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Abstract 

This study investigated possible failure modes in U-10Mo monolithic fuel irradiated to  

very-high-burnup. The U-Mo fuel plate used in this study was characterized using scanning 

electron microscopy, wavelength dispersive spectroscopy, and image analysis techniques to 

determine how cracks may initiate and propagate through the microstructure. Fission gas pore 

(FGP) growth was observed near the U-10Mo/Zr interface, and interconnection of the developed 

pores was observed 5-15 microns away from the U-Mo/Zr interface. The growth, alignment, and 

interconnection of FGP could initiate blistering of the fuel plate by creating a gas channel for 

fission gas release along the length of the U-Mo/Zr interface. Due to a grain refinement process 

that occurs in this fuel at high burnup, the irradiated grain sizes were observed to be at least 20× 

less than the starting as-fabricated grain size, and the FGP development was most extensive near 

crack-like defects in the microstructure.  

1. Introduction 

The United States High Performance Research Reactor (USHPRR) fuel qualification program is 

qualifying U-Mo fuel for the conversion of high-performance research and test reactors  from high-

enriched uranium to low-enriched uranium (LEU) [1,2]. U-10Mo monolithic fuel plates are 

identified as a promising LEU fuel because of their high uranium loading [3,4]; the fuel consists 

of a uniform U-10Mo foil and Al6061 aluminum cladding. A zirconium (Zr) diffusion barrier was 

added to the fuel design to minimize the chemical interaction between the U-10Mo and the 

aluminum alloy cladding [5–7]. Irradiation produces a combination of effects including the 

generation of fission heat that results in a non-uniform temperature distribution and the 

accumulation of solid and gaseous fission products in the fuel foil which leads to swelling and a 

reduction in the fuel’s thermal conductivity [8].  Generally, the U-10Mo fuel exhibits stable and 

predictable irradiation behavior for application in HPRRs; however, nuclear fuels must exhibit an 

adequate margin to fuel failure during off-normal irradiation conditions [9]. Historically, the 



margin to failure has been studied in U-Al dispersion fuels via blister testing [10]. Blisters are 

formed on the fuel plate when transient conditions(under-cooled or over-power) result in a rise 

in temperature exceeding the critical threshold [11]. Studies have investigated the blister-threshold 

temperature by performing post irradiation heating to discover what temperature results in 

dimensional instability due to fission gas release [9]. A rise in temperature can result in  

blister-encouraging effects including (1) stress relaxation in the aluminum cladding due to 

differential thermal expansion, (2) cladding softening, (3) increased mobility of fission gases, and 

(4) FGP pressure increase [11]. Blisters are raised regions on the fuel surface that occurs in 

response to plastic deformation of the aluminum cladding due to large  FGP pressure in the fuel 

meat and/or buckling of the cladding over regions containing damaged fuel [9,11]. The 

temperature threshold for blistering is conditional to burnup. Continual irradiation results in the 

degradation of the fuel plate’s mechanical properties due to the accumulation of damage, fission 

products, and pressure in the FGPs. With an increase in the fuel plate temperature, there is a greater 

thermal expansion in the aluminum cladding than in the fuel meat due to differences in the thermal 

expansion coefficients [11]. The expansion of the aluminum cladding induces tension into the fuel 

meat because of the release of the compressive stresses built up in the cladding. Temperature rises 

can also contribute to slight FGP expansion and could result in the formation of microcracks in the 

fuel phase [11]. Medvedev et al. proposed that cracking in the U-Mo fuel zone comes from the 

high porosity and high thermal stresses during reactor shutdown [12]. A comprehensive 

understanding of the microstructural response during transient events is necessary for 

understanding U-Mo fuel behavior. To investigate the failure modes in irradiated monolithic  

U-10Mo fuel at high burnup, this study used electron microscopy techniques and image analysis 

to characterize a fuel plate that contained high-enriched uranium and was irradiated beyond the 

fission density that an LEU fuel could achieve 6×1021 fissions/cm3 [13]. 

