Xe bubbles is very high, they occupy very small volumes. For each

analysis volume, the average volume-equivalent diameter of the Xe bubbles was determined from their



average volume, assuming that the bubbles are spherical. The average diameters of the Xe bubbles are in
the range of 2-2.5 nm, indicating very small variations among the different analysis volumes. It has been
previously reported in the literature that the diameter of the Xe bubbles depends on the neutron fission
density and that this range of dimeter was found when the fuel was irradiated to a lower fission density of

1-1.5 x 10?! fissions/cm® [9,12].

Xe bubble atomic fraction means the ratio of the total number of atoms in bubbles to the total number of
atoms in the analysis volume. This value varies significantly among different analysis volumes, from 0.98
at.% to 10.05 at.%. The ratio of this value to the bubble volume fraction is indicative of how dense the
bubbles are. For example, for analysis volume 1, 0.98% of total atoms are in Xe bubbles; however, the Xe
bubble volume fraction is 7.0%, meaning that the 0.98% of atoms make up 7.0% volume of the material.
That is, these Xe bubbles are much less dense than the matrix. Therefore, these Xe bubbles are probably
really in vapor phase. In contrast, for analysis volume 4, 10.05% of the atoms only make up 4.8% volume
of the material. That is, these Xe bubbles are even more dense than the matrix. Thus, these Xe bubbles may

actually be in solid state.

Xe average concentrations in the bubbles in the different analysis volumes are already shown in Table 2,
but they are displayed in Table 3 again to compare with the Xe average concentrations in the matrix in the
corresponding analysis volumes. The former is in the range of 6.89-12.37 at.%, while the latter varies from
2.25 to 3.57 at.%. Xe partitioning ratio between the bubbles and matrix is the ratio of the Xe atomic
concentration in the bubbles to that in the matrix. The partitioning ratio of Xe is thus calculated to be
between 2.1 and 4.7. Note that for each analysis volume, these statistical results are from 2179-16967 Xe
bubbles (i.e., Xe 5 at.% isoconcentration surfaces). Evidently, there is Xe enrichment in these bubbles.
However, again, the Xe concentration in them is far from 100%. The variations in Xe average
concentrations in the matrix for the different analysis volumes are relatively small. These results again
clearly indicate that Xe concentration in the U-Mo matrix is not 0; that is, there is some solubility of Xe in

the matrix, an experimental observation different from the conventional assumption.



Table 3. Characteristics of Xe bubbles and distribution of Xe atoms in the bubbles versus the matrix

_Analysisvolume | 1|2 |3 | 4 | 5 | 6

Xe bubble
number density 3.44 4.64 6.19 3.66 6.04 2.66
(x10%4/m3)

Xe bubble volume
fraction (%)

Xe bubble atomic
fraction (%)
Xe bubble
average diameter 2.0 2.0 2.0 2.4 2.5 2.5

(nm)

7.0 3.1 3.5 4.8 8.3 3.6

0.98 1.06 1.82 10.05 6.55 7.44

Xe average

concentrationin  10.48 10.91 12.37 6.99 7.60 6.89
Xe bubble (at.%)

Xe average

concentration in 2.25 2.45 2.66 2.96 3.57 3.19

matrix (at.%)

Xe partitioning
ratio between
bubble and
matrix

4.7 4.5 4.7 24 2.1 2.2

Percentage of Xe

atoms in bubble 3.6 4.2 7.3 22.4 12.7 15.4
(%)

Percentage of Xe

atoms in matrix 96.4 95.8 92.7 77.6 87.3 84.6
(%)

All the data presented until this point are from isoconcentration surface analyses. In order to further confirm

the obtained results, cluster analysis was performed for analysis volume 1 based on Xe atoms, following



the double-maximum separation method with erosion [23-25]. Minimum number of Xe atoms (Nmin)
required to be considered as a cluster was estimated by plotting the cluster size distribution for a maximum
separation distance (dmax) of 1 nm between Xe atoms within a cluster and an order parameter of 3, which
specifies the minimum number of nearest neighboring Xe atoms required for each Xe atom in a cluster. In
order to minimize contribution to cluster count from random clusters rather than Xe clusters, N, value of
30 near the cross-over between the real APT data and the randomized data was chosen. Accuracy of the
analysis was further improved by considering a dmax of 0.8 nm, which is less than the 1 nm used to determine
Nmin. A second maximum separation distance L between any other atoms and core Xe atoms was taken as
0.8 nm, which is equal to dmax. Derosion Was taken to be 0.7nm to erode a shell of atoms from the perimeter

of the clusters to account for shell excess added by the envelope algorithm.

