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ABSTRACT 

 
The National Research Universal (NRU) reactor is a heavy-water-cooled and -
moderated, tank-type, multipurpose reactor that operates at up to 135 MW. Originally 
designed for operation with natural uranium, NRU was converted to high-enriched 
uranium fuel in 1964. In 1991, AECL converted NRU to low-enriched uranium (LEU) 
fuel containing Al-61 wt% U3Si, with U enriched to 19.75 wt% 

235
U. Since the reactor 

was converted, the LEU silicide dispersion fuel performance has been excellent, with 
no reported fuel defects. However, in late 2008, monitoring showed an increasing 
trend in fission product activity in the D2O coolant/moderator. Despite steps taken to 
increase monitoring and analysis, locating the source of the problem proved to be 
difficult. Fission product analysis and isotopic analysis of U extracted from the coolant 
indicated that the source was a small defect in the LEU driver fuel. This paper 
summarizes the investigation of the NRU fuel defect. Results are presented from 
post-irradiation examinations to determine the root cause of the failure mechanism. 

 
1. Introduction 

The NRU reactor was built for three purposes: to be a supplier of industrial and medical 
radioisotopes used for the diagnosis and treatment of life-threatening diseases; to be a 
major Canadian facility for neutron physics research; and to provide engineering research 
and development support for the Canadian nuclear industry. The core is contained in an 
aluminum cylindrical tank approximately 3.7 m high x 3.5 m diameter. It has 227 vertical 
lattice sites arranged in a hexagonal array with a pitch of 19.7 cm. Control rods and low 
enriched uranium fuel rods occupy about half of the lattice sites; the remaining sites are for 
low temperature/low-pressure experiments and irradiations. Two high-pressure/high-
temperature experimental loops and six beam tube facilities are also available.  

The reactor is re-fuelled at power. NRU fuel rods are 12-element assemblies containing Al-
61 wt% U3Si dispersion fuel sheathed with finned Al cladding welded to Al end plugs. The 
approximately 3 m long fuel elements are separated by six spacer grid plates, and are 
welded at the bottom to a support (hanger) plate that is in turn pinned and welded to an 
aluminum flow tube. A bulge end and plug end are welded to the flow tube to complete the 
NRU rod. The fuel rod maximum power is 2.1 MW. 

The coolant flows upwards through the flow tubes, over the fuel and exits through an orifice 
section above the elements into the vessel. The coolant temperature rise and flow rate in 
each fuel rod is monitored. The D2O inventory (about 65000 kg) is circulated at a nominal 
rate of 1950 kg/s with all pumps at full speed. Helium is used as an inert cover gas to 
minimize isotopic degradation of the coolant/moderator system. The cover gas is monitored 
for gaseous fission products and the D2O is monitored for soluble fission products and 
activated corrosion products. 

2. Investigation 

In 2008 November, routine monitoring showed an increasing trend in fission product activity 
in the NRU coolant/moderator. A team of subject matter experts was assembled to 
investigate the cause. Detailed analysis of the radioactive fission products and U circulating 
in the D2O indicated that there was a defect in one or more of the LEU driver fuel rods in the 
core (the results ruled out a target or fast neutron rod being the primary source). However, 
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locating the exact fuel rod(s) among the approximately 90 rods in core proved to be difficult. 
The large D2O inventory and high recirculation rate causes any released uranium or fission 
products from a defect to be quickly dispersed in the coolant system where it remains until 
removed by IX purification, by the gibbsite evaporator, by fission or decay, or by deposition 
on in-core surfaces such as flow tubes and fuel rods that are in turn removed. Surveys of 
neutron and gamma fields at the top of reactor did not identify specific hot sites. The adjuster 
rods were used to tilt the power distribution in different sectors of the core in the hope that a 
power transient in a failed rod might provoke a detectable release, but results from this 
manoeuvre proved inconclusive. Subsequently, several rods were identified as “suspect” 
based on in-reactor residence time compared to the period that moderator activity was 
increasing. Factors such as high power operation late in life, high burnup, and manufacturing 
history were also considered. The selected rods were then scheduled for removal from the 
reactor on a priority basis.   

