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ABSTRACT 
Post irradiation examinations of irradiated RERTR plate type fuel at the Idaho 
National Laboratory have led to in depth characterization of fuel behavior and 
performance.  Both destructive and non-destructive examination capabilities at the 
Hot Fuels Examination Facility (HFEF) as well as recent results obtained are 
discussed herein.  New equipment as well as more advanced techniques are also 
being developed to further advance the investigation into the performance of the 
high density U-Mo fuel. 
 

 
1. Introduction  
 
The post irradiation examinations of the RERTR-8 and RERTR-9 experiments are complete.  Both of 
these experiments were fabricated at the Materials and Fuels Complex (MFC) at Idaho National 
Laboratory (INL), irradiated in the Advanced Test Reactor (ATR) also at INL, and examined at HFEF.  
Both of these experiments were aggressive tests to examine several specific types of behavior.   
 
The RERTR-8 experiment contained thirteen plates.  This included the first Hot Isostatic Press (HIP) 
fabricated plates, ternary fuel phase dispersion plates, and U3Si2 dispersion fuel plates.  This 
experiment was irradiated for 2 cycles in the ATR and achieved nominal fission densities in the 
order of 3.5 to 7.5E+21 fissions/cm3 and had peak heat fluxes of 380 W/cm2 with averages closer 
to 280 W/cm2.       
 
The RERTR-9 experiment was separated into 2 parts (9A and 9B) and irradiated in a staggered 
fashion.  The entire RERTR-9 experiment consisted of 30 plates.  The RERTR-9A experiment was 
irradiated for 2 ATR cycles and the RERTR-9B experiment was irradiated for 3 ATR cycles.  The 
experiment consisted of the first modified interface monolithic plates (Zr co-rolled fuel, Al-Si 
thermally sprayed interface, and Al-4043 interfacial foils), both 8 and 8.5 gU/cc dispersion fuels, 
and Anviloy tool friction bonded.  Nominal fission densities varied from 3.1 to 7.8E+21 fissions/cm3 
and peak heat fluxes were approximately 315 W/cm2. 
 



 

 

The experiments were all irradiated in B-holes within the ATR.  These irradiation locations are on the 
periphery of the core.  The plates are aligned vertically with the edge of the plate facing the core 
center.  The associated neutron flux gradient, when combined with the higher enrichment of the 
plates (58% U-235) lends to a very large fission gradient across the width of the plate.  High (hot) 
side to low (cold) side fission density ratios are on the order of 1.5 to 2.5 times across the 0.75” 
(19 mm) fueled region.  This further complicates the aggressive test conditions by creating non-
uniform swelling and subsequent non-uniform stresses and strains within the plates. 
 
2. Hot Isostatic Pressing  
 
The RERTR-8 and -9 experiments consisted of a variety of monolithic fuels.  There were variations in 
both fabrication methods as well as interface treatments.  All of the plates behaved soundly while 
some issues remain to be addressed.  The observations herein continue on work performed 
previously regarding monolithic fuel [1].   
 
One of the fabrication methods used for monolithic type fuel plates was Hot Isostatic Pressing (HIP).  
A further description of this method can be found in [2].  Within this fabrication method there were 
several different variations including HIP’ed inter-layers, thermal sprayed interfaces, and zirconium 
co-rolling as well as the standard fuel-clad fabrication.   
 
The first HIP fabricated plates were a simple sandwich of fuel and cladding.  These were irradiated 
in the RERTR-8 experiment.  Results appeared to be very promising.  The thickness measurements 
indicated very uniform and acceptable values for swelling and eddy current measurements indicate 
no problems with oxide formation.  Metallography performed on one of the HIP plates further 
supported the encouraging performance of the plates fabricated using this process.  There was very 
little interaction growth formed between the fuel and cladding and the bond between the two held 
through irradiation and sectioning.  A cross section of the plate is shown in Figure 1.  This plate was 
irradiated to a plate average fission density of 6.0E+21 fissions/cc.   
 

Figure 1  L1P010 cross sectional montage 
 
Despite the excellent performance of the un-modified HIP plates, modifications are being looked at 
to make the fuel performance less dependent on fabrication parameters as well as possibly 
strengthen the interface bond strength.   
 
