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Abstract 

This study involves high resolution characterization of a sodium bonded solid uranium (U)-10 

wt.% zirconium (Zr) metallic fuel irradiated in Fast Flux Test Facility (FFTF). The fuel centerline 

temperature during irradiation was estimated to be around 675°C with the peak burnup 13.1 atomic 

percent. Samples for transmission electron microscopy (TEM) and atom probe tomography (APT) 

were prepared from different regions/zones in the fuel cross section radially to elucidate the 

microstructural changes and chemical redistribution of solute elements as well as fission products 

during irradiation experiment. TEM results indicate the irradiation in fast flux testing leads to the 

formation of extensive Zr-rich precipitates with varying sizes in the U-Zr fuel matrix. APT analysis 

performed to investigate redistribution of Zr, U and fission products along the radial direction of 

fuel pin showed Zr-rich precipitates entrapping the fission products in higher concentration as 

compared to the α-U phases. The local burnup (235U depletion) is found to be consistent, calculated 

by quantification of 235U, 236U and 238U isotopes from mass spectrum obtained from APT along 

the radial direction. Zr-rich precipitation and its implication on fuel constitutional redistribution 

are discussed based on SEM, TEM and APT results.  

 

Key words: Metallic fuel, irradiation, uranium, zirconium, transmission electron microscopy, atom 

probe tomography, precipitation, isotopes. 
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1. Introduction 
Uranium alloyed with 10 wt. % Zirconium  (U-10Zr) is a leading candidate for sodium-cooled fast 
reactors (SFRs) owing to its higher densities of fissile and fertile materials than most other fuel 
systems [1, 2]. The metallic U-Zr alloys also have excellent reactor core performance owing to 
high breeding ratio and low fissile inventory [1, 2]. Another advantage of metallic fuels is their 
relative easy fabrication with high thermal conductivity, capable of attaining high burnup close to 
20% fissions per initial metal atom (FIMA) [3]. These fuels can also be recycled with multiple 
benefits such as confining actinides in the fuel cycle preventing high level nuclear waste 
generation. They have been extensively developed under various fuel development programs at 
Idaho National Laboratory (INL) since the 1950s [4]. Numerous irradiation experiments have been 
performed at FFTF, Experimental Breeder Reactor-II (EBR-II) and the Transient Reactor Test 
Facility (TREAT) [3-6] to test performance of structural materials and fuel performance [7-10].                   

The performance of U-10Zr fuel can be impacted by numerous issues like fission gas release 
causing fuel swelling in certain cases, which increases the fuel rods inner pressure [11]. Fuel 
cladding chemical and mechanical interaction (FCCI and FCMI), fuel swelling and Zr 
redistribution are the other fuel phenomena that can influence or limit fuel performance under 
several different conditions [2, 12-16]. The Zr redistribution impacts fuel performance as it 
influences the mechanical, physical and thermal properties of the fuel [13]. The effect of 
temperature and chemical potential gradients between different phase fields promotes different 
redistribution across the radial direction. The microstructure of the current irradiated fuel has been 
shown to exhibit three distinct concentric zones: a central Zr enriched zone, a uranium (U) enriched 
and Zr depleted intermediate zone and a slightly Zr enriched outer (periphery) zone [17]. The 
redistribution phenomena has been characterized in U-10Zr fuel [17] as well as a U-Pu-Zr fuel 
[18], although different conditions of irradiation forms distinct zones. Radial variation in thermal 
conductivity was commonly seen since each region had distinct microstructure with different 
phases impacting thermal properties [19]. Apart from microstructural and chemical changes within 
the fuel, burnup measurement is essential for nuclear fuel qualification and performance [20]. It is 
a direct assessment of energy produced during the fission process. It thus becomes crucial to 
estimate local burnup with high spatial resolution which is known to impact distribution of fission 
products both in the fuel and cladding region. 

The development of advanced characterization capabilities and techniques has enabled the 
improved understanding of some representative metallic fuel cross-sections and the irradiation 
behavior on structural materials, ceramic and metallic fuels [14, 15, 21-31]. The site-specific 
sample preparation using the focused ion beam (FIB) allows high resolution characterization using 
probe corrected scanning transmission electron microscopy (STEM) coupled with Atom Probe 
Tomography (APT) to potentially quantify spatial variations of chemistry at the nanoscale. The 
APT technique is known to provide three-dimensional (3D) mapping of elements with atomic scale 
spatial resolution, allowing the characterization of different phases within the fuel [32]. A wide 
range of structural materials and fuels have been characterized using APT to elucidate the 
segregation at the interfaces and chemical composition of different phases [33-43]. With its high 
chemical resolution and sensitivity to isotopic composition, APT mass spectrums of nuclear fuels 
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can be utilized to determine the local burnup in irradiated fuels by the quantification of U isotopes 
[20].  