2. Material history  

The monolithic mini fuel plate, L1P7A0, investigated in this study was irradiated in the advanced 

test reactor as a part of the Reduced Enrichment Research and Test Reactors (RERTR)-12 

campaign. Because one of the goals of the irradiation campaign was to understand blistering 

behavior in U-Mo fuel beyond the typical burnup threshold for low enriched (<20% U235) U-Mo 

fuel, highly enriched (≥20% U235) U-Mo fuel was utilized to achieve very high burnup 

microstructures. Sample MNT28W was obtained as a cross-section of its parent plate, L1P7A0. 



Figure 1 illustrates the cutting diagram showing where the MNT28W cross-section was obtained, 

and Figure 2(a) shows the surface of the MNT28W cross-section that is examined in this study. 

The L1P7A0 fuel plate has an average fission density exceeding 100% of the burnup achievable 

by a low enriched U-Mo. Such a high burnup is accomplished by using 69.6% 235U in this fuel 

plate. The fabrication of fuel plate L1P7A0 involved co-rolling a U-10Mo foil and Zr on either 

side of the foil and then applying the Al6061 cladding via hot isostatic pressing. The L1P7A0 fuel 

plate was irradiated in the Z3 capsule in the advanced test reactor (ATR) and had an average fission 

density of 7.7×1021 fission/cm3 and a peak fission density of 9.25×1021 fission/cm3. Detailed 

irradiation conditions can be found in Ref [14]. Table 1 summarizes the typical RERTR-12 

fabrication conditions, and Table 2 summarizes the irradiation conditions of the monolithic U-Mo 

fuel investigated in this study.  

 

Figure 1. Cutting diagram of L1P7A0 showing where fuel miniplate cross-section MNT28W was 
obtained. 

 



Table 1. Summary of typical RERTR-12 fabrication conditions. 

Fabrication parameters L1P7A0 (U-10Mo/Zr) 

Feed stock INL HEU 

Enrichment 69.6% 

Targeted foil thickness, 

including Zr   

300 ± 25 µm 

Hot rolling passes 9 

Max hot rolling reduction  40% 

Total hot rolling reduction  85% 

Post hot rolling annealing at 

650C 

45 min 

Cold rolling passes 4  

Total cold rolling reduction  20% 

Total time at 60C 125 min 

HIP run temperature 560 C 

HIP run pressure  103 MPa 

HIP bonding time at 560C 90 min 

HIP run variables Six plates per HIP can 

 

Table 2. Summary of irradiation conditions. 

Irradiation conditions L1P7A0 (U-10Mo/Zr) 

Fission power density 12720.43 W/cm3 

Fission Heat Rate 882.41 W/g 

Fission Density (averaged) 7.711021 fissions/cm3 

Capsule Cumulative 

Effective Full Power Days 

137.2 

 

 



3. Experiment 

Optical microscopy was used to image the MNT28W complete fuel cross-section. Four  

large-area lift-outs (LALOs) were cut from the MNT28W fuel cross-section using the plasma 

focused ion beam (PFIB) instrument located in the Irradiated Materials Characterization 

Laboratory (IMCL) at Idaho National Laboratory (INL). The PFIB was used to create LALOs 

representative of specific microstructures for chemical and physical characterization of the fuel 

cross-section, unperturbed by mechanical polishing. The process of preparation of the LALOs is 

similar to that of a transmission electron microscopy (TEM) sample or lamella [15]. However, the 

surface area of the LALOs is larger than that of a TEM lamella, averaging 25µm × 22µm × 4µm 

in this work compared to a typical TEM lamella of 20m  10m  100nm [15]. The scanning 

electron microscope (SEM) equipped with wavelength dispersive spectroscopy (WDS) capability 

was used to obtain back scattered electron (BSE) micrographs, secondary electron micrographs 

and chemical composition maps. SEM imaging and analysis provides insight into the development 

of FGPs in the microstructure as well as the distribution and behavior of fission products in the 

fuel matrix. The FGPs were characterized using the FGP graphical user interface (FGP-GUI) 

image processing [16,17] . The FGP-GUI uses a series of image processing functions to isolate 

and segment the FGPs in irradiated U-Mo specimens. To reduce the noise in the micrographs, the  

FGP-GUI first uses the bilateral filter function to replace each pixel intensity with a weighted 

average of the intensity of the neighboring pixels. Subsequently, sauvola thresholding is employed 

to perform FGP segmentation by defining a threshold for each pixel to generate a binary image 

based on stable variable contrast regions. After sauvola segmentation, the despeckle function 

removes small clusters of pixels in the binary output prior to filling partially segmented FGP 

features. Lastly, the border pixel function clears FGP features that are in direct contact with the 

micrograph borders to eliminate partial or cut off FGPs during acquisition. 

