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ABSTRACT

Blister thresholds in fuel elements have been a longstanding performance parameter for 
fuel elements of all types. This behavior has yet to be fully defined for the RERTR U-Mo 
fuel types. Blister anneal studies that began in 2007 have been expanded to include plates 
from more recent RERTR experiments. Preliminary data presented in this report 
encompasses the early generations of the U-Mo fuel systems and the most recent but still 
developing fuel system. Included is an overview of relevant dispersion fuel systems for 
the purposes of comparison.

1. INTRODUCTION 
 
Blister thresholds of fuel elements are a standard by which the safety margin for research and test 
reactor operation is established [1,2,3]. These thresholds can also be indicative of fuel performance with 
respect to fission density. A common blister test method is to heat, soak, remove, visually examine, and 
return sample to furnace at higher temperature if there is no blister [4,5]. The process is repeated until 
the sample has blistered. This blister method was likely used to test most of the dispersion plates from 
1980s Reduced Enrichment Research and Test Reactor (RERTR) plates [1,2,4,6,7] and was applied to 
the U-Mo dispersion and monolithic plates included in this interim report. 

It is assumed that once blistered, the plates are presumed to be at the point of thermally induced 
breakaway swelling as any pores and voids filled with helium, xenon and krypton become 
interconnected and delaminations form [1,3,8]. Pore and void growth is a function of fission density, 
which increases as a function of fuel burn-up due to the creation of fission products that include the 
aforementioned gases. Further, it has been observed in post-irradiation examinations of dispersion U-Mo 
fuels that there is development of such porosity between the fuel and matrix interface [9,10,11]. Similar 
but uncharacterized porosities have been noted at the fuel to clad and fuel to interlayer interfaces in the 



   
 

irradiated monolithic U-Mo fuel system. These porosities agglomerate at higher fission densities 
becoming voids, fill with fission gases and become likely sites for blister formation. Typical behavior is 
for the blister temperature of the fuel to decrease as the fission densities increase during the irradiation 
life cycle of the fuel plate. Therefore, as a failure predictive evaluation mechanism, it is essential that 
these thresholds be defined for the U-Mo dispersion and monolithic fuel systems. 

Recently, a study that began in 2007 was expanded to include more plates from the RERTR experiment 
campaigns. A progressive sampling of archive plates yielded a test matrix that included the early fuel 
system as well as the most recent fuel system. The early monolithic fuel system was comprised of plates 
with no interlayer between cladding and fuel meat, and fuel plates with various thermal spray interlayers 
between the fuel meat and the cladding. Early U-Mo dispersion plates included various levels of Silicon 
(0–5% in matrix material) and powder formation methods. The down-select and recent fuel system is the 
U-Mo monolithic plates with a zirconium interlayer and the dispersion system includes at least 2–5% of 
Si in the matrix material. These initial results will be expanded with a larger sampling of additional test 
plates to be examined through 2011. An overview of common dispersion plates is provided as a means 
of establishing a point of reference for this developing fuel system. 

As much as possible, a like-for-like approach is applied to the comparisons of the blister behaviors of 
the different fuel systems (dispersion to dispersion and monolithic to monolithic). However, since the 
current system of interest is U-Mo fuels the U-7Mo dispersion plates are included in each comparison. 
Data from the U-Mo dispersion and monolithic systems are also plotted as a stand-alone family of 
plates. Blister data from early RERTR dispersion experiments include U3O8, U3Si, U3Si2, and UAlx 
dispersion fuel types shown in Table 1 below. These plates are compiled from several different RERTR 
experiments and subsequent technical reports [1,2,4,6,7] and detail blister temperature and 
corresponding fission densities (FD) for each plate type. These plates represent contributions from 
several different fabricators and irradiation campaigns. Fission densities from the historical dispersion 
plates are transcribed directly from the relevant reports [1,2,4,6,7] so some error in the values should be 
assumed but are not shown due to a lack of information on how the calculations were performed. It is 
presumed that these calculations were performed using Equation 1. [12]. Fission densities for the 
recently tested plates were derived using Monte Carlo N-Particle Transport Code (MCNP) calculations. 
The error for these plates, though not shown, can be calculated using Equation 2. 

FDU � 2.15X1021�UeB  (fissions/cc) (1) 

where FDU  is the fission density for Uranium, 2.15×1021 includes the correction factor 2.562×1021/1+�,
where � is the 235U capture to fission ratio, �U is Uranium density, e is the enrichment and finally, B is 
the burn-up percentage. 