2A. Aluminum 4043 Interlayer 
 
The first variation investigated was applying an aluminum 4043 foil between the fuel and cladding 
prior to HIP'ing.  This was done in an effort to introduce silicon to the U-Mo/Al interface in an effort 
to obtain similar positive results as seen in dispersion type fuels.  Four plates were investigated 
with this modification, two with the layer on only one side of the plate and two with the layer on both 
sides of the plate.  All four of the plates appeared to have performed well overall.  There was no 
gross swelling, debonding along the interface, or extreme porosity.  Cross sectional images of three 
of the plates can be seen in Figure 2.  Plates L1P03A and L1P04A had the 4043 layer only along 
one interface which is in both cases on the bottom interface in the picture.  Destructive 
examination of three of the plates appears to show a preference for void formation as well as 
thicker and non-uniform interactions on the interfaces laced with the 4043.  This can be seen in 
Figure 3.  These effects were only noticed on the ‘hot’ side of the plates which correlates to a fission 
density of approximately 1.0E+22 fissions/cc.  However the larger non-uniform porosity areas are 
of some concern, especially if interlinking were to be observed.   



 

 

 

Figure 2  Cross sectional montages of L1P03A (Top), L1P04A (Middle), and L1P05A (Bottom) 
 

Figure 3   Image of L1P04A (left) showing interface comparison of 4043 (bottom) vs no 4043 (top) and L1P05A (right) 
with both interfaces modified by 4043 

 
2B. Aluminum-Silicon Thermal Spray 
 
The next modification that was investigated was thermally spraying the aluminum cladding with an 
aluminum-silicon mixture prior to the HIP process [3].  The thermal spray used was an Al-Si eutectic 
down-blended to an Al-2wt%Si.  This was again an effort to introduce silicon to the interface and 
prevent swelling and porosity in the fuel/clad interaction layer.  Two plates were irradiated in 
RERTR-9 with this configuration.  Both had Al-Si layers of ~13 �m.  One of the plates was irradiated 
to a plate average fission density of 7.8E+21 f/cc with a peak of nearly 1.2E+22 f/cc.  This fission 
density is approximately 1.6 times higher than an LEU fuel could ever reach.  This caused the plate 
to pillow apart and it was not destructively examined.  The second plate was irradiated to a lower 
average fission density of 6.2E+21 f/cc and performed very well.  The average plate swelling was 
6.0% and there is very little fuel/clad interaction (<5 �m) and porosity was not a problem.  A crack 
formed through the fuel foil and propagated along one of the bond lines, most likely due to 
sectioning.  A cross section can be seen in Figure 4.   A high magnification image of the bond can be 
seen in Figure 5. 
 

Figure 4  L1P08T cross sectional montage 



 

 

Figure 5  L1P08T fuel (bottom) to clad (top) interface 
 
2C. Zirconium Co-Rolled Fuel Foils 
 
The third modification investigated was co-rolling the U-Mo fuel foil with thin zirconium foils to 
provide a diffusion barrier between the fuel and cladding [3].  Two of these plates were irradiated in 
the RERTR-9B experiment.  Both were subjected to quite high burn-ups with average fission 
densities on the order of 7.5E+21 f/cc.  Both exhibited very good swelling performance with plate 
swelling on the order of 10%.   
 
One of the Zr co-rolled plates was sectioned for metallography and examined.  The modified 
interface appeared to have behaved quite well.  Cracking has occurred within the fuel foil but has 
atypically not propagated along any of the bond lines.  The foil has most likely cracked due to 
thermal stresses upon shutdown combined with the very high fission gas bubble density on the 
‘hot’ end of the plate.  The lack of propagation along the bond line is very promising for this 
interface modification.  This means that the interface is not the weakest point within the plate.   
 

Figure 6  L1P09T Zr co-rolled plate cross sectional montage showing fuel cracking without debonding 
 

Figure 7  Images from L1P09T showing middle of plate (left) and hot end of plate (right) 
 
3. Friction Bonding 
 
One fabrication method under consideration for monolithic type fuel plates is friction bonding [4].  
Through the RERTR-9 experiment friction bonding was only performed on bare fuel/clad 



 

 

sandwiches and Al-Si thermally sprayed sandwiches.  Zirconium co-rolling is currently being tested 
but no post irradiation data is available to date.  The friction bonding work is a continuation of 
promising results seen in the RERTR-6 campaign [1].   
 