 

4.  Results and discussion 
4.1  Microscopy 

Optical microscopy was performed to provide an overview of the transverse cross-section of 

the fuel plate; the individual optical micrographs were stitched to create Figure 2. Figure 2(a,b) 

reveals an extended crack along the transverse length of the fuel plate near the U-Mo/Zr interface. 



The initiation and growth of cracks is suggestive of interconnection of porosity and fission gas 

release in the fuel region. However, the brittle nature of the irradiated microstructure combined 

with compressive stresses in the fuel meat released during cross-section preparation may also 

contribute to cracking observed in the fuel microstructure. Although de-bonding/crack formation 

is observed near the Zr diffusion barrier, the cladding was not breached. There are two features 

associated with de-bond formation in Figure 2(a): (1) the existence of large cracks/pores, mainly 

parallel to the U-Mo/Zr interface, and (2) plastic deformation of U-Mo fuel meat. The crack 

parallel to the U-Mo/Zr interface extended through most of the width of the fuel zone and 

terminated at the plate edge.  

The crack in Figure 2(b) is ~100 microns wide and >10mm long. The presence of the crack 

may explain abnormal swelling behavior observed in the fuel plate. The Helios PFIB SEM was 

used to create ~24µm ×15µmLALOs to investigate the fuel microstructure in two main regions: 

region A and region B illustrated in Figure 2(c). LALO A1 was obtained within 2mm of the fuel 

edge in region A which means that A1 represents the microstructure at the plate edge where there 

appears to be some swelling restriction. A1 was obtained such that the U-Mo fuel phase and the 

U-Mo/Zr interface were captured. Three additional LALOs were extracted from region B: (1) B1 

captures U-Mo fuel phase and U-Mo/Zr interface, (2) B2 captures U-Mo fuel phase, and (3) B3 

captures U-Mo fuel microstructure within 5µm of the crack.  



 

Figure 2. Stitched optical micrographs showing an (a) overview of the fuel miniplate, (b) crack 
along the transverse cross-section, and (c) regions where LALOs were obtained for SEM and 

WDS analysis. 

Figure 3 highlights the four LALOs using BSE micrographs representative of the 

microstructures from A1, B1, B2, and B3. The BSE micrographs allow visual assessment of the 

microstructure where refined U-Mo grains can be seen inside the FGPs in  

Figure 3. The refined grains have undergone grain subdivision from the original as-fabricated size 

between 5µm and 10µm and is further discussed in the high burnup structure section. Recall that 

A1 was extracted near the fuel plate edge where swelling appears restricted likely due to constrain 

from the cladding [11]. Sample A1 reveals the microstructure of the interface between the U-Mo 

fuel phase and the Zr diffusion barrier such that there is some diffusion of the Zr into the fuel, 



possibly caused by the compression of the cladding rails during neutron irradiation. Prior to 

irradiation, the U-Mo/Zr interface consists of three major sub-layers: UZr2, Mo2Zr, and U with 

low Mo [18]. During irradiation, the UZr2 sub-layer remains stable without the accumulation of 

large porosity; however, with increasing burnup, the UZr2 sub-layer becomes increasingly 

discontinuous [18]. On the other hand, the low Mo sub-layer exhibits high porosity at low burnup. 

At higher burnups, the low Mo sub-layer develops large interconnected porosity at least 5µm away 

from the original location of the sub-layer [18]. 

 

Figure 3. BSE micrographs showing the microstructure of (a) the fuel phase in region B and the 
U-Mo/Zr interface at region A. Arrows show interconnected pores. 