UFD% � (UB%)2 � (U�%)2 � (UE%)2 � (UG%)2

(2)
where UB is derived from values the respective ECAR, As-Built and EDF 
[13,14,15,16,17,18,19,20,21,22], U� is taken from the respective experiment As-Built Data Package 
[14,16,18,19,21,22], UE is taken from the respective As-Built Data Package [14,16,18,19,21,22] and the 
UG is the local to average ratio L2AR  fission rate gradient generated using MCNP [13,15,17,20]. 

Mechanical properties are introduced for consideration of the contribution that the coefficient of thermal 
expansion differences (CTE) between the clad material and the fuel meat [23,24] make towards blister 
behavior. Finite element simulation [23] results of the RERTR U-Mo fuel systems are presented to 
evaluate these differences and the tension/compressive forces likely present during the different thermal 
phases of the blister anneal process. 
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found in addition to an absence of zirconium between the fuel meat and the clad. In this location the 
diffusion kinetics are enhanced by the strain energy imparted to this area by the shearing process 
required to size the foil prior to cladding. This enhanced diffusion process is then initiated during the 
HIP clad bonding process creating an interaction layer(s) between the U-Mo fuel meat and the 
aluminum clad. 

While this may provide a ready location for the differential stresses to manifest at an initiation site for 
crack growth, overall plate performance is still acceptable within current operating conditions. If this 
fuel system was required to perform outside of the present operating conditions, these diffusion effects 
could be addressed by eliminating the shearing requirement by co-rolling the foil to the exact size or 
establishing other methods for coating the exposed foil edges with zirconium to change the diffusion 
effects in this area. 

Figure 6. Plate L1P30Z showing blister formed at 400�C.

Figure 7. Plate L1P10T blister anneal cross-section. 

With the U-Mo monolithic fuel system using the zirconium interlayer, the bond between the zirconium 
to clad and the zirconium to fuel interface remained intact throughout the blister site. The separation 
occurs into the fuel meat as shown in Figure 7 and Figure 8. 

Once the crack is initiated, it traverses across the fuel meat through the inter-metallic layers found ~1–2 
�m into the fuel meat and then forms a blister given the right conditions. Shown in Figure 7 is the 
separation of fuel meat in plate L1P10T from the blister anneal test. Figure 7 shows that the initiation 
point appears to be in the right corner, then the crack traverses across the fuel towards the left moving 
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Figure 12. Plate L1P12Z from RERTR-10A showing interlayer and porosity. 

It should also be noted with these higher fission density plates, that there was no separation of the fuel 
meat during irradiation or post irradiation during sample processing for characterization in spite of an 
increase in porosity between the Zr interlayer and fuel meat. Further, it was observed that with the Zr 
interlayer monolithic plates that were blister annealed from RERTR-9 through RERTR-10B, did not 
exhibit gross debond behavior via pillowing, but rather had blisters preferentially clustered on the high 
flux edge of the plate. 

As no U-10Mo Zr interlayer plates exhibited pillowing or blistering during irradiation for these 
experiments, this might suggest that despite the CTE differences between the fuel and the clad, that the 
bond between the fuel, the Zr and the Al is fairly robust even lasting through higher burn-up scenarios 
without blistering. Looking at Fuel Plate L1P09T in Figure 13, with the considerable fission product 
generation, the gases for the most part, are distributed evenly throughout the fuel meat. However, there 
is higher porosity forming just into the fuel meat in (presumably in intermetallic layers) and testing is 
necessary to ensure that it does not agglomerate to the point where blister formation could occur during 
a transient reactor event. 

Figure 13. Plate L1P09T porosity distribution and porosity agglomeration. 

2.3 Heat Cycling 

During the post irradiation blister anneal test the plate is positioned in a furnace heated to 375�C for the 
first segment, held at this temperature for 20 minutes, removed, and visually examined for blisters. If 
there are no blisters detected, the test is repeated in this manner while increasing the furnace temperature 
in 25�C segments until blisters appear. Once a blister appears the test is concluded and the blister 
temperature is established at whatever the temperature was for the first blister. Table 3 details the 
thermal cycles specific to each plate for the recent blister anneal tests. 



   
 

 
Table 3. U-Mo RERTR blister data with thermal cycle regime. 

