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RESUME

Dans la presente communication, les auteurs donnent les resultats de l'examen apres irradiation de
quatre barres de combustible faiblement enrichi (LEU) intactes provenant du reacteur national de recherche
universel (NRU) aux Laboratoires de Chalk River d'EACL. Les barres ont ete irradiees, au cours de la
periode de 1993 a 1995, dans des conditions caracteristiques d'exploitation du combustible nourricier,
c'est-a-dire : temperature nominate d'entree du caloporteur de D2O de 37 °C, pression d'entree de 654 kPa
et debit massique de 12,4 L/s. Les durees d'irradiation ont varie de 147 a 251 jours a pleine puissance, ce
qui correspond a une combustion massique de 40 a 80 % atomique de 235U. La puissance maximale
produite par les barres etait de ~ 2 MW, avec une puissance nominale lineaire par element allant jusqu'a
68 kW/m. Les examens apres irradiation, effectues en 1997, ont ete axes sur la metallographie optique en
vue de mesurer l'epaisseur d'oxydes de la gaine et sur des etudes de la microstructure du coeur de I'element
combustible et de la gaine. L'oxyde de la gaine avait une epaisseur d'environ 24 urn au plan median des
barres de combustible irradiees jusqu'a 251 jours a pleine puissance, avec de petites zones presentant une
epaisseur allant jusqu'a 34 \im sur les ailettes. La gaine a conserve une ductilite importante apres
irradiation, et sa microstructure a para inchangee. Les accroissements de diametre du coeur des elements
combustibles etaient faibles (jusqu'a 4 %) et s'inscrivaient dans la fourchette notee anterieurement sur le
combustible d'U3Si Al - 61 % en poids irradie dans le reacteur NRU.
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ABSTRACT

This paper describes the post-irradiation examination of 4 intact low-
enrichment uranium (LEU) fuel rods from the national research universal
(NRU) reactor at the Chalk River Laboratories of AECL. The rods were
irradiated during the period 1993 through 1995, under typical driver fuel
operating conditions in NRU, i.e., nominal D2O coolant inlet temperature
37°C, inlet pressure 654 kPa and mass flow 12.4 L/s. Irradiation
exposures ranged from 147 to 251 full-power days, corresponding to 40
to 84 atom % 235U burnup. The maximum rod power was ~2 MW, with
element linear power ratings up to 68 kW/m. Post-irradiation
examinations, conducted in 1997, focused on optical metallography to
measure cladding oxide thickness and fuel core and cladding
microstructural examinations. The cladding oxide was approximately 24
|im thick at the mid-plane of fuel rods irradiated to 251 full-power days,
with small areas up to 34 |im thick on the fins. The cladding retained
significant ductility after irradiation, and its microstructure appeared
unchanged. Fuel core diametral increases were small (up to 4%) and
within the range previously observed on Al-61 wt % U3Si fuel irradiated
in the NRU reactor.

INTRODUCTION

AECL has developed and tested low-enrichment uranium (LEU, <20% U in U) fuels for
research reactors since the early 1980s (1-2). The LEU fuel core is an extruded metal-matrix-
composite containing high-density uranium silicide particles dispersed in an aluminum matrix.
Finned aluminum cladding is extruded over the cores and welded to aluminum end plugs to
hermetically seal the elements. Elements are assembled using aluminum end plates and spacer
grids to form rods and bundles of circular or hexagonal design.



AECL currently manufactures Al-61 wt % U3Si fuel for the national research universal (NRU)
reactor in Canada and the HANARO reactor in Korea. This reference fuel has also been selected
for the 2 MAPLE-type MDS-Nordion medical isotope reactors (MMIRs) currently being built at
Chalk River Laboratories (CRL).

The overall performance of the LEU fuel has been excellent. Over 500 twelve-element LEU fuel
rods have been irradiated in the NRU reactor, and to date none has developed defects. A defect
is considered to be a breach in the cladding that provides a free path between the inside of the
element and the coolant, thus allowing fission products to escape. Since NRU has been
converted to LEU fuel, there have been no defects, and hence no requirement for post-irradiation
examinations (PIE).