 

The fuel microstructure in A1 shows the distribution of nm-sized up to µm-sized FGPs 

where the larger µm-sized pores are seemingly parallel approximately 5-10µm from the Zr barrier. 

Similarly, sample B1 was extracted to assess the interface between the U-Mo phase and the Zr 

diffusion barrier, with the exception that sample B1 was taken >2mm away from the fuel plate 

edge. Based on the BSE micrograph provided in Figure 3 on B1, there was interdiffusion of U, 

Mo, and Zr; however, interdiffusion of U, Mo, and Zr is not as extensive as observed in A1.  

Like sample A1, an alignment of larger FGPs is observed 5-10 µm away from the Zr 

diffusion barrier in B1. Further, there is evidence of FGP interconnection shown by the white 

arrows in Figure 3. The alignment and interconnection of the FGPs near the U-Mo/Zr interface 

could have been a pre-cursor to the formation of the 100µm-wide crack that extends along the 

transverse cross-section of the plate between the U-Mo phase and the Zr diffusion barrier in Figure 

2. Interestingly, FGP interconnection is also observed in sample B2; however, it is observed to a 

lesser extent in comparison to sample B1. The alignment of FGPs near the U-Mo/Zr interface in 

B1 was further investigated using the secondary electron (SE) micrograph in Figure 4. Continued 

preferential alignment of larger FGP structures parallel to the Zr diffusion barrier was observed up 

to 15 µm away from the Zr barrier.  

Finally, the microstructure of sample B3 is also interesting because the sample was 

obtained within 5µm of the crack extension in the parent fuel plate. As such, the proximity to the 

crack allowed some propagation in sample B3. Figure 5 shows a BSE micrograph of sample B3 

revealing the micro-crack trails interconnected via FGPs indicated by white arrows. Like B2, 

sample B1 was obtained from the U-Mo fuel phase and reveals the behavior and morphology of 

the FGPs. Sample B3 in Figure 3 reveals the propagation of a small crack through the 

microstructure such that the crack infiltrates the FGP periphery. It is also important to note that 

the FGPs do not seem to be interconnected, which suggests that crack propagation can occur 

without FGP interconnection in the fuel phase. Based on the microstructures presented in Figure 

3, it is believed that interconnection and alignment of FGPs near the U-Mo/Zr interface is the 

precursor for crack formation in U-Mo. 

 



 

Figure 4. SE micrograph illustrating the preferential alignment of large FGP structures parallel to 
the Zr diffusion barrier in sample B1. 

 

Figure 5. BSE micrograph illustrating micro-cracks through the FGPs in B3. 



4.2  High burnup structure 

The four LALOs in this study exhibited high burnup structure (HBS). HBS describes the 

result of the restructuring process during irradiation to high burnup. The HBS is characterized by 

the redistribution of fission gases and extended defects, as well as grain subdivision [19]. Prior to 

irradiation, the starting grain size ranged from 510 µm [5]; however, after irradiation, the grain 

sizes were reduced to range from 0.2-0.5 µm. Studies have shown that polygonization  the 

arrangement of dislocations  into dislocation walls that form small energy and low-angle grain 

boundaries (LAGBs) (with < 15 ° misorientation) with slightly misoriented subgrains between the 

low angle dislocation walls - leads the restructuring process [19,20]. However, recent studies 

theorize that dynamic recrystallization is also an active mechanism and that polygonization and 

dynamic recrystallization occur in tandem [19]. Figure 6 reiterated the overview from which the 

LALO sample A1 and B1 were extracted using the optical micrograph provided in Figure 2(c) in 

addition to BSE micrographs acquired at high resolution. A closer look at the LALOs extracted 

near the U-Mo/Zr interface in Figure 6 shows what appears to be grain boundaries indicated by 

the blue arrows. It is difficult to visually distinguish between the FGP sizes of A1 and B1. 



 
Figure 6. Comparison of irradiated fuel microstructure near the U-Mo/Zr interface in sample A1 

and sample B1 with arrows pointing to the intersection of multiple refined grain boundaries. 