Using these parameters, 16974 Xe clusters were detected and isolated as displayed in Figure 4a, and the
average atomic composition of the clusters is shown in Figure 4b. The average Nd concentration in the Xe
clusters was found to be 1.80 at.%, which is very close to that in the matrix, suggesting that Nd is not
associated with or enriched in the Xe clusters. This value is comparable to that of 1.82 at.% obtained for
Nd concentration (Table 2) for analysis volume 1 within the Xe bubbles generated based on 5 at.% Xe
isoconcentration surface. Xe concentration from the cluster analysis is 13.10 at.%, which is slightly higher
than the 10.48 at.% from the isoconcentration surface analysis. The cluster analysis revealed an average
Mo concentration of 5.97 at.%, which is less than the ~ 13.29 at.% estimated from the isoconcentration
surface analysis. The number of bubbles generated based on 5 at.% Xe isoconcentration surface is 8462,
which is 8512 less than the number of clusters from the cluster analysis. Therefore, overall the results from
the cluster analysis are consistent with those from the isoconcentration surface analysis. However, there are

some differences, which is not surprising, considering that these two are different methods.



U 72.03
Mo 5.97
Xe 13.10
Nd 1.80
Ba 1.03
Zr 1.05
Ce 1.01

Figure 4. a) 3D APT reconstruction of Xe clusters (green) generated from cluster analysis using Nmin = 30,
dmax =0.8 nm, L=0.8 nm, order = 3 and derosion = 0.7nm. b) Table showing average atomic concentration of
a few major elements obtained from the cluster analysis (not all the elements are included).

3.2. Nd superlattice

Figure 5a and 5b show 4 at.% Nd and 5 at. % Xe isosurfaces, respectively, in analysis volume 1, and Figure
Sc¢ displays the superimposition of both sets of isosurfaces to examine their potential correlation. It is
evident from these figures that the isosurfaces of Nd and Xe do not coincide. Xe bubbles (as delineated by
5 at. % Xe isosurfaces) have formed a superlattice structure, as discussed in detail earlier. Interestingly and

notably, Nd clusters/precipitates (as delineated by 4 at.% Nd isosurfaces) have also arranged themselves



into a superlattice structure, which is distinct and separate from the Xe GBS. This phenomenon has not
been observed previously by other researchers, and it is believed to be a novel and significant finding.

Statistical proxigrams from the 4 at.% Nd isosurfaces and the 5 at. % Xe isosurfaces were obtained and are
displayed in Figure 5d and Se, respectively. The statistical proxigram based on 3958 Nd 4 at.%
isoconcentration surfaces in Figure 5d indicate that Nd concentration increases from the interface to the
center of the clusters/precipitates with a maximum concentration of ~17.7 at.%. It is evident that Xe
concentration does not vary between the matrix and the Nd clusters/precipitates. U concentration decreases
from ~74.0 at.% in the matrix to ~60.0 at.% at the center of the clusters/precipitates. Mo concentration is
also reduced from ~14.0 at.% in the matrix to ~7.5 at.% in the center of the clusters/precipitates. The
statistical proxigram based on 8462 Xe bubbles in Figure 4¢ indicate a maximum Xe concentration of ~18.4
at.% at the center of the bubbles. Notably, there is no variation in the Nd concentation between the matrix
and the bubbles. U concentration at the center of the Xe bubbles is ~14 at.% less than that in the matrix, a
trend very similar to that for the Nd clusters/precipitates. Mo concentration in the bubbles is approximately
the same with that in the matrix, an observation very different from that for the Nd clusters/precipitates.
The number of Xe bubbles is ~47% higher than that of Nd clusters/precipitates, based on the
isoconcentration surface analyses. The same trend was observed for the 5 other analysis volumes. From all
the analyses above, especially the fact that there is no Xe enrichment in Nd clusters/precipitates nor Nd
enrichment in Xe bubbles, it can be concluded that Xe bubbles and Nd clusters/precipitates are distinct from