By the end of February/early March after the 
prime suspects were removed, the moderator 
activity began to decline. The gross fission 
product activity trend during the period 2008 
April to 2009 May is shown in Figure 1. The 
activity continued to decline until the reactor 
was shut down in May, indicating that the 
source was removed. However, when the 
rods were removed and stored there was 
insufficient evidence to conclusively identify 
which specific rod had failed, so further 
examinations were required to locate the 
defect. 

 

3. Post-Irradiation Examination (PIE) 

Initially, 10 of the discharged rods were selected for detailed underwater inspection. The flow 
tubes were cut at the hanger-plate weld location and the element assemblies were removed 
for inspection. After preliminary inspection of the visible surfaces of the outer fuel elements, 
the 12-element clusters were disassembled by cutting apart the grid plates, and the surface 
of each individual fuel element was inspected underwater. Of the 120 elements inspected, 
three were found with visible breaches in the aluminum cladding. Two defected elements 
were found in rod FL-1528 and one defected element was found in rod FL-1540. All three of 
the visible through-wall defects were located in the aluminum cladding over the end plug 
region near the closure weld where the cladding had bulged and split open to reveal the 
aluminum end plug beneath. Figure 2 shows a photograph of a typical defect. 

Fuel sections ~ 150 mm long were cut out from the defected end region as well as from the 
middle and intact opposite end of each of the 
three elements. The PIE examinations in the 
hot cells included: visual examinations and 
photography; dimensional measurements; 
gamma scanning; optical metallographic 
examination; Scanning Electron Microscope 
(SEM) examination with Energy Dispersive X-
ray (EDX) analysis and Wavelength Dispersive 
X-ray (WDX) analysis; and, U isotopic analysis 
for burnup measurements. The SEM exams 
were augmented with Secondary Ion Mass 
Spectrometry (SIMS) and X-ray Photoelectron 
Spectroscopy (XPS) examinations in an effort 

Fig 1.  Fission product activity trend in NRU D2O. 

Fig 2.  Cladding Defect in NRU Element 401-9. 
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to identify the chemical species in the samples. 

4. Results 

The visual examinations showed that except for the bulge defects, the external cladding 
surfaces appeared to be in good condition with no evidence of abnormal conditions such as 
overheating or excessive crud build-up. Dimensional measurements showed that cladding 
changes remained small over the fuel remote from the defect, while at the bulge/defect 
locations the residual cladding strain measured 12 - 20%. Gamma scanning of the stacked 
fuel core pieces showed that the fission product activity profile was consistent with the 
cosine flux shape in NRU, i.e., higher activity in the samples from the middle compared to 
the ends; however, the gamma scans showed no discernable evidence of missing fuel. 

Metallographic examination of the primary defect locations show features that are consistent 
with internal pressurization of the cladding in the end plug region, deformation (bulging) and 
ductile rupture of the cladding. Figure 3 shows a cross section through the aluminum end 
plug and cladding at the bulge defect. The end plug is nominally ~90 mm long overall and 
the defect was over the plug near the weld, about 40-50 mm away from the fuel. The necked 
region between the fins is consistent with ductile failure under tension from hoop stresses in 
the cladding due to internal gas pressure. This common mode of failure was observed in all 
three elements and indicates a common root cause of the problem. SEM surveys revealed 

oxide/hydroxide layers of approximately the same thickness (~ 20 m, see Figure 4) on the 
external surface of the cladding, on the internal surface of the cladding and on the end plug 
surface in the cavity. The nominally equal oxide thickness on both the internal and external 
surfaces suggests a similar duration of exposure to the coolant environment and indicates 
that the defect occurred early in the service life of the fuel. The surface of the split face was 
also corroded, consistent with a failure early rather than later in life. 

 
Fig 3.  Cross Section Through Defect. 

 
Fig 4.  Surface Oxide Thickness from SEM Image.  

The defect was located in the weld heat affected zone (HAZ) about 10 mm from the weld. 
Micro-hardness measurements showed that the weld HAZ has lower strength than the 
adjacent as-extruded cladding or weld parent material, which explains why the cladding 
bulged and split in this location. Metallographic examinations showed that the end plug 
welds were intact and not the source of a problem such as coolant ingress that could flash to 
steam.   

SIMS and XPS examinations were performed in an effort to identify chemical species on the 
internal surfaces that may point to the source of the internal gas. Carbon and other 
impurities were detected but the results proved inconclusive.   