In this work, systematic microstructural and chemical analysis is performed using APT and TEM 
on sodium (Na) bonded solid U-10Zr fuel irradiated to high burnup in the FFTF reactor along the 
radial direction [44, 45]. The redistribution of Zr is examined along with fuel phases and qualitative 
distribution of solid fission products (SFPs) at the end of irradiation using 3D distribution from 
APT. Burnup estimation at different regions within the fuel is also estimated using isotopic 
information from mass spectrum of APT. This multimodal characterization method is aimed to 
improve the understanding of irradiation induced microstructural changes in U-Zr fuel along with 
chemical identification and distribution of fission products in solid metallic fuels. 

2. Materials and Methods 
2.1 Fuel pin  
The fuel cross-section being analyzed is from a U-10Zr (10 wt.%, 22 at.% Zr) fuel pin that has an 
approximate length of 91.4 cm and a diameter of 0.498 cm contained between two to three fuel 
slugs cast by a counter gravity vacuum method [44]. The irradiation was a part of the Mechanistic 
Fuel Failure (MFF) series for metallic fuels conducted in the FFTF [44, 45]. The MFF-3 assembly 
consisted of 169 U-10Zr fuel pins reaching a peak burnup of 13.1 at.% [14]. The sample analyzed 
in the current study is pin #193114 taken from axial location of x/L=0.44. The HT-9 cladding 
(ferritic/martensitic) tubes have an inner diameter of 0.574 cm and an outer diameter of 0.686 cm 
resulting in a smear density of close to 75% (smear density is defined as the cross-sectional areal 
ratio of the fuel slug to the inner cladding surface). The 235U enrichment is 32.4 wt.% for this fuel 
[17]. The sample preparation for post irradiation examination is carried out in the hot cell facility 
details of which can be found in reference [17]. Additional details  on the fuel/cladding fabrication, 
chemistry and geometry can be found in [14, 17]. 

2.2 Irradiation condition of fuel pin 
The burnup, inner cladding temperature and time averaged fuel centerline temperatures were 
estimated using BISON simulations and are summarized in Table 1. The detailed calculated 
profiles can be found elsewhere [14]. The inner cladding temperature was 530°C while the fuel 
centerline temperature was 675°C extracted at 0.44L of pin 193114. The peak burnup was 
estimated at 13.1 at. % FIMA (Fissions per Initial Metal Atom). More detailed information on 
irradiation of fuel pin can be found in reference [14] along with irradiation details for other fuel 
pins performed in the MFF-3 campaign.  

Table 1. Summary of irradiation condition of the fuel analyzed in the current study. 

Axial height Burnup (at. 
%) 

Time averaged 
linear power 

(W/cm) 

Time averaged 
fuel centerline 
temperature 

(°C)  

Time averaged 
inner cladding 
temperature 

(°C) 
0.4 13.1 562 675 530 
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2.3 Surface imaging and sample preparation 
The polishing and surface characterization of fuel pin was performed at the IMCL facility. The 
samples were loaded in a shielded focused ion beam (FIB) instrument (FEI G3 Helios plasma) 
attached to an inert glove box, for imaging and marking sites for APT and TEM. The surface 
imaging of the pin was carried out using back-scattered electrons (BSE) and energy dispersive x-
ray spectroscopy (EDS) is performed on the entire cross section of the fuel to reveal different 
phases across the pin radius. BSE imaging was carried out at 30 kV voltage and a beam current of 
1.6 nA. EDS acquisitions were carried out at 20 kV voltage with a beam current of 6.4 nA. The 
high energy xenon (Xe) beam was used to prepare site specific TEM and APT lamella involving 
ion trenching, polishing and lift-outs. The final thinning and sharpening of TEM and APT samples 
was done using the FEI Quanta 3D FIB with Ga beams at 30 kV and various currents. Final low 2 
kV cleaning was performed on lamella and needle shaped tips to minimize the beam damage for 
TEM and APT analysis.   

2.4 High resolution characterization  
APT and TEM studies are performed systematically along the radial direction of the irradiated U-
10Zr pin by making specimen close to each other to compare microstructural evolution shown in 
Figure 1. The FEI (now thermofisher)  Talos TEM was used for bright field imaging and scanning-
TEM energy dispersive spectroscopy (STEM-EDS) analysis. The net intensities collected on the 
STEM-EDS maps were converted to at. % maps using the Velox software. The samples from 
irradiated U-10Zr for APT were prepared by the standard lift out and milling process using the 
Quanta 3D field emission gun (FEG) focused ion beam (FIB) [46]. The LEAP 5000 XR instrument 
at IMCL facility was used to collect data in laser mode with a pulse energy of 50 pJ and a pulse 
repetition rate of 125 kHz. The data was collected at a rate of 5 atoms per 1000 pulses. The 
detection efficiency of the LEAP system is 50%. All samples were cooled to cryogenic temperature 
of 55 K before data acquisitions started. Data analysis was done using CAMECA Integrated 
Visualization and Analysis Software (IVAS) 3.8.16. Reconstructions were performed following 
the standard voltage reconstruction protocol. Mass spectrum fitting is performed using MATLAB 
code developed for U isotope quantification [47].  