each other.
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Figure 5. 3D APT reconstruction of analysis volume 1 showing a) Nd 4 at.% isoconcentration surfaces, b)
Xe 5 at.% isoconcentration surfaces, and c) Nd 4 at.% isoconcentration surfaces (grey) + Xe 5 at.%



isoconcentration surfaces (green). d) Statistical proxigram based on 4 at. % Nd isoconcentration surfaces
(3958 clusters). e) Statistical proxigram based on 5 at. % Xe isoconcentration surfaces (8462 bubbles).

Nd clusters/precipitates from analysis volume 7 consisting of 38 million atoms are shown in Figure 6a,
based on 2.6 at.% Nd isoconcentration surface. As evident from the statistical proxigram presented in Figure
6b, these Nd clusters/precipitates do not exhibit an enrichment of other major fission products such as Zr
and Ce, an observation similar to that for Xe bubbles. Only 3% of the total Nd atoms in the analysis volume
are part of the clusters/precipitates arranged in the form of a superlattice, whereas 97% of the Nd atoms

reside in the U-Mo matrix.
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Figure 6. a) 2.6 at.% Nd isoconcentration surfaces from APT analysis volume 7. b) Statistical proxigram
based on 2.6 at. % Nd isoconcentration surfaces.

4. Discussion

4.1. Formation of Nd superlattice



It is evident from the APT analysis that a Nd cluster/precipitate superlattice distinct from the Xe GBS exists
within the BCC U-Mo matrix. Like Xe, Zweifel proposed that Nd is also insoluble in the U-Mo matrix as
Nd concentration at the core of the U-Mo fuel particles was found to be negligible as compared to the U-
Mo/inter diffusion layer (IDL) and IDL/Al matrix interface, where a high concentration was detected [26].
Contradictory to this assumption, it has been determined based on the 2.6 at.% Nd isoconcentration surface
analysis (Figure 6) that 97% of the Nd atoms are actually present in the U-Mo matrix. Through scanning
transmission electron microscopy (STEM) — EDS, Gan et. al. showed that Nd segregates at the Xe bubble
— matrix interface in U-10wt.% Mo fuel after neutron irradiation to a very high fission density of 9.8 x 10!
fissions/cm®[27]. They proposed that solid fission products (SEPs) are kept in solution of the U-Mo fuel by
the GBS due to the high hydrostatic pressure exerted by it on the matrix creating a diffusion barrier.
However, after neutron irradiation to high fission densities >5.2 x 10*' fissions/cm®, amorphization was
proposed to have taken place, which resulted in the collapse of the GBS and the diffusion of the SFPs [12].
Different from this explanation, it has been discovered from this present study that the Nd
clusters/precipitates arrange themselves into an ordered superlattice structure, which requires the diffusion
of Nd to have taken place in a crystalline matrix. Therefore, it can be inferred that it is not necessary for the
matrix to be amorphous for the SFPs to diffuse. //To be continued, as superlattice structure estimation of

Nd, fission density and temperature of radiation can help with discussion///

4.2. Solubility of Xe in U-Mo matrix and Xe concentration in Xe bubbles

Prior studies have assumed that Xe is insoluble in the U-Mo matrix [7,8,14—17]. However, from this study,
>75% of the Xe atoms are actually present in the matrix. For instance, in analysis volume 1, the percentage
of the Xe atoms in the bubble is found to be only 3.6%, whereas 96.4% of the Xe atoms are present in the
matrix (Table 3). Highest percentage of 22.4 at.% of Xe atoms in the bubbles is observed in analysis volume
4, with an inarguably higher percentage of 77.6 at.% of Xe atoms in the matrix. If not quantitatively, at least
qualitatively, it can be claimed that more Xe atoms reside in the matrix than in the bubbles. The Xe average

concentration in the matrix (Table 3), as determined by APT analysis, is in a relatively narrow range of



