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ABSTRACT 
 

The AFIP-6 test assembly was irradiated for one cycle in the Advanced Test Reactor 
at Idaho National Laboratory. The experiment was designed to test two monolithic 
fuel plates at power and burn-ups which bounded the operating conditions of both 
ATR and HFIR driver fuel. Both plates contained a solid U-Mo fuel foil with a 
zirconium diffusion barrier between 6061-aluminum cladding plates bonded by hot 
isostatic pressing.  

The experiment was designed with an orifice to restrict the coolant flow in order to 
obtain prototypic coolant temperature conditions. While these coolant temperatures 
were obtained, the reduced flow resulted in a sufficiently low heat transfer coefficient 
that failure of the fuel plates occurred. The increased fuel temperature led to 
significant variations in the fission gas retention behaviour of the U-Mo fuel. These 
variations in performance are outlined herein. 

 

1. INTRODUCTION 

The AFIP-6 irradiation test was composed of two plates with dimensions 114cm x 
5.7cm x 1.3mm. The plates contained a solid fuel foil with a zirconium diffusion barrier 
that was co-rolled to the foil. The fuel sandwich was then clad with aluminium 6061 
via hot isostatic pressing. The experiment was designed to operate at 500 W/cm2 to 
bound operating conditions of the Advanced Test Reactor (ATR).  

Figure 1 shows schematically the cross section of the AFIP-6 fuel plates including 
dimensions. Figure 2 shows an image of the AFIP-6 irradiation hardware both 
disassembled and assembled. The coolant channels were designed larger than 
typical in order to withstand any buckling or unforeseen gross swelling.  



 

Figure 1 Cross section schematic of AFIP-6 fuel plate 

 
 
 

 

Figure 2 Experiment assembly prior to irradiation 

 

2. IRRADIATION CONDITIONS 

MCNP calculations were made in order to quantify the irradiation conditions of the 
AFIP-6 test train. Results indicate peak surface heat fluxes of 525 W/cm2 and are 
shown in Figure 3. Fission density values at EOL are shown in Figure 4 and peak at 
approximately 3.45E+21 fissions/cci.  

 

Figure 3 Calculated surface heat fluxes for AFIP-6A plate at discrete time steps 
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Figure 4 End of life (EOL) fission density  

 

3. TEMPERATURE CALCULATIONS/ESTIMATIONS 

The increased coolant channels previously mentioned required a flow restriction to be 
incorporated to the AFIP test train to minimize coolant flow and thereby maintain the 
excess pressure and flow margins for the ATR primary pumps. The coolant channel 
hydraulic properties were measured experimentally and an orifice was designed 
based on the results. The orifice diameter was selected to deliver representative 
coolant temperature conditions in the fuel plate channels. However, new analysis has 
highlighted that while the orifice allows for prototypic coolant temperatures, the 
reduced coolant velocity also reduces the convective heat transfer coefficient 
between the fuel plate and coolantii. This reduction in heat transfer results in a relative 
increase in fuel plate surface temperature for a given bulk coolant temperature. 

Using post irradiation eddy current measurement values, calculated heat fluxes and 
power gradients, assumed 1D heat transfer, and the Petukhov Correlation to 
determine plate surface temperature, the fuel temperature could be calculated.  

The first calculations assumed that the entire region measured by eddy current was 
boehmite oxide, which is typically formed on aluminium research reactor fuel that has 
a thermal conductivity of 0.0225 W/cmK. Results of this calculation indicated fuel 
centreline temperatures exceeding 800C. However, this would have resulted in clad 
interface temperatures exceeding the melting temperature of aluminium and was 
therefore assumed to be inaccurate.  

Using destructive examination results, it was determined that the majority of what the 
eddy current was measuring as ‘oxide’ was largely a degraded aluminium zone. This 
degraded zone is assumed to contain some boehmite as well aluminium oxide and a 
large fraction of porosity. Until thermal conductivity measurements can be made, the 
conductivity of the decomposed cladding can only be estimated using assumed 
compositions and volume fractions.  