AECL is also developing the irradiation research facility (IRF) reactor as a replacement for the
NRU reactor. The reference fuel for IRF is Al-64 wt % U3Si2, but the cladding will remain the
same as for NRU fuel. The duty cycle for the IRF fuel is expected to be more severe than in
NRU because of the high-power density and compact size of the IRF reactor. Information on the
cladding oxide thickness is required to determine fuel central temperatures for safety
assessments. Although PIE has shown that oxidation does not threaten cladding integrity at end-
of-life, there is limited data available on the oxide thickness at low-to-medium burnup because
during the LEU fuel development program, the oxide was chemically removed to facilitate
immersion density measurements to accurately determine fuel core swelling (3). In a previous
survey (4) oxide layers, 50 to 80 (am thick, were observed on the cladding of an NRU fuel
element after >80 atom % burnup, but this was considered an anomaly as earlier work had shown
oxide thickness ranged from 20 to 40 jam at end-of-life. The thick oxide was attributed to the
approximately 1-year interruption that occurred during that irradiation, when NRU was shut
down and the rods were removed to the light-water bays. However, to minimize uncertainty
about cladding oxide thickness growth with exposure time, PIE was conducted on spent NRU
fuel rods with a range of burnups. The PIE also served as a surveillance exam of standard
production NRU fuel.

This paper reviews the fabrication and irradiation of four Al-61 wt % U3Si fuel rods in the NRU
reactor, and presents results from the recent PIE.

BACKGROUND

NRU is a heavy-water-moderated and -cooled multipurpose research reactor that operates at 125
MW(th). In 1964, the reactor was converted from plate-type fuel containing natural-uranium
metal to highly enriched uranium (HEU, 93% 235U in U) fuel rods containing Al-21 wt %U. In
1993 June, the NRU reactor was completely converted to LEU fuel containing Al-61 wt % U3Si.

NRU driver fuel rods consist of 12 finned fuel elements arranged in 2 concentric rings. The total
length of the elements is 2.92 m, but the fuelled portion is 2.74 m long. The fuel element core
diameter is 5.49 mm and the clad wall thickness is 0.76 mm. Each element has 6 cooling fins,
0.76 mm wide by 1.27 mm high, spaced 60° apart.



Several uranium silicide compounds have been developed and tested in the LEU fuel
development program at CRL (1). In 1984, the first full-length prototype LEU fuel rods
containing U3Si were tested in NRU (2). The PIE showed that the fuel performance was
satisfactory, and Al-61 wt % U3Si was selected as the reference fuel for NRU conversion.
Subsequent irradiation testing also demonstrated the suitability of Al-64 wt % U3Si2 fuel (3-5);
however, by this time a U3Si fuel fabrication facility had been constructed at CRL, and there has
been insufficient economic incentive to further convert to U3Si2. AECL is currently designing
the IRF reactor as a replacement for the NRU reactor, and the IRF project has selected Al-64 wt
% U?Si2 as the reference fuel. The cladding material for both fuel types is now Al-1060
aluminum (previously Alcan 6102 was used). PIE of NRU fuel provides information for IRF
studies as well as generic support for LEU fuel applications in MAPLE-type reactors.

FUEL FABRICATION

The fabrication process used to make the Al-61 wt % U3Si fuel at CRL is described in detail
elsewhere (1-2). Basically, uranium and silicon are melted in a vacuum induction furnace, cast
into billets, heat treated, then milled into powders in an inert-atmosphere glove box. The
uranium silicide powder is seived into discrete size fractions, mixed with high-purity aluminum
powder, blended and processed to homogenize the fuel. The Al and U3Si material is hot-
extruded into cores. End plugs are attached to the cores, and finned aluminum cladding is
extruded over the cores. Excess material is machined away, and the cladding is welded to the
end plugs to hermetically seal the elements. Twelve elements are assembled with flow spacers,
welded to a hanger plate, and inserted into an aluminum flow tube. Top and bottom sections are
attached to the flow tube to complete the NRU rod.

The LEU fuel is made under a quality assurance program that conforms to Canadian Standards
Association standard CSA-Z299.2. Gamma scanning is used to confirm that the axial
distribution of fuel particles in the cores is uniform over the ~3-m fuel length. Neutron
diffraction analysis is used verify that the fuel composition is within specification, and X-ray
inspections are used to check the closure welds. Table 1 lists the fabrication data for the fuel
rods examined in this study.