In the RERTR-6, 7, and 8 experiments all friction bonding was done using a steel tool face with 
variations in tool size and weld pattern [4].  In the RERTR-9 campaign the steel tool was converted 
to an Anviloy tool in an effort to increase bond strength and process repeatability.     
 
3A. Anviloy Tool Friction Bonding 
 
The RERTR-9 campaign was the first to employ an Anviloy tool to friction bond the plates in order to 
increase bond strength between the fuel and cladding over steel tool friction bonded plates..  Three 
plates were fabricated using the friction bond technique with an Anviloy tool and no interface 
modifications.  Four were fabricated using the old steel tool and no interface modifications.  This 
was an effort to observe any increase in stability of the fuel plate.  As can be seen in Figure 8 
neither tool appeared to perform significantly better than the other.  Of the three plates irradiated 
utilizing the Anviloy tool during bonding, one of them appears to have delaminated while the other 
two appeared to do quite well.  Of the four irradiated that were steel tool friction bonding, one of 
them appears to have delaminated while the other three have done quite well.  Other factors 
including fabrication process success and pre-irradiation mechanical testing have indicated a 
preference for the Anviloy tool, but differences in irradiation performance appear to be negligible to 
date.  Further testing will be examined.   

Friction Bonded Plate Swelling
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Figure 8  Plate swelling of friction bonded plates in RERTR-9 with average fission density for each plate 
 
 



 

 

Figure 9  Two Anviloy friction bond plates L1F26C (top) and L1F32C (bottom) 

Figure 9 shows two of the Anviloy friction bond plates from RERTR-9.  Both have delaminated along 
one side of the plate.  Post irradiation thickness measurements indicate these delaminations 
occurred pre-sectioning.  In both cases the crack has initiated at the point of peak swelling (on the 
right ‘hot’ side of the plate and propagated along the interface.  The irradiation conditions of these 
mini plates, specifically the large gradient across the plate’s width creates stresses on the interface 
due to non-uniform swelling.  This would not typically be seen in reactor.  This artificially introduced 
stress has led to some of the delaminations seen in the mini plates.  The full size plates currently 
under irradiation are located center core and will see a much more uniform and typical flux profile 
and will not be exposed to this gradient.  Therefore no delamination issues are expected.   
 
Outside of the de-bonding, the performance of the fuel looks excellent.  The reaction layers are thin 
and uniform.  The fission gas bubbles can clearly be seen in the fuel but remain small and 
segregated.   
 

Figure 10  High magnification images from Anviloy friction bond plates 
                      
3B. Thermally Sprayed Anviloy Friction Bonding 
 
The first modified interface friction bonded plates were thermally sprayed plates.  The same 
thermal spray process was used for friction bonding as was used for the HIP fabricated plates.  
There were four Anviloy FB thermal sprayed plates tested in RERTR-9B.  Two were destructively 
examined.  One of them (L1F34T) had ~13 �m thick layer and was irradiated to an average fission 
density of 7.25E+21.  The other (L1F37T) had a thermal spray layer of ~26 �m thick and was 
irradiated to an average fission density of 7.5E+21.   
 

Figure 11  Thermally sprayed Anviloy FB plates L1F34T (top) and L1F37T (bottom)  
 
As can be seen in Figure 11, the plate that had a thicker thermal spray but a higher fission density 
has delaminated along one face.  The other plate with the thinner thermal spray but a lower fission 



 

 

density has not delaminated.  High magnification images, Figure 12, show that the interaction 
layers between the fuel and cladding are thicker in plate L1F37T which had the thicker spray layer.  
This brittle layer is most likely what helped propagate the delamination along the interface as it 
passed through the layer.   
 