2.25-3.57 at.%. Hence, it can be concluded that Xe atoms are indeed soluble in the matrix. Under
thermodynamic equilibrium condition, Xe may be insoluble in U-Mo matrix. However, the irradiated U-
Mo is far from equilibrium, with a high density of defects created by the neutron irradiation, which leads
to an extended solubility of Xe in the U-Mo matrix. Note that despite a low Xe concentration in the matrix,
a majority of Xe atoms still reside in the matrix; this is because the Xe bubble volume fraction is only a few

percent (3.1-8.3%) and matrix has a volume fraction >90%.

There is a gradient in Xe concentration in the Xe bubbles. Xe concentration increases from the bubble-
matrix interface to the center of the bubbles, where a maximum Xe concentration is achieved. In the center
of the bubbles, Xe concentration is usually ~10-40 at.%. Overall, Xe concentration in the Xe bubbles is ~7-
12 at.% (Table 2). This level of Xe concentration in the Xe bubbles is definitely not 100%. Although it is a
prevailing assumption that Xe bubbles are made up of 100% Xe, there have been no experiments proving
it. As will be discussed below, the Xe concentrations measured by APT cannot be considered entirely
accurate; however, it is safe to disprove the conventional assumption and conclude that Xe bubbles are not
made up of 100% Xe and that they also contain matrix atoms of U and Mo. It should be noted that the Xe
bubbles in the GBS in the current neutron irradiated U-Mo sample may be at the early stage of
formation/development. As they further develop and grow, the Xe concentration in the bubbles is
anticipated to increase. This would be analogous to the precipitation phenomenon — at the early stage of
precipitation when precipitates are small, they usually contain a significant concentration of the matrix
(solvent) atoms; however, as the precipitates grow, the solute concentration in them will increase

continuously.

4.3. Accuracy of APT and potential issues with APT measurements of Xe bubbles

Transmission electron microscopy (TEM) has been the main technique for characterizing Xe bubbles in
irradiated U-Mo fuels. TEM and the STEM mode under it also have a very high spatial resolution of sub-
nanometer or even better. To get the chemical information on Xe bubbles, EDS or electron energy loss

spectroscopy (EELS) needs to be performed in the STEM mode. TEM/STEM is a technique that involves



electron beam transmission through the sample thickness of typically ~100 nm or a few tens of nanometers.
Considering that the Xe bubbles in the GBS are only a few nanometers in diameter, when characterizing a
bubble in the matrix, the transmitted electron beam does not only carry the chemical information of the
bubble but also that of the matrix. That is, there is always convolution from the matrix. In addition, EDS,
especially standard-less EDS, which is typically used for U-Mo fuels, is a semi-quantitative or even
qualitative technique, with significant uncertainty. Also, EELS is in general a difficult technique for heavy
elements like Xe, and only qualitative information can be obtained. Among the existing techniques, APT

is arguably the best, because it provides atomic chemical resolution with sub-nanometer spatial resolution.

Despite the powerfulness of APT, it has some limitations, especially in characterizing bubbles a few
nanometers in diameter that have distinct properties than the matrix. In this study, the quantitative
information about the Xe concentration in the bubbles cannot be considered completely accurate due to the
following reasons. First, precise physical state of Xe bubbles in the material is unknown and may vary
locally on the sub-micron scale. For example, as indicated in Table 3 and described in Section 3.1, the Xe
bubbles in analysis volume 1 are much less dense than the matrix, since ~1% atoms make up 7.0% volume
of the material, and therefore these Xe bubbles are probably in vapor state. In contrast, the Xe bubbles in
analysis volume 4 are even more dense than the matrix, considering that ~10% of the atoms only constitute
4.8% volume of the material, and thus those Xe bubbles may actually be in solid state. The reason for this

may be that there is a high pressure locally in this analysis volume.