3. Results and Discussion 
3.1 Fuel constituent redistribution at SEM scale 
An SEM overview of the fuel section at low magnification is seen in Figure 1. The SEM-EDS 
results clearly show a distinct three zone redistribution  of the irradiated fuel as defined in a 
previous study [17]. For visual aid, Zone 1 and Zone 2 are demarcated by dashed lines in Figure 1 
mainly consisting of the central zone and the intermediate zone respectively. As can be seen from 
Figure 1, the Zr concentration is the highest in Zone 1 and the lowest in the Zone 2 with 
intermediate Zr content in Zone 3.  
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Figure 1. (a) Backscattered electron (BSE) image of the U-10Zr fuel cross section and (b) EDS of 
Zr elemental mapping in green superimposed on the fuel cross section image [17]. 

Zone 1 extends from the center of the fuel pin to 0.32R where ‘R’ is the pin radius. Zone 2 is 
defined from 0.32R to 0.45R while Zone 3 extends from 0.48R to 1.00R. Zone 3 can be subdivided 
into two zones namely Zone 3a and Zone 3b, mainly classified by the slightly higher Zr 
concentrations in Zone 3b. It should be noted that SEM-EDS mappings as shown in Figure 1 is 
only a qualitative assessment of Zr distribution across the fuel pin cross-section. However, these 
micrographs clearly show redistribution of Zr (shown in green) in each region. 

Zone 1 in Figure 2(a-c) shows an increased level of heterogeneity with the co-existence of multiple 
sub-phases. The contrast differences clearly reveal two different phases populating Zone 1. 
Presence of porosity throughout Zone 2 is indicated in Figure 2(d-f). Zone 3 in Figure 2(g-l) also 
indicates numerous, large and  irregularly shaped pores. Migration of Zr atoms is caused by the 
radial temperature gradients (675 °C-550 °C) encompassing a multi-phase regime. Experiments 
and modelling efforts suggest three radial zones to be formed in solid U-Zr fuels when the hottest 
part of the fuel operates at temperatures exceeding the α-U + γ2 to β-U + γ2 transition (662 °C) 
[30, 48]. Under these conditions, the temperature (thermal) and chemical potential gradients across 
the pin radius will induce the diffusion of Zr from the coldest part of the β-U + γ2 region into the 
hotter central region. This central region may operate either in the β-U + γ2 phase field (if the 
centerline temperature is below 693 °C) or in the γ phase field (if the centerline temperature is 
above 693 °C), resulting in the former being depleted of Zr (Zone 2) and the latter being enriched 
in Zr  (Zone 1).  Thermal gradient caused within the fuel is purely a thermo-physical process. Due 
to the power production in the solid cylinder (fuel pin) and the exchange of heat with a medium 
on the outside (fuel pin → cladding → sodium coolant), there is a parabolic temperature profile 
throughout the radius, with the highest temperature at the center and the lowest temperature at the 
surface.  

Fission gas pores (FGP) appear to be dark due to sectioned polished planes. The SEM greyscale 
image (Figure 2) was processed in ImageJ to set a threshold, making the pores appear black and the non-
porous regions white (Figure S4). MATLAB was then used to quantify the area fraction, which is the ratio 
of the area covered by pores to the total area of a specified zone within the fuel pin cross-section. The areas 
of circular regions corresponding to 0-0.32R and 0.48R-R were computed, and Zone 1 had an area fraction 
of 0.1 while Zone 3 had an area fraction of 0.37.  Zone 3 has the highest number density of these large 
irregular shaped pores as seen in Figure 2(g-l). Zone 1 has the least number of pores while the 
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characterization of pores in Zone 2 is hindered due to lower concentration of Zr. The high U content 
in Zone 2 leads to increased surface degradation due to the formation of oxides, which adversely 
affects the surface texture [45]. Previous studies on the same fuel [17] yielded qualitative mapping 
of solid fission products (SFP) in and around the FGP. These are found to be in the size range of 
1-30 μm. Higher magnification TEM and APT characterizations are performed to further 
investigate the nanoscale precipitates and quantify the distribution of fission products around these 
precipitates. The locations chosen for TEM and APT lift outs are highlighted for each zone in 
Figure 2. Specimens for TEM and APT for high resolution studies are prepared close to each other 
to ensure direct comparison of microstructural features. Zone 1 lift outs are highlighted in red 
while Zone 2 and Zone 3 lift outs are shown in black and blue respectively. These are not to scale 
and are shown to provide an overview of the regions being characterized in the following sections. 
The fuel and cladding gap closed due to rapid fuel swelling which is a common characteristic of 
U-Zr fuels as seen in Figure 2(m-o). This is also seen in Na bonded solid fuel pins having a smear 
density of 75% and burnups of approximately 1-2 at.% [3, 14, 49]. The time averaged fuel 
centerline temperature was 675 °C and the time averaged inner-cladding temperature was 550 °C. 
TEM  characterization of the FCCI region with the cladding can be found in another study [14]. 