 

The BSE micrograph in Figure 6 shows the inclusion of structures, presumably refined  

U-Mo grains due to the lighter contrast, which is an indicator of a high atomic number in BSE 

analysis within the FGPs. Further, a halo structure around the FGP periphery is observed. The 

irradiated grain sizes were at least 20× less than the starting as-fabricated grain size. The FGPs are 

visually larger than the refined grains; however, there exists smaller FGPs that accumulate along 

the refined grain boundaries and at triple junctions. FGP growth is evidently favored at the triple 

junctions while the finer FGPs align along the refined grain boundaries.  

The LALOs extracted in the U-Mo fuel phase were also investigated at a higher resolution 

in Figure 7. Figure 7 reiterated the overview from which the LALO B2 and B3 were extracted 

using the optical micrograph provided in Figure 2(c) in addition to BSE micrographs acquired at 



high resolution. The HBS of B2 and B3 is not significantly different from that of A1 and B1. One 

of the first observations was the FGP size difference between B2 and B3, where B2 exhibited 

smaller FGP sizes compared to B3.  

 

Figure 7. Comparison of irradiated fuel microstructure in the U-Mo fuel phase in sample B2 and 
sample B3 with arrows pointing to the intersection of multiple refined grain boundaries. 

The location where the LALOs were obtained could explain the discrepancy in FGP size between 

B2 and B3. B3 was extracted within 5µm of the crack near the bottom lane of the fuel plate while 

B2 was extracted approximately 50µm away from the nearest crack. Damage and fission gas 

accumulation is higher in B3 due to its proximity to the extended crack, which is believed to 

contribute to FGP expansion observed in B3. The refined structures observed in A1 and B1 are 

also present in B2 and B3 and will be discussed in the chemical analysis results. The refined grain 



boundaries are highlighted in Figure 7 for B2 and B3. The same behavior at A1 and B1 is 

documented in B2 and B3 where finer FGPs align along the refined grain boundaries while larger 

FGPs are found at triple junctions. FGP growth is observed to be accelerated at triple junctions. 

4.3  Fission gas pore morphology 

The morphology of the FGPs in the four samples is more clearly summarized using the BSE 

micrographs in Figure 8. The first row provides micrographs of the FGP microstructure in A1, the 

second row shows B1 FGP microstructure, the third row shows B2, and the final row shows B3. 

The FGP morphology was quantitatively assessed using the FGP-GUI [21]. Table 3 summaries 

the FGP morphology including the porosity, area, diameter, and eccentricity. Sample A1 possessed 

the lowest porosity and FGP size of all four LALOs, presumably because A1 was extracted from 

the fuel plate edge within 2mm of the fuel plate edge. Swelling at the plate edge is believed to be 

counteracted by the compressive stresses of the cladding rails that held the fuel plate in place 

during neutron irradiation. On the other hand, the porosity of the LALOs in region B were very 

similar averaging at 34.78%. Interestingly, although the porosity among B1, B2, and B3 is similar, 

the FGP size varies distinctly. The largest FGP sizes were observed in B3, likely because B3 was 

extracted from within 5µm of the crack shown in Figure 2(c). The second largest FGP sizes were 

observed in B1 near the U-Mo/Zr interface. The alignment of large porosity near the U-Mo/Zr 

interface as shown in Figure 4, is a contributor of the FGP size in B1. Of the LALOs extracted 

from region B, sample B2 exhibited the smallest FGP size. B2 was retrieved from the U-Mo fuel 

phase ~50 µm from the nearest crack. The influence of eccentricity appears insignificant as the 

four LALOs investigated in this study is consistently 0.6.  



 

Figure 8. FGP microstructure in A1, B1, B2 and B3. The first, second, third and fourth row 
correspond to samples A1, B1, B2, and B3 respectively. 

 

Table 3. FGP morphology summary. 