Second, at the APT experimental temperature of 50 K, Xe bubbles are anticipated to be in the solid state.
Limited or no bonding may exist between them and the matrix, causing the falling of an entire or a large
lump of a Xe bubble; accordingly, not all Xe atoms in the bubbles are expected to be detected by the
detector. Consequently, Xe concentration in the bubbles may be underestimated. Third, evaporation fields
of the Xe bubbles and of the matrix may be different, causing trajectory aberrations and detection of matrix
atoms in the place of Xe bubbles. This accordingly also causes underestimation of Xe concentration in the

bubbles. A similar scenario exists for Nd clusters/precipitates.



Finally, APT experiments in this study were conducted in the laser mode, where field evaporation of atoms
from the tip is triggered by the thermal energy from the laser. During field evaporation, the exact time for
departure of atoms from the tip surface may not be exactly known, which affects the measurements. Field
evaporation is a rapid process that does not affect the time of departure, what influence field evaporation
are the conditions required to produce it [28,29]. An assumption made in the reconstruction algorithm is
that atoms evaporate as soon as the laser pulse is sent; however, there is delay in the heating of the tip apex
when the laser triggering mechanism is utilized, and therefore field evaporation is also delayed.
Furthermore, the laser may cause excessive local heating to the tip samples and accordingly diffusion of
atoms on the tip surface, which eventually affects the accuracy of gas bubble composition measurements.
However, another APT study of Xe bubbles by us using both laser and voltage modes, which is published
separately, indicates that the compositional results from both modes are comparable, and therefore this

factor may be relatively minor.

5. Conclusions

Atom probe tomography has been used to study the fission products and the matrix in neutron irradiated U-
10Mo fuel, focusing on Xe bubbles constituting the Xe gas bubble superlattice, and Xe concentration in the
matrix, as well as solid fission products. Owing to some limitations of APT in characterizing bubbles that
are a few nanometers in diameter, the quantitative results obtained may not be considered completely
accurate. Nevertheless, the power of this cutting-edge technique still enabled results that are difficult to
obtain from other techniques and provides new insights that are different from prevailing assumptions. The

following conclusions can be drawn:

(1) The average diameter of the Xe bubbles that form the Xe GBS is ~2 nm. The number density of the Xe
bubbles is on the order of 10%*/m?, and the volume fraction is a few percent.
(2) The concentration of Xe is not 100% in the Xe bubbles. In addition to Xe, the Xe bubbles also contain

matrix atoms of U and Mo. The Xe bubbles are enriched in Xe and depleted in U as compared to the



U-Mo matrix. Xe concentration increases from the bubble-matrix interface to the center of the bubbles,
where Xe concentration is the highest.

(3) A majority of the Xe atoms are in the BCC U-Mo matrix instead of the Xe bubbles. The average Xe
concentration in the matrix is ~3.0 at.%, indicating a solubility of Xe in the U-Mo matrix.

(4) Solid fission products are not randomly distributed in the matrix, with a low degree of
clustering/precipitation, which is separate from Xe bubbles. That is, Xe bubbles are not enriched in
these fission products.

(5) Nd atoms form clusters/precipitates, which arrange themselves into a superlattice structure completely

distinct from the Xe GBS. That is, Nd cluster superlattice is unrelated to Xe GBS.

Acknowledgements

This work was supported by the U.S. Department of Energy, Office of Nuclear Materials Threat Reduction
(NA-212), National Nuclear Security Administration, under DOE-NE Idaho Operations Office Contract
DE-AC07-05ID14517, and also by Office of Nuclear Energy as part of a Nuclear Science User Facilities
experiment. In addition, Haiming Wen acknowledges the support from the U.S. Nuclear Regulatory

Commission (NRC) Faculty Development Program (award number NRC 31310018M0044).

References

[1] D.M. Wachs, RERTR Fuel Development and Qualification Plan, Lab. Rep. INL/EXT-05-01017.

Rev. 3 (2007).

[2]  J.L. Snelgrove, G.L. Hofman, M.K. Meyer, C.L. Trybus, T.C. Wiencek, Development of very-
high-density low-enriched-uranium fuels, Nucl. Eng. Des. 178 (1997) 119-126.

https://doi.org/10.1016/S0029-5493(97)00217-3.