  

Figure 2. (a) Low magnification SEM micrographs from the radial section of the fuel pin with higher 
magnification images showing the microstructure for (a-c) Zone 1, (d-f) Zone 2, (g-l) Zone 3 and (m-o) 
FCCI region. Regions marked on the BSE images and the fuel overview image for TEM and APT lift outs 
as red: Zone 1, black: Zone 2 and blue: Zone 3. 

 

3.2 Transmission Electron Microscopy 
Zr redistribution has been previously observed in U-Pu-Zr fuels at different burnups and for 
different Zr content [50-53]. The radial distribution largely consists of depletion in Zr at the central 
part of the fuel while the outer region of the fuel has Zr concentration close to the pre-irradiated 
nominal composition, however this strongly depends on temperature gradient across the fuel pin 
and irradiation conditions [50]. Since the fuel pin operated between temperature of  550 °C to 675 
°C, there is a possible co-existence of up to five different phase fields [54].  The Zr inventory is 
balanced by the presence of Zr rich secondary phases/precipitates which is the primary focus of 
this study. They are distributed across the fuel pin cross-section from Zone 1 to 3. Zone 1 has 
characteristic sizes ranging from 30-150 nm with an average size of approximately 75 nm 
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dispersed in the U-rich matrix as seen in Figure 3(a-c). Zone 2 is characterized with similar Zr-
rich nano-precipitates found in the matrix enriched in U and characteristic sizes ranging from 20-
70 nm with an average size of approximately 40 nm. Zone 3 has similar precipitates although the 
density of these precipitates appeared to be higher than Zone 1 and 2 as seen in Figure 3(g-i). 
Figure 3(d-f) clearly shows inhomogeneous distribution of Zr and U along the grain boundary. 
Zone 2 has Zr enrichment at grain boundaries with U depletion. This Zr rich microstructural feature 
maybe a consequence of radiation induced segregation (RIS). Additionally, a denuded zone of Zr 
can be seen around the larger precipitate seen in Zone 3 (Figure 3g-i) with higher concentrations 
of U along the periphery of the precipitate marked with red circle. Similar trends are seen for the 
smaller sized Zr precipitates presented in the following APT sections. The EDS spectra for the 
mapped regions in Figure 3 can be found as supplementary  figure S1. Selected area electron 
diffraction (SAED) in Zone 1 indicates that the nanoscale Zr-rich precipitates are bcc γ2, as 
indicated by the patterns outlined in green in Figure 4. SAED collected from the surrounding U-
rich matrix indicated orthorhombic α-U as shown by the pattern outlined in yellow in Figure 4. 
Larger Zr precipitates in the order of microns are also seen in Zone 3 as highlighted in the red 
circle in Figure 3(i). These are indexed as bcc γ2 from the previous study [17]. Possible Zr diffusion 
outwards from Zone 2 could be causing higher Zr concentrations in Zone 3. However, due to the 
simultaneous occurrence of multiple phenomena, providing a substantial explanation for this 
occurrence is challenging. There is a combination of temperature, irradiation, crystallography and 
chemistry all playing a part. Separate effect studies (both in-situ experiments and simulations e.g. 
Molecular Dynamics and/or phase field) to isolate possible precipitate (formation) kinetics 
mechanisms that is ruling this phenomenon will aid in understanding. 
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Figure 3. TEM analysis of different regions across the fuel pin cross-section. Bright field (BF) images and 
the corresponding EDS mapping of U in yellow and Zr in green for (a-c) Zone 1, (d-f) Zone 2 and (g-i) 
Zone 3.  
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Figure 4. Selected area electron diffraction (SAED) patterns obtained from Zr rich precipitates in Zone 1 
indicating a body centered cubic (bcc) crystal structure while the pattern from the matrix indicated 
orthorhombic α-U. 