Fuel centreline temperatures for various thermal conductivities of the degraded 
cladding are shown in Figure 5. Bounding the centreline temperature by the fact that 
the plate exceeded blister thresholds at approximately temperature node 18 (post 
irradiation blister testing of monolithic fuel indicates for this fission density blistering 
should have occurred at ~400C) but did not cause clad melting, a thermal 
conductivity of 0.0325 appears to be an appropriate estimate.  



 

Figure 5 Fuel centreline temperatures for various conductivities 

Using a thermal conductivity of 0.0325 W/cmK a temperature profile down the length 
of the plate can be obtained. Two significant peaks can be identified. The first is 
located at node 30 (613C), which is at the highest power position. The second is 
located at the bottom of the experiment (630C).  

4. FISSION GAS BEHAVIOR VS TEMPERATURE 

Destructive examinations of the AFIP-6 fuel plate occurred at the locations identified 
in Figure 6 where the top of the plate is located to the left. The image shown is a 
portrayal of the ultrasonic testing (UT) image taken after irradiation. Dark regions in 
the image indicate blisters or areas with more disturbed sound transmission. The 
cross section taken closest to the top (~200C) of the plate showed no unusual signs 
of fuel performance. All behaviour appeared in line with previous irradiation tests. 

 

Figure 6 Locations of optical metallography cross sections on plate AFIP-6A 

The next cross section taken from the top (labelled 2) was over a region that showed 
signs of blistering (~470C fuel centreline). The blister appears to have formed very 
near the rail of the fuel plate and was large in size, approximately 2 cm in length. The 
fuel adjacent to the blistered region does not appear to show any signs of abnormal 
behaviour. No large fission gas bubbles are seen away from the pore.  However, 
areas in a similar location in plate 6B showed signs of localized, small cracks forming 
at the periphery of the fuel foil, Figure 7.  
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Figure 7 Image from 6B plate showing crack formation at edges of plate 

 
The full plate cross-section taken labelled 3 (~500C fuel centreline) also indicates ‘normal’ 
fuel behaviour outside a very localized blister just inside from the fuel edge. Figure 8 shows a 
portion of the cross section highlighting the pore region. Outside the large pore very little 
fission gas porosity can be seen in the fuel phase and interface stability appears good.   
 
The section taken down the edge of the plate labelled 4 is through the region indicated by UT 
to contain many small edge blisters (~530C). The upper portion of that section shows the 
beginning of fission gas conglomeration, particularly at the periphery of the fuel foil. An 
example of this behaviour can be seen in Figure 9. At the lower portion of that cross section 
the bubble behaviour changes again where large pores are visible and no bulk 
conglomeration of fission gas bubbles are visible, Figure 10. Figure 11 shows a cross section 
through the large blister at the bottom of the plate (600°C). 

 

Figure 8 Cross section image showing a large pore forming approximately 2 mm from fuel edge (~500C) 

 
 

 

Figure 9 Cross section showing porosity formation in fuel (~520C) 



 

Figure 10 Cross section showing additional large pores (~530C) 

 

Figure 11 Cross section through large blister at bottom of plate (600C) 

5. CONCLUSIONS 
 
There are significant variations in fission gas behaviour within the fuel in the failed AFIP-6 
experiment. Preliminary models indicate temperature gradients from 200C to 600C down the 
length of the experiment. At this point, drawing distinct temperature dependant performance 
parameters does not appear to be possible.  It is also assumed that mechanical stresses in 
the fuel foil play significant roles in the pore/blister/failure mechanisms that are seen.    
                                                      
i Perez, et al. “AFIP-6 Irradiation Summary Report” INL/EXT-11-23296, September 2011 
ii Wachs, Robinson, Medvedev “AFIP-6 Breach Assessment Report” INL/EXT-11-21110, February 2011 
 