Figure 12  High magnification images of the thermal sprayed interface of L1F37T (top) and L1F34T (bottom) 
 
4.  Roll Bonded Dispersion Plates 
 
The RERTR-8 and RERTR-9 experiments contained many variations of dispersion plates.  The 
RERTR-8 campaign continued work on ternary fuel phases (U-7Mo-2Zr and U-7Mo-1Ti) while 
RERTR-9 examined variation in matrix materials (Al-2Si alloy, Al-2Si mixture, Al-3.5Si alloy, and Al-
4043) along with increased density (8 gU/cc and 8.5 gU/cc).  All of the dispersion plates continued 
to perform well.  The ‘second generation’ dispersion plates with the silicon addition to the matrix 
have appeared to alleviate all of the previous problems discovered with the U-Mo/Al interactions.  A 
history on the fabrication of the RERTR-9 dispersion plates has been included in [5].   
 



 

 

The Ternary plates investigated in the RERTR-8 campaign both behaved similarly.  Because of the 
elevated amounts of silicon in the matrix (Al-4043), it was hard to discern any benefit or detriment 
of the additions to the fuel.  The reaction layers appeared to be very dependent to the abundance 
of silicon available.  Where there were two particles very close and there was insufficient silicon, 
reactions were thicker and non-uniform.  Where there was sufficient silicon there were very thin and 
uniform reaction layers.  Examples of the results are shown in Figure 13.  Overall plate performance 
was average plate swelling on the order of 7% with fission densities on the order of 5.9E+21 f/cc.   
 

Figure 13  Ternary dispersion plates D3R030 (left) and F3R040 (right) 
  
The dispersion plates in RERTR-9A were fabricated with nominal densities of 8 grams U/cc.  One of 
the goals of the experiment was to identify if there was a measureable difference between Al-2Si 
alloy and Al-2Si mixture.  Difficulty during fabrication made it necessary to HIP these plates for 30 
min at 500 �C.  Effects of this heat treatment are discussed here [5].  Swelling data for both plates 
indicated similar performance with average plate swelling being 6% and 8% with only slight 
variations in burn-up.   
 
Metallographic examinations of the plates also showed similar performance between the two.  The 
dominating factor on the hot end of both plates was the extensive reaction layers formed, see 
Figure 14.  This was due in part to the high burn-up at these regions of the plates (1.1E+22 f/cc) 
but mostly due to the extra HIP step during fabrication.  This HIP step has created silicon depleted 
reaction areas around each fuel particle which predisposed the fuel meat to extensive reactions.  At 
the cold end of the plates, Figure 15, with a lower burn-up, very similar performance was also 
observed.  The reaction layers were thin and uniform and no discernable differences were seen.  
There was a significant difference however between the two Al-2Si plates and the Al-4043 plate 
which has higher levels of silicon.  The Al-4043 plate had sufficient silicon to reduce the amount of 
depleted regions from forming during the HIP step.  Differences can be seen in Figure 16 where the 
Al-2Si plates have much larger fractions of porosity. 
 



 

 

Figure 14  Al-Si mixture (right) vs alloy (left) at the hot end of the plates 
 

Figure 15  Al-Si mixture (right) vs alloy (left) at the cold end of the plates 
 

Figure 16  RERTR-9A plates with varying silicon content from Al-4043 (left) to Al-2Si (2 plates on right) 
 
The RERTR-9B irradiation tested dispersion plates with very high uranium densities (8.5 g/cc) as 
well as continued to look at varying amounts of silicon.  The two plates destructively examined had 
silicon contents of 2 wt%Si and 3.5 wt%Si.  Plate thickness measurements showed very little 
difference between the two with plate swelling being 8.8% and 9.0% respectively.  Metallographic 
examinations showed the two plates both behaving quite well.  The Al-2Si matrix plate had slightly 
more porosity formation in it than did the Al-3.5Si plate.  Images can be seen in Figure 17 and 
Figure 18.   
 



 

 

Figure 17  RERTR-9B dispersion plate with 3.5%Si (left) and 2%Si (right) on high burn-up side 
 

Figure 18  RERTR-9B dispersion plates on the low burn-up side 
 
5.  Conclusions 
 
Overall the RERTR-8 and RERTR-9 experiments showed very promising results.  The dispersion 
plates all performed very well and it appears that most of the issues with previous dispersions have 
been solved by the silicon additions.  Further modifications can investigate simplifications to 
fabrication and variations in processes.  The monolithic fuel types still have issues to address, 
primarily with the bond between fuel and cladding, but the fuel shows very good promise.  All 
irradiation test results are more than satisfactory.   
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