3.3 Atom Probe Tomography 
APT specimens were prepared from the same location as for TEM along the radial direction 
discussed above. Figure 5(a) shows a sliced (12 nm) APT reconstructions from Zone 1 with atom 
maps of U, Zr, Ru and molybdenum (Mo). Based on 3D reconstruction atom map, it is evident that 
solute elements U and Zr are non-uniformly distributed in the analyzed APT volume. Two distinct 
regions include a Zr enriched phase depleted in U and a matrix mainly enriched with U. A similar 
microstructural change has been previously reported for U-10Zr metallic fuels [55, 56]. A Zr iso-
concentration map is used for visualization of Zr-rich precipitates as seen in Figure 5 for APT tips 
from Zone 1. These are nanoscale precipitates, with characteristic sizes ranging between 25-80 nm 
in agreement with TEM results (Figure 3). The precipitates are mainly spherical in shape with a 
few larger precipitates in a more globular shape. Based on proximity histogram (proxigram) shown 
in Figure 5(b) taken across Zr-rich precipitates, the Zr content was found to be around 80 at.% and 
U content close to 10 at.%. There are substantial amounts (~10 at.%) of fission product 
concentrated within these Zr enriched features. The fission products identified in the mass 
spectrum of irradiated U-10Zr are Sr, Ba, Pd, Ru, Ce, Pr, Mo, Kr, Rh, Cd, In and Nd (mass spectrum 
is provided in supplementary figure S2). For simplicity, all fission products are labelled as one 
group ‘FP’ in the proxigram plots except Ru and Mo (plotted separately) due to higher 
concentrations as compared to other fission products and was highly concentrated within the Zr 
enriched precipitates. Distribution of minor fission products can be found in the Supplementary 
Information S3.The Ru atom map in Figure 5(b) along with the proxigram clearly shows the 
enrichment inside these Zr enriched precipitates. It can be noted that Ru and Mo concentration 
increases near the interface of these precipitates indicating segregation near the interface of these 
Zr precipitates. Additionally, it should be noted that not all compounds and fission products 
observed were present during current post irradiation examination. The current fuel was 
characterized after 30 years of cooling time, by which many of the fission products originally 
present may have decayed.  
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Figure 5. Sliced APT reconstruction of Zone 1 showing (a) major element atom maps (U in yellow and Zr 
in green) along with an iso-concentration map of 35 at. % Zr (in black) with Ru atom map in red and Mo 
in blue. Corresponding proxigram plots showing (b) Zr and U and (c) distribution of fission products across 
the Zr precipitate interfaces. The slice thickness is 12 nm.  

 

Zone 2 had a similar microstructure as Zone 1 with Zr enriched precipitates dominating within the 
U matrix demonstrated in Figure 6. The sliced region from the APT reconstructions shown in 
Figure 6 is 15 nm thick. The size of the Zr enriched precipitates ranged from 30 to 85 nm in 
diameter. A very similar trend in distribution of the fission products is observed when compared 
to Zone 1 wherein the concentration of these FPs is high inside the precipitates as observed in the 
proxigram. This proxigram is computed by taking an average from all Zr-rich precipitates. With 
the formation of these large Zr precipitates, the nearby Zr concentration dropped before stabilizing 
to the bulk concentration. This is highlighted in both Figure 5(b) and Figure 6(b) proxigrams 
wherein there is a Zr denuded zone around 10-15 nm away from the precipitate interface into the 
U matrix. The opposite trend is observed for U, wherein there is a slight enrichment near the 
interface of these precipitates before stabilizing to the bulk concentration away from the 
precipitates. This essentially translates into three distinct regions: a Zr rich region that corresponds 
to the Zr precipitates, a U rich region sFuel cladding chemical and mechanical interaction panning 
~10 nm near the interface of these precipitates and the matrix region. These regions are 
distinctively seen in Zone 1 and 2 as seen in Figure 5 and Figure 6. The fission products are also 
enriched at the interface of the Zr-rich precipitates as seen in both proxigrams in Figure 5 and 
Figure 6. Zone 2 indicates Mo enrichment close to 15 at.% within the Zr rich precipitates, much 
higher than Zone 1. A clear three phase region can be defined across the precipitate region. The 
fuel matrix is close to pure U indicating α-U (close to 100% U) as seen in Figure 7 with the Zr 
concentration close to 0.2-0.4 at.%, consistent with previous results [17]. This is below the 
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solubility limit (0.5 at.% Zr) in the α- U phase at 662ºC [57, 58]. The Zr-rich precipitates are highly 
enriched with fission products, mainly Mo and Ru as seen from Figure 6 proxigrams across Zr 
precipitates. Quantification by atomic concentration profiles and proxigrams reveals a Zr 
concentration close to 75- 80% within the core of these precipitates as seen from Figure 5, Figure 
6, Figure 7 and Figure 8. This can be due to the metastable nature of precipitates formed due to 
irradiation and fission products being found in these phases. This is slightly higher than the 
stoichiometric composition of UZr2 indicating that these are not δ- UZr2. Similar to zone 1, there 
is distinct segregation of Mo and other fission products near the interface of these Zr rich phases. 