Mean parameters A1 B1 B2 B3 

FGP porosity (%) 27 34.7 34.6 34.8 

FGP area (µm2) 0.30  0.38  0.34  0.45  

FGP diameter (µm) 0.43  0.52  0.52  0.6  

FGP eccentricity 0.62 0.60 0.62 0.60 

 



4.4  Chemical composition 

The elemental distribution of the fission products and some impurities in samples A1, B1, 

B2 and B3 were assessed using WDS characterization. The crack extended for most of the 

transverse length of the fuel plate but, eventually, reduced in thickness and came to a halt as it 

approached the fuel plate edge. It was of interest to assess the fission product behavior at the plate 

edge, i.e., sample A1. Figure 9 reiterates the microstructure of A1 in addition to the associated 

WDS chemical maps which highlights fission product behavior. The WDS map for sample A1 in 

Figure 9 investigated the distribution of oxygen (O), iron (Fe), strontium (Sr), zirconium (Zr), 

molybdenum (Mo), tellurium, xenon (Xe), cesium (Cs), barium (Ba), cerium (Ce), neodymium 

(Nd) and uranium (U).  

 

Figure 9. BSE micrographs and WDS chemical maps of sample A1 



Figure 9 shows that most of the fission products appear to remain in the U-Mo fuel phase 

in A1 except for Xe and Cs. Although Sr, Te, Ba, and Nd exclusively remain in the U-Mo fuel 

phase, their interaction within the fuel phase is such that they overlap. For example, Ba and some 

Xe is seemingly coated or trapped by Nd because there is some overlap in WDS signals for Ba, 

Xe and Nd. Studies suggest that > 4at.% Xe it can get trapped in solid fission product inclusions 

in the fuel matrix [4]. It is possible that Xe precipitates in Figure 9 are trapped inside an enclosed 

bubble or a solid fission product inclusion near the section surface. On the other hand, Cs can be 

found in both the Zr diffusion barrier and the U-Mo fuel phase. Xe and Cs penetrated the Zr 

diffusion at least 4µm in A1. The penetration of the fission products like Xe and Cs into the Zr 

barrier could be because of irradiation-enhanced diffusion or recoil. Nonetheless, the thickness of 

the Zr barrier is adequate for limiting fission product penetration. Figure 9 confirms the 

interdiffusion of U, Mo, and Zr. O is an impurity that appears to have an affinity to the fission 

products in the U-Mo fuel phase. It is important to note that Fe is an intrinsic impurity in both Zr 

and Mo, which explains why Fe impurities were observed both in the U-Mo fuel phase and the Zr 

barrier.  

Like sample A1, B1 was obtained at the U-Mo/Zr interface, with the exception that B1 was 

away from the fuel plate edge. Recall that FGP alignment and interconnection were observed 

parallel to the U-Mo/Zr interface. Figure 10 shows the WDS chemical maps taken from sample 

B1. Nd, Cs, and Xe showed the strongest fission product signals in B1. The distribution of fission 

products in sample B1 is like that observed at the U-Mo/Zr interface in sample A1. Xe is trapped 

in the Zr diffusion barrier likely from recoils and diffusion. Xe gas penetrated within 4µm of the 

Zr diffusion barrier in B1. It is known that most of the Xe produced is kept in the fuel matrix; 

however, it is a challenge to detect the Xe in WDS when the microstructure is high in porosity. 

The Xe being detected are those which are likely enclosed in a bubble structure or solid fission 

product inclusion very close to the focused ion beam (FIB)-sectioned surface but not directly 

intersected with the surface. Nd exhibited the fission product highest concentration in the U-Mo 

fuel phase at the FGP sites. Fe enrichment is observed at the U-Mo/Zr interface; however, the 

influence of Fe on microstructural degradation appears to be trivial.  

 



 

Figure 10. BSE micrographs and WDS chemical maps of sample B1. 

 

Sample B2 captures the U-Mo fuel phase microstructure away from the U-Mo/Zr interface. 