[3]

[4]

[5]

[6]

[7]

(8]

[9]

[10]

S. van den Berghe, A. Leenaers, E. Koonen, L. Sannen, From High to Low Enriched Uranium
Fuel in Research Reactors, Adv. Sci. Technol. 73 (2010) 78-90.

https://doi.org/10.4028/www.scientific.net/ast.73.78.

M.K. Meyer, G.L. Hofman, S.L. Hayes, C.R. Clark, T.C. Wiencek, J.L. Snelgrove, R. V. Strain,
K.H. Kim, Low-temperature irradiation behavior of uranium-molybdenum alloy dispersion fuel, J.

Nucl. Mater. 304 (2002) 221-236. https://doi.org/10.1016/S0022-3115(02)00850-4.

D.M. Wachs, C.R. Clark, R.J. Dunavant, Conceptual Process Description for the Manufacture of
Low-Enriched Uranium-Molybdenum Fuel, Lab. Rep. INL/EXT-08-13840. (2008).
http://www.inl.gov/technicalpublications/Documents/4010771.pdf%S5Cnpapers3://publication/uuid

/DAE084DF-BE23-4BF7-8694-54B3BE8658SF.

D. Senor, D. Burkes, Fuel Fabrication Capability Research and Development Plan, Richland, WA

(United States), 2014. https://doi.org/10.2172/1149235.

S. Hu, D.E. Burkes, C.A. Lavender, D.J. Senor, W. Setyawan, Z. Xu, Formation mechanism of gas
bubble superlattice in UMo metal fuels: Phase-field modeling investigation, J. Nucl. Mater. 479

(2016) 202-215. https://doi.org/10.1016/j.jnucmat.2016.07.012.

S. Hu, W. Setyawan, V. V. Joshi, C.A. Lavender, Atomistic simulations of thermodynamic
properties of Xe gas bubbles in U10Mo fuels, J. Nucl. Mater. 490 (2017) 49-58.

https://doi.org/10.1016/j.jnucmat.2017.04.016.

B.D. Miller, J. Gan, D.D. Keiser, A.B. Robinson, J.F. Jue, JJ W. Madden, P.G. Medvedev,
Transmission electron microscopy characterization of the fission gas bubble superlattice in
irradiated U-7 wt%Mo dispersion fuels, J. Nucl. Mater. 458 (2015) 115-121.

https://doi.org/10.1016/j.jnucmat.2014.12.012.

J. Gan, D.D. Keiser, B.D. Miller, A.B. Robinson, D.M. Wachs, M.K. Meyer, Thermal stability of



[11]

[13]

[14]

[15]

[16]

[17]

[18]

fission gas bubble superlattice in irradiated U-10Mo fuel, J. Nucl. Mater. 464 (2015) 1-5.

https://doi.org/10.1016/j.jnucmat.2015.04.023.

B. Ye, L. Jamison, Y. Miao, S. Bhattacharya, G.L. Hofman, A.M. Yacout, Cross section TEM
characterization of high-energy-Xe-irradiated U-Mo, J. Nucl. Mater. 488 (2017) 134-142.

https://doi.org/10.1016/j.jnucmat.2017.03.011.

J. Gan, B.D. Miller, D.D. Keiser, A.B. Robinson, J.W. Madden, P.G. Medvedev, D.M. Wachs,
Microstructural characterization of irradiated U-7Mo/Al-58Si dispersion fuel to high fission

density, J. Nucl. Mater. 454 (2014) 434-445. https://doi.org/10.1016/j.jnucmat.2014.08.052.

J. Gan, D.D. Keiser, D.M. Wachs, A.B. Robinson, B.D. Miller, T.R. Allen, Transmission electron
microscopy characterization of irradiated U-7Mo/Al-2Si dispersion fuel, J. Nucl. Mater. 396

(2010) 234-239. https://doi.org/10.1016/j.jnucmat.2009.11.015.

L. Liang, Z.G. Mei, Y. Soo Kim, M. Anitescu, A.M. Yacout, Three-dimensional phase-field
simulations of intragranular gas bubble evolution in irradiated U-Mo fuel, Comput. Mater. Sci.

145 (2018) 86-95. https://doi.org/10.1016/j.commatsci.2017.12.061.