Consistent with Zone 1 and Zone 2, Zone 3 is dominated with similar microstructural features. Zr-
rich precipitates are uniformly distributed throughout the APT dataset as seen in Figure 8(a) (sliced 
region is 15 nm thick). However, the number density of the larger precipitates is visibly lower as 
compared to Zone 1 and 2. Additionally, there are smaller Zr-rich precipitates on the order of 5-10 
nm in size. These are absent in Zone 1 and 2 wherein the microstructure was dominated by the 
relatively larger Zr precipitates. This may be caused due to the temperature gradient across the fuel 
pin as seen in Figure 2 with a temperature difference of 125 °C from Zone 1 to Zone 3. A probable 
coarsening of these precipitates has taken place in Zone 1 and Zone 2 as compared to zone 3 where 
smaller precipitates are observed at a lower temperature zone. These observations pertain to the Zr 
rich precipitates observed within the APT datasets. However, as seen in Figure 3, larger (bcc γ2) 
precipitates were also seen in Zone 3. Since the field of view in APT is not as large as TEM or 
SEM, it fails to give an overview of the entire microstructure. The smaller Zr precipitates seen in Zone 
3 (Figure 8) are also enriched with around 75 at. % of Zr and 8-10 at.% of U with fission products 
accounting for the remaining 10-15 at.%. The denuded zone of Zr and enrichment of U around the 
larger Zr precipitates is absent in Zone 3 as seen in Figure 8(b). Consistent with zone 2, 
concentration of Mo within the Zr rich precipitates is higher as compared to Ru and other fission 
products. No diffraction spots were identified for these nano Zr precipitates in the previous study 
[17]. However, the overall similar morphology and chemical composition of these Zr precipitates 
indicates that they are the same phase and confirmed by TEM in the current studies as bcc γ2 phase 
for Zone 1. Care must be taken when comparing these results to the overall Zr redistribution across 
the fuel pin cross-section since these are small APT volumes used for Zr precipitates and fission 
products quantification and not representative of the entire zone. 

Iron (Fe) impurities are also observed within the APT datasets. These are mainly introduced into 
the system during the fabrication process. Fe is present in both phases (α- U and Zr-rich 
precipitates), although its concentration was slightly higher within the Zr precipitates (~0.1 at.%). 
The spatial distribution of Fe can be found in the Supplementary Information (S3).  
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Figure 6. Sliced APT reconstruction of Zone 2 tip showing (a) major element atom maps (U in yellow and 
Zr in green) along with an iso-concentration map of 35 at.% Zr (in black) with Ru atom map in red and Mo 
in blue. Corresponding proxigram plots showing (b) Zr and U and (c) distribution of fission products across 
the Zr precipitate interfaces. The slice thickness is 15 nm. 

 

 

Figure 7. 1-D concentration profile of a cylinder (shown as a black arrow) with a diameter of 20 nm across 
Zr precipitates and U rich region in Zone 2. APT dataset clearly showing the Zr-rich precipitate and the α- 
U fuel matrix. The fission products distribution is very similar to proxigram estimates seen in Figure 5, 
Figure 6 and Figure 8. 
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Characterization of fission products is essential in the assessment of fuel performance under 
varying irradiation conditions as it is the primary contributor to fuel swelling. Solid fission 
products are also responsible for the chemical attack on claddings commonly seen in U-Pu-Zr and 
U-Zr metallic fuel. This can lead to an increase in local cladding stress, limiting the life of fuel 
[59]. As seen from the APT figures, most of the Zr precipitates have Ru and Mo as the primary 
fission products. Previously, ZrRu precipitates were observed in ternary U-Pu-Zr and U-Pu-Zr-
MA (minor actinides) fuels [50, 52, 60]. Depending on the location within the fuel sample, the 
ZrRu precipitates are associated with different fission products within the fuel interiors. The 
majority of these Zr precipitates are interconnected which was not straightforward to visualize in 
the APT maps of Figure 5, Figure 6 and Figure 8. Although majority of the solid fission products 
are accumulated within the FGP, which is much larger in size compared to these nanoprecipitates, 
it is interesting to note that elemental mapping clearly shows the fission products being entrapped 
within Zr-rich precipitates. Multiple studies on binary systems of U-Ru and U-Mo obtained from 
thermal analysis have been carried out previously suggesting low solubility of Ru and Mo in α-U 
(<0.5 at.%) [61, 62]. Many of the fission products identified within the current work are transition 
metals and chemically similar (Mo, Ru, Rh), indicating that due to low solubility of these elements 
in α-U, they possibly precipitated out of α-U and segregated to regions enriched with Zr during 
phase transformation. To the best of the authors knowledge, direct kinetic studies on the solubility 
and mobility of these fission products in U-Zr systems is sparse and is worth investigating in future 
studies. 