Detailed optical metallographic examinations of the fuel revealed a common feature near 
each of the defects, namely, internal cracks/voids in the centre of the fuel core, with 
connected porosity providing a path leading to the end plug region. Figure 5 show the typical 
chevron-type cracks (arrowed) observed in the centre of the fuel core near the drilled hole 
that accommodates the end plug spigot. The end plug has a reduced diameter spigot that is 
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inserted in the hole, and is attached using a rolled joint to compress the fuel over the V 
groves in the spigot. The adjacent transverse section (Fig 5 (c)) shows the end plug spigot 
centered in the core; note, there is little evidence of coolant ingress or corrosion of the fuel 
annulus despite its proximity to the bulge defect. Two of the samples showed similar 
features with little evidence of corrosion but the third showed evidence of coolant reaching 
the fuel and causing a secondary defect due to oxidation and swelling of the fuel at the end 
plug joint. The cladding split where the fuel oxidized and swelled.  It was estimated that 
about 0.6 g U was lost to the coolant from the three defects (based on metallography). 

 

(a) 

(b) 

 
(c) 

Fig 5.  Micrographs of (a) fuel and end-plug spigot region at inlet (bottom) of element 401-9, (b) 
higher magnification image of chevron cracks in core, and (c) cross section through end plug 
spigot and fuel.  Arrows point to chevron-type cracks in the extruded core. 

The intact opposite ends of the three fuel elements were also examined. Two of the intact 
ends showed no centre cracks or connected porosity in the core and no evidence of internal 
gas pressurization over the end plug. The third sample showed less extensive centre cracks 
and porosity at the end of the fuel, and a discernable gap between the cladding and end plug 
consistent with internal pressurization. These results suggest there was sufficient pressure 
to separate the cladding from the end plug and to initiate sheath lift-off, but insufficient 
pressure to fully bulge and rupture the cladding at that end during the course of the 
irradiation. SEM exams with EDX and WDX analysis were used to check whether or not any 
residue of the species responsible for internal pressurization of the fuel could be 
unequivocally identified. Carbon was detected with all of the surface analytical methods used 
(as well as O, U, Si and trace impurities), but it could not be differentiated from the ever-
present carbon found when analysing surfaces, and the results were inconclusive. Extended 
operation in the post-defect condition most likely obscured evidence of the environment at 
the time of the defect. 

Fuel samples from the intact midplane regions showed the normal, stable NRU fuel 
microstructure with no evidence of anomalies or unusual features such as chevron cracks or 
porosity. The typical fuel interaction with the aluminum matrix was observed at the surface of 
the particles, and fission gas bubbles decorated the kernels. Measured reaction layer 

thickness ranged from ~15 m at the centre of the core to ~7 m at the periphery. The fuel 
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core diameter measurements showed, as expected, that swelling was higher in the mid-
plane samples compared to the ends, as these regions operate at higher power and achieve 
higher burnup due to the cosine flux profile in the reactor core. The maximum mid-plane 
swelling, ~3%, is well within the previous experience base for NRU fuel [1] and shows that 
the fuel material was behaving satisfactorily in regions remote from the defect. 

Burnup analysis was performed using measured 235U/238U and 236U/235U atom ratios. 
Conversion of the measured atom ratios to burnup were performed using the WIMS-AECL 
V3.10 code. The middle of the fuel rods achieved high burnup in the range 86-90 at% 235U. 
The inlet ends achieved 59-64 at% burnup, and at the outlet ends 52-63 at% burnup. 
Results from U in the coolant were within the measured 235U/238U atom ratios. 

5. Discussion 

The literature [2] indicates that in forward extrusions, centre cracks and porosity are 
commonly observed where contamination and impurities are entrained in the material. The 
foreign material could not be conclusively identified during PIE, but is likely an excessive 
quantity of one of the organic compounds used in the manufacturing process. Likely 
contaminants include hydrocarbon materials used as parting/release agents to prevent the 
fuel material from sticking to the ram during core extrusion, rust inhibitors/oils used on the 
manufacturing equipment and cleaning solvents. A hydrocarbon contaminant would 
decompose during irradiation, producing gaseous species, including hydrogen gas, which 
would pressurize the interior of the fuel element.  