The thermal cycling nature of the post irradiation blister anneal process further amplifies CTE stress 
effects between the clad and the fuel meat. Recent modeling studies [23] of the plates during the 
pre-irradiation blister anneal treatment may support these observations. Using, COMSOL Multiphysics®

as a tool, the authors modeled the fuel-cladding stress/strain characteristics during this process. While 
the model does not represent the specific conditions for the blister anneal process post irradiation, it may 
serve as a reasonable model for explaining the contribution that a thermal cycle would make to blister 
behavior during the test. Indicated in the model is plastic deformation of the clad material occurring 
during plate heating while the fuel meat remains in the elastic region. 

The stresses in the foil are shown in Figure 14 for 804 K (530�C). Note that in the center of the foil and 
spreading out towards the foil edges, the foil is in a state of near equilibrium. However, as the gradient 
going to the outer edges indicates, this area is in tension, while just into the foil from the edge there is 
some compression. Strain in the clad and fuel meat during this heat treatment are shown in Figure 15. 
Virtually no strain is seen in the fuel meat while in the clad area over the fuel area there is significant 
plastic behavior. 

Figure 14. Foil stresses Z-direction for 804 K (530�C).
 



   
 

Figure 15. Clad and foil strain for 804 K (530�C).
 

At room temperature, the condition for the foil and the clad are quite different as seen in Figure 16 and 
Figure 17, respectively. Foil edges are now in compression in the z direction while the plate is cooling 
but with the clad cooling more rapidly than the foil. The model shows that as the plate goes through the 
thermal cycles during the anneal process, the foil edges experiences forces with tension, then 
compression that could serve to propagate or initiate crack growth in this region where interaction 
between the clad and the U-Mo has occurred. 

Figure 16. Foil stresses Z-direction for 294 K (20�C).
 



   
 

Figure 17. Clad and foil strain for 294 K (20�C).
 

3. SUMMARY AND CONCLUSIONS 

Dispersion fuel systems blister annealed from Research and Test Reactor fuel development demonstrate 
the expected trend of lower blister temperature with higher fission densities. Likewise, the current study 
of the U-Mo fuel system follows the same trend. Of particular interest is the U-10Mo Zr interlayer fuel 
system with homogeneous retention of fission product within the fuel meat, limited migration of fission 
gasses into intermetallic layers and resistance to blistering in the same region. The bond between the Zr 
interlayer and Al clad and the Zr interlayer and the fuel meat remains intact during irradiation and 
following blister anneal testing. The intermetallics at the U-Mo/Zr interface post irradiation will be 
further characterized and methods for harvesting samples for these studies are currently under 
development. 

The effects of the thermal cycling during the blister anneal process should also be considered. 
Presumably these effects would be more extreme than would be seen during normal reactor thermal 
cycling so blister results would yield a very conservative safety margin for plate performance (however, 
it begs the question, does this test regime measure for the temperature threshold before plate failure or is 
it really the number of heat cycles that plate can survive?). 

Follow-on studies starting with the AFIP-4 experiment, will explore these effects by performing a slow 
ramp thermal regime without the effects of cooling and heating to exacerbate the mechanical stresses as 
they are introduced by differential thermal expansion rates introduced during the heat and cool cycling 
of the traditional approach. A traditional thermal cycle regime will be applied providing availability of 
sample materials to other non-AFIP-4 plates as appropriate. 

To what degree fission gases serve to facilitate blistering in the monolithic plates remains undefined. It 
is forgone conclusion that the blister region contains some fission gases, but the uniform distribution of 
the gases seems to suggest that much of the gases are retained in the fuel meat. It may be likely that the 
blister formation is not primarily fission gas driven, but rather driven by mechanical forces due to the 
CTE mismatch of the clad and fuel meat and enhanced by the fission gas agglomeration in these areas. 

These two factors would suggest that in these plates, the clad to fuel bond was fairly robust in terms of 
blister resistance to the mechanical differences of the materials. In RERTR experiments that included 
the U-10Mo monolithic fuel plates with the Zr interlayer there have been no blistered plates up through 
RERTR 10A. However, in the RERTR AFIP-6 experiment reduced coolant flow caused by a wider 
cooling channel created a unique in-situ blister environment. Cladding corrosion was enhanced as a 



   
 

result of the reduced cooling allowing to fuel temperatures to reach up to an average ~450�C at an 
estimated fission density of 3.5E21 over the course of the experiment cycle. Blister formation on the 
plate was noted to be similar to the plates tested from Table 2 with blister locations clustered along fuel 
zone edges. This in-situ blistered plate will serve to provide useful benchmark thermal conditions for 
follow-on blister anneal experiments. 
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