The complementary techniques used within this study (SEM/TEM/APT) observe similar trends at 
reducing scale, though there are some differences due to the changing nature of the field of view 
and resolution. This is mainly due to the small region being analyzed by APT which focused 
mainly on the chemical distribution across Zr nano precipitates and not the entire zone. This study 
aims at studying the chemistry of the high number density of nano Zr precipitates along with fission 
product distribution across the α-U matrix and Zr rich regions which is extremely challenging to 
quantify using the TEM due to large uncertainty from the convoluted EDS signal for small 
precipitates embedded in the matrix. This study is significant for the qualification of advanced 
reactors as it provides a deeper understanding of the microstructural changes and constituent 
redistribution within metallic U-Zr fuel during irradiation. One of the primary challenges with the 
U-Zr fuel system is understanding the effects of temperature gradients and irradiation conditions 
on the redistribution of elements such as Zr and U. These redistributions can significantly impact 
the fuel's performance (thermal properties), integrity (mechanical properties), and overall safety 
during reactor operation. Constituent redistribution in metallic alloy fuels causes radial changes in 
phase compositions, impacting local power production and resulting in variations in irradiation 
behavior such as swelling, fission product generation/distribution, and mechanical, physical and 
thermal properties. Understanding and predicting this behavior is crucial for interpreting overall 
fuel performance during operation. Our findings provide initial groundwork for future analysis of 
phase evolutions and their implications on microstructure and mechanical/thermal properties. This 
information enhances our understanding of metallic fuel performance and aids in designing 
improved fuels for advanced nuclear reactors. 
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Figure 8. APT reconstruction of Zone 3 showing (a) major element atom maps (U in yellow and Zr in green) 
along with an iso-concentration map of 35 at. % Zr (in black) with Ru atom map in red and Mo in blue. 
Corresponding proxigram plots showing (b) Zr and U and (b) distribution of fission products across the Zr 
precipitate interfaces. The slice thickness is 13 nm. 

 

3.4 235U consumption estimation by APT 
 

The burnup of nuclear fuel is related to the energy produced per mass of fuel and directly impacts 
the fission product production and fuel microstructural evolution. It is essential to predict the 
changes in fuel microstructure and composition as a function of burnup for the safe operations of 
the reactor. The qualification and performance of the fuel is also assessed based on several 
parameters: the burnup being one of them making it an important parameter for nuclear fuels. 
Different methods have been used previously to determine the burnup of irradiated fuels such as 
gamma spectroscopy [63-66], plasma atomic emission spectroscopy [67, 68] and wet chemistry 
methods [69-71]. These methods each have limitations and merits for accurate quantification. 
Some of the methodologies use fission products like Nd148 and its different isotopes as a suitable 
candidate for burnup estimation. This is due to Nd not being radioactive and it can be determined 
by isotope dilution mass spectroscopic methods [71]. However, the above-mentioned 
methodologies are time-consuming and expensive. Additionally, these methods create substantial 
amounts of radiological waste, and the consistency of burnup measurements depends on an 
accurate quantification of fission yields. Previously, the local burnup of fresh and irradiated fuels 
for both intermediate and high burnup was estimated using APT quantification of U isotopes [20]. 
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The atom probe allows the quantification of local variation of chemistry with high spatial 
resolution and can be applied to different isotopes in the case of nuclear fuels.  

 

Figure 9. (a) Schematic of burnup analysis estimation using mass spectrum of APT dataset. Individual 
peak identification and fitting for (b) Zone 1, (c) Zone 2 and (d) Zone 3.  

 

In the present study, the local consumption of 235U in Zone 1, 2 and 3 is determined using the U3+ 

isotopes. Specifically, U3+ isotopes are used for the quantification although U2+ charge state in the 
APT mass spectrum has better peak separation and isotopic identification. The U2+ charge state is 
avoided due to the overlapping peaks of hydrides from the 234U isotope. This implies that 235U2+ 
will have a hydride contribution from 234U2+ making deconvoluting complicated. When 
considering U3+ charge state, there is no peak overlap with hydrides and the peaks can be easily 
separated as seen in Figure 9. Previous studies have estimated the 𝑈𝑈235 consumption which implies 
the ratio of  235U consumed by fission to the 235U present at the beginning of life. This is commonly 
referred to as the burnup for the Materials Test Reactor (MTR) fuels [20]. 
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However, for Gen IV reactors metallic fuels, the burnup is reported in terms of fissions per initial 
metal atoms (FIMA) or the ratio of the amount of 235U that is consumed to the sum of 235U and 
238U present at the beginning of life. In order to convert the enrichment into a more representative 
235U consumption value as reported in [14], we must multiply it with the initial enrichment and is 
given as follows: 

 
𝑈𝑈235 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =  
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(1) 
 

where �𝑈𝑈235 𝑈𝑈235 + 𝑈𝑈238� �
𝐵𝐵𝐵𝐵𝐵𝐵

is the enrichment of the fuel and EOL is the end of life. The beginning of 

life (BOL) ratio for 235U and 238U are extracted from the initial enrichment of 235U mentioned in 
Section 2.1. 