Laboratory tests were performed on mini-elements that were fabricated with intentional 
additions of potential contaminants from the manufacturing process. Samples developed 
similar bulges with splits in the cladding over the end plugs after furnace heating for one 
hour at 500°C. Here a temperature in excess of that observed in NRU was applied as a 
rough approximation of radiolytic breakdown of the organics, which cannot be easily 
duplicated in the lab. Experiments were also performed to determine the pressure required 
to rupture the cladding. Samples were cut from the ends of archive full-length elements and 
internally pressurized in a test rig, with the cladding heated to 100°C to simulate the in-
service temperature. The samples developed bulges in the weld HAZ that appeared almost 
identical to the NRU fuel defects, and ruptured at a pressure of ~12.4 MPa. 

The amount of hydrocarbon material required to create a failure could be estimated from the 
size of the bulge defect and knowledge of the rupture pressure. Metallographic 
measurements of the three defects indicate the volume under the bulges ranged from ~89 to 
106 mm3. The maximum internal pressure, P, is given by 
 

PV = nRT (1) 
 
where V is the volume, n is the number of moles of gas, R is the gas constant and T is the 
temperature at the defect. Assuming the NRU defect occurred under conditions similar to 
those in the lab tests, i.e., P = 12.4 MPa, V= 0.106 cm3, T = 373 K and R = 8.314, then  

n = PV/RT = 12.4 x 0.106/(8.314 x 373) = 0.0004 moles of gas. 

If the pressurizing gas is H2, then 0.0004 mol x 2 g/mol = 0.8 mg H2 is required. For example, 
if the source is methanol, then 12.8 mg CH3OH is required. It is more difficult to calculate the 
quantity of materials such as release agents that are mixtures of high molecular weight 
compounds. 

The connected porosity provides a leak path from the centre cracks to the end of the fuel so 
that gaseous species released from the radiolytic breakdown of organic contaminants during 
irradiation could migrate and pressurize the end-plug region of the fuel element. If sufficient 
internal pressure is generated, the cladding will rupture at its weakest point, near the weld 
heat affected zone, and lead to element failure. Below this pressure threshold, the cladding 
may bulge but not fail.  
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Since NRU was converted from HEU to LEU fuel in the early 1990’s, there have been no 
reported driver fuel defects. During the LEU fuel development program, mini-elements with 
holes drilled in the cladding were irradiated at linear power up to 87 kW/m in NRU to assess 
the fuel defect behaviour [3]. PIE results showed small cavities developed beneath the holes 
but very little fuel was lost to the coolant (from 1 mg 235U after 29 days, to between 9 and 48 
mg 235U after 98 days of irradiation), confirming the good corrosion resistance of material. 
Subsequent experiments also showed that prior irradiation further enhanced the resistance 
to corrosion/erosion. 

There appears to be little additional information in the literature on the defect behaviour of 
LEU silicide dispersion fuel under research reactor operating conditions. During initial 
development and irradiation testing in the ORR reactor, plate-type fuels containing U3Si and 
U3Si2 with cladding defects suffered extensive corrosion during irradiation [4, 5]. In the case 
of the Al-U3Si fuel plates irradiated in ORR, no evidence of the failure was detected, 
indicating the amount of fission product release was small. It was concluded that hydrolysis 
of water during irradiation liberated oxygen, which reacted with the fuel. The results show the 
LEU silicide fuel is corrosion resistant and that cladding breaches are not likely to result in 
catastrophic failure. 

6. Summary and Conclusions 

Post irradiation examinations were performed on three defected fuel elements from the NRU 
reactor. The observed defects were bulges with axial splits in the cladding in the end-plug 
weld heat affected zone. Chevron-type flaws were observed in the centre of Al-U3Si fuel 
cores near the defected ends of the elements. These features are observed when impurities 
are present during extrusion. The impurity was not conclusively identified during PIE but is 
likely foreign material (organic contamination) that was introduced inadvertently in the 
manufacturing process. During irradiation, gas released from the radiolytic breakdown of 
organic contaminants would pressurize the interior of the fuel element, and the cladding will 
rupture at its weakest point in the weld HAZ if sufficient pressure is generated. 

The oxides/hydroxides on the internal surfaces of the defected elements indicate that the 
fuel failed early in its operational life. Despite a considerable period of post-defect operation, 
only a small quantity of fuel material was lost to the coolant. This confirms the good 
corrosion resistance of the Al-U3Si dispersion fuel, and the robustness of the NRU fuel 
design. 
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