L. Liang, Z.G. Mei, A.M. Yacout, Fission-induced recrystallization effect on intergranular bubble-
driven swelling in U-Mo fuel, Comput. Mater. Sci. 138 (2017) 16-26.

https://doi.org/10.1016/j.commatsci.2017.06.013.

S. Hu, D. Burkes, C.A. Lavender, V. Joshi, Effect of grain morphology on gas bubble swelling in
UMo fuels — A 3D microstructure dependent Booth model, J. Nucl. Mater. 480 (2016) 323-331.

https://doi.org/10.1016/j.jnucmat.2016.08.038.

B. Beeler, S. Hu, Y. Zhang, Y. Gao, A improved equation of state for Xe gas bubbles in yU-Mo

fuels, J. Nucl. Mater. 530 (2020). https://doi.org/10.1016/j.jnucmat.2019.151961.

P.B. Johnson, D.J. Mazey, Gas-bubble superlattice formation in becc metals, J. Nucl. Mater. 218



[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(1995) 273-288. https://doi.org/10.1016/0022-3115(94)00674-1.

F.E. Lawson, P.B. Johnson, A temperature threshold for gas-bubble superlattice formation in

molybdenum, J. Nucl. Mater. 252 (1998) 34—42. https://doi.org/10.1016/S0022-3115(97)00298-5.

T.F. Kelly, D.J. Larson, Atom Probe Tomography 2012, Annu. Rev. Mater. Res. 42 (2012) 1-31.

https://doi.org/10.1146/annurev-matsci-070511-155007.

T.F. Kelly, M.K. Miller, Invited review article: Atom probe tomography, Rev. Sci. Instrum. 78

(2007). https://doi.org/10.1063/1.2709758.

J. Gan, Y. Zhang, C. Sun, L. Gao, D. Sprouster, L. Ecker, Y. Gao, The Role of Anisotropy on the
Self-Organization of Gas Bubble Superlattice, (2017). https://doi.org/INL/CON-17-43078-

Revision-0.

D. Vaumousse, A. Cerezo, P.J. Warren, A procedure for quantification of precipitate
microstructures from three-dimensional atom probe data, Ultramicroscopy. 95 (2003) 215-221.

https://doi.org/10.1016/S0304-3991(02)00319-4.

A.H. Hunter, J.D. Farren, J.N. Dupont, D.N. Seidman, An atom-probe tomographic study of arc
welds in a multi-component high-strength low-alloy steel, Metall. Mater. Trans. A Phys. Metall.

Mater. Sci. 44 (2013) 1741-1759. https://doi.org/10.1007/s11661-012-1518-5.

E.A. Marquis, J.M. Hyde, Applications of atom-probe tomography to the characterisation of solute
behaviours, Mater. Sci. Eng. R Reports. 69 (2010) 37-62.

https://doi.org/10.1016/j.mser.2010.05.001.

T. Zweifel, Fission Gas Behaviour and Interdiffusion Layer Growth in in-pile and out-of-pile
Irradiated U-Mo / Al Nuclear Fuels, TECHNISCHE UNIVERSITAT MUNCHEN, 2014.

https://mediatum.ub.tum.de/doc/1232751/document.pdf.

J. Gan, B.D. Miller, D.D. Keiser, J.F. Jue, JJW. Madden, A.B. Robinson, H. Ozaltun, G. Moore,



[28]

M.K. Meyer, Irradiated microstructure of U-10Mo monolithic fuel plate at very high fission

density, J. Nucl. Mater. 492 (2017) 195-203. https://doi.org/10.1016/j.jnucmat.2017.05.035.

A. Vella, Ultramicroscopy On the interaction of an ultra-fast laser with a nanometric tip by laser
assisted atom probe tomography : A review, Ultramicroscopy. 132 (2013) 5-18.

https://doi.org/10.1016/j.ultramic.2013.05.016.

E.P. Silaeva, K. Uchida, Y. Suzuki, K. Watanabe, Energetics and dynamics of laser-assisted field
evaporation : Time-dependent density, Phys. Rev. B - Condens. Matter Mater. Phys. 92 (2015)

155401(1-7). https://doi.org/10.1103/PhysRevB.92.155401.