The calculated 𝑈𝑈235 consumption using equation (1) is 36.5 ± 0.2 % for Zone 1, 41.3 ± 0.2 % for 
Zone 2 and 33.5 ± 0.2 % for Zone 3 indicating that the consumption does not vary much from one 
zone to the other while the microstructure is evolving. We utilize the calculated 𝑈𝑈235 consumption 
in Equation (2) to compare it with the simulated burnup estimations as reported in [14]. The 
corresponding burnup values for Zone 1, 2 and 3 is 11.82 at. %, 13.39 at. % and 10.84 at. % 
respectively. However, care must be taken while interpreting these results since APT data 
acquisitions for the current fuel are performed in laser mode resulting in a prominent thermal tail 
for 𝑈𝑈2383+  observed in various other alloy systems [72, 73]. Previous studies [20] showed voltage 
mode offered significantly lower background noise and thermal tails (delayed signal) as compared 
to laser mode. The presence of thermal tail contributes to the background close to the mass peaks. 
It is observed that 𝑈𝑈2383+  is particularly sensitive to the burnup estimation using equation 2) based 
on its range. Additionally, the burnup is computed on small APT volumes and was not 
representative of the entire Zr redistribution for different zones as seen in Figure 1.  

An in-house developed dynamic peak fitting toolbox is applied to systematically disentangle the 
distinct contributions of individual uranium isotopes. More details about the toolbox can be found 
in this paper [74]. This tool employs statistical methodologies, incorporating both Johnson and 
Cauchy probability distribution functions (PDFs) replicating the nuanced peak shapes observed in 
APT across different operational modes, such as voltage and laser settings. Specifically, the 
Cauchy distribution is selected to emulate symmetrical peaks associated with voltage mode, while 
the Johnson distribution is tailored to effectively capture the thermal tail characteristic of laser 
mode peaks. The relative weighting of each distribution is based on the initial peak morphology, 
thereby minimizing the fitting error. The dynamic peak fitting toolbox employs a systematic four-
step process for the deconvolution of overlapping peaks. First, unsampled raw time-of-flight 
(TOF) data is obtained from the acquired APT dataset. Subsequently, the second step involved the 
estimation and subtraction of background signals from the TOF data. The third step includes the 
identification, isolation, and amalgamation of overlapping peaks into discrete regions of interest. 
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The final step involves the deconvolution process, elucidating the individual contribution of each 
peak within the designated region of interest. These four steps resulted in the quantification of 
counts corresponding to individual peaks, as prominently depicted in Figure 9 b-d. The counts 
associated with individual peaks are used for subsequent burnup calculations. Considering the 
uncertainties both from the burnup estimations and Byson simulations, a reasonable agreement 
between the values is reported here further supporting the use of APT as a technique to quantify 
the burnup not only for the MTR fuels but also for Gen IV metallic fuels. 

The formation of Zr redistribution is a known phenomenon in multiple Zr fuels such as U-Zr and 
U-Pu-Zr, however, experimental evidence is scarce [18, 30, 45]. From previous studies, it was 
inferred that temperature gradient plays an important role in the formation of redistribution zones 
across the fuel pin. Burnup appears to have a negligible role in dictating the redistribution as seen 
in this study. All three zones showed similar 235U consumption and fission product distribution 
with variations in microstructural features. This in turn indicates the burnup to be similar in the 
three Zones and hence the Zr redistribution is mainly attributed towards temperature gradient than 
burnup. Additionally, previous studies have also shown maximum Zr concentration in the center 
zone (Zone 1) at very low burnups (5 at.%) [48] indicating redistribution is relatively rapid and 
essentially complete by 5 at.% burnup. This confirms the effect of temperature and time to be key 
factors in determining the different zone distribution as indicated in other studies [45, 48]. The 
high-resolution characterization of Zr-rich nanophases in this study provides valuable insights into 
the fission product distribution across Zr-rich phases seen throughout the fuel pin generating an 
accurate description of the U-10Zr fuel behavior under irradiation along with fuel development 
and qualification of advanced reactors.  

4. Conclusions 
In conclusion, the high-resolution nanoscale microstructural characterization of Zr redistribution 
in a Na-bonded solid U-10Zr fuel pin irradiated in the FFTF reactor was carried out using SEM, 
TEM and APT. In addition to microstructural studies, chemical analysis of fission products and U 
isotope quantification were conducted using mass spectrometry from APT. The study identified 
Zr-rich nano precipitates across all three zones, with Zone 2 showing the highest volume fraction. 
These precipitates, embedded within a U-rich α-U matrix, contained high concentrations of fission 
products such as Ru and Mo, which increased with the volume fraction of the precipitates. The 
relatively constant 235U concentration throughout the fuel pin suggests that Zr redistribution is 
primarily driven by temperature gradient rather than by 235U consumption due to fission reactions. 
This research enhances the understanding of the different phases within the fuel pin and supports 
the development of thermodynamic models to better predict U-10Zr fuel behavior under various 
irradiation conditions. This study provides essential data for modeling and simulation efforts to 
predict the long-term performance and ensure the safe operation of nuclear fuels. 
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