FGP interconnection is evident in B2; however, it is less dramatic than the FGP microstructure at 

the U-Mo/Zr interface in B1. Figure 11 provides the WDS chemical maps showing the 

compositional distribution in B2. As shown in the WDS map, of the detected fission products, Nd 

chemical signal was highest in the U-Mo fuel phase. Xe and Cs are less concentrated and faintly 

distributed in the U-Mo fuel phase compared to Nd. The low concentration of Xe and Cs in the 

fuel phase is likely due to fission gas released during FIB preparation. The segregated signals 

observed are possibly due to the enclosure of the fission products in a bubble defect or solid fission 

product inclusion. Figure 11 also shows evidence of Mo chemical banding and diffuse  



low-concentration Zr in the fuel matrix. The periphery of the FGPs in the fuel phase appears to be 

oxidized. 

 

 

Figure 11. BSE micrographs and WDS chemical maps of sample B2. 

 

Like sample B2, sample B3 depicts the microstructure of the U-Mo fuel phase; however, 

B3 was obtained within 5µm of the crack shown in Figure 2(c). The crack propagates through the 

microstructure via the existing FGPs facilitating the release of fission gases. The compositional 

distribution in B3 is shown in Figure 12 where phases enriched in Ba, La, Ce, and Pr can be 

observed. The Xe chemical map is like that seen in B1 where the segregated signals are enclosed 



possibly by a bubble defect, the majority of the Xe likely escaped during LALO preparation using 

the FIB. The larger 100µm-wide crack that spans most of the transverse length of the fuel creates 

a network of smaller micro-cracks into the fuel midplane. The results showed that large, 

interconnected fission gas porosity can align between 5-15µm away from the U-Mo/Zr interface, 

thereby creating a pathway for cracking to occur in the fuel phase. Phases observed near the  

U-10Mo interface with the Zr diffusion barrier include: UZr2, γ-UZr, Zr solid solution and Mo2Zr 

phases. Small amounts of α-U were also observed in the Mo depleted zone that forms [13]. The 

integrity of the U-Mo/Zr remained intact and was not the identified site for crack initiation in 

monolithic U-Mo fuel. 

 

Figure 12. BSE micrographs and WDS chemical maps of sample B3. 
 

The temperature and stress buildup are highest at and in the vicinity of the large crack, as 

demonstrated by the reduction in FGP size with increasing distance away from the plane of the 



crack. Based on a previous PIE study of other monolithic fuel plates [18], the pre-irradiation 

microstructure at the U-Mo/Zr interface seems to recrystallize later than the bulk of the U-Mo fuel 

meat. In this study, only small, sub-micron bubbles were observed in this interfacial area. The 

stress, fission density, and temperature at the U-Mo/Zr interface, together with the interdiffusion 

of U, Mo, Zr and fission products, will need to be properly understood to explain such behavior. 

No detailed information on the thickness evolution (swelling profile) is currently available. As 

such, further studies on FGP behavior and other factors that could influence crack/void formation 

in the fuel meat are needed. 

5. Conclusion 

Electron microscopy and image analysis were used to investigate the potential failure modes 

in U-10Mo monolithic fuel plates irradiated to a very high burnup exceeding that typically reached 

by LEU fuel. The crack observed along most of the transverse cross-section of MNT-28W is 

believed to have originated from the alignment and interconnection of large porosity near the U-

Mo/Zr interface. The interconnected large pores near the U-Mo/Zr interface are very likely where 

cracks can initiate and grow, and this behavior can be impacted by reactor shutdown stress. All the 

LALOs characterized in this study consisted of developed HBS with very few porous-free regions. 

The irradiated grain sizes were at least 20× less than the starting as-fabricated grain size. FGP 

interconnectivity was evident in all four LALO samples; however, FGP interconnection was more 

dramatic 5-15 µm away from the Zr diffusion barrier. Furthermore, with increasing distance from 

the 100µm-wide crack, there is a decrease in FGP size but not in porosity in the U-Mo fuel phase. 

Fission products, particularly Xe, penetrate the Zr diffusion barrier and are retained there in the 

first several microns of the diffusion barrier. The U-Mo/Zr interface becomes diffuse due to the 

penetration of Zr into the U-Mo fuel zone. An investigation of the creep behavior of the U-10Mo 

along the thickness and width of the fuel meat might provide more insight for fuel-swelling 

behavior and large-porosity formation. 
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