TABLE 1. NRU Fuel Rod Fabrication Data

Al-61 wt% U3Si (g)

U3Si(g)

Enriched U (g)
2 3 5u (g)
Density (g/cm3)

Porosity (%)

FL191

4171.1

2526.1

2459.7

487.5

5.38

0.9

FL205

4159.9

2554.2

2453.1

486.2

5.37

1.2

FL261

4176.0

2564.1

2462.6

486.6

5.39

0.7

FL280

4182.5

2568.1

2466.9

482.9

5.4

0.6



IRRADIATION CONDITIONS

The LEU fuel rods were irradiated in the NRU reactor from 1993 through 1995. Table 2
summarizes typical driver-fuel operating conditions in the NRU reactor. Under the fuel
management scheme used in the NRU reactor, the fuel is first loaded in a relatively low-power
site at the periphery of the reactor core, moved to higher power sites near the centre of the
reactor as burnup increases, then back to the outside near end-of-life. Each rod occupies 3 to 6
lattice positions during its lifetime in-reactor, typically 340 d residence time at 70% operating
capacity.

Four rods with a range of burnups were selected for PIE. Some of these were discharged at low-
to-medium burnup because of operational problems unrelated to the fuel element themselves (e.g.,
damage to the flow tube or end fittings during refuelling). Figure 1 shows the axial power profile
with burnup for a typical NRU rod. Figure 2 shows the power histories for the 4 NRU rods in
this study. The maximum rod power was ~2 MW (rod FL 191), and the maximum element linear
power output at the mid-plane was approximately 68 kW/m (rod FL 280).

TABLE 2. Irradiation Conditions in the NRU Reactor

Neutron Flux Density
D2O Coolant:

Inlet Temperature
Outlet Temperature
Inlet Pressure
Velocity
pH
Conductivity

Rod
Full Power Days
Days Irradiation

Date In

Date Out

Maximum Rod Power, MW

Element Linear Power, kW/m

U x l O ^ n m r V 1

37°C
70°C
654 kPa
8.8 m/s
5.5-6.5
<1 |xS/cm
FL205

100
136

93-10-01

94-02-14

1.7

59

FL261
102
160

94-04-17

94-09-24

1.8

61

FL191
147
213

93-07-31

94-03-02

2

67

FL280
251
359

94-06-30

95-06-24

1.9

68



POST-IRRADIATION EXAMINATIONS

Post-irradiation examinations included underwater inspections in the bays, and visual and
metallographic examinations in the hot cells. The flow tube was cut above and below the fuel,
and the 12-element assembly was removed from the flow tube onto a horizontal table in the bay.
Sections were cut from the bottom, middle and top of randomly selected outer fuel elements from
each rod. Cutting out the samples from the intact rods proved difficult underwater, and some of
the fins were damaged during removal. The samples were mounted in epoxy, ground and
polished with 0.25-um diamond spray, and final polished with colloidal silica. Micrographs
were taken of the as-polished surface.

RESULTS AND DISCUSSION

Visual Examination: Underwater and hot-cell visual examinations showed that the fuel
elements were in good condition after irradiation. All end plug welds were intact, and there was
no evidence of fuel defects. The characteristic light-coloured oxide was observed on the
cladding over the fuelled section of the elements, and a darker oxide covered the unfuelled
regions and end plugs. Figure 3 shows the typical appearance of the oxide coatings on the fuel
elements. The fins were also worn under the flow spacers, and some fins were bent when the
samples were cut in the bays, indicating that the cladding retained significant ductility after
irradiation.

Cladding Oxide Thickness: An oxide thickness survey was done on each metallographic
sample; Table 3 summarizes the results. The first number in each entry is the typical oxide
thickness, and the second is the maximum (usually measured in small pits). At the bottom of the
fuelled section, near the coolant inlet, the oxide layer was typically 4 to 6 (im, with areas up to 8
|j,m. The oxide layer was thicker at the mid-plane, 8 to 24 Jim, with areas up to 34 \im. At the
top of the three lowest burnup rods, the oxide layer was typically 6 to 14 p.m, but in FL 280,
which achieved 251 effective full-power days (EFPDs), the oxide layer was 20 to 24 \im.

Table 3. Oxide Thickness Measurements on NRU Fuel Rods

Rod
Full-Power Days
Days Irradiation
Oxide Thickness (|im)
Top End Plug
Top
Middle
Bottom
Bottom End Plug

FL205
100
136

Typ
-
6
11
6
-

Max
-
10
14
8
-

FL261
102
160

Typ
3
8
8
5
6

Max
5
10
11
8
11

FL 191
147
213

Typ
3
7
9
4
10

Max
8
14
23
8

28

FL280
251
359

Typ
10
20
24
4
13

Max
16
24
34
8

20



Note that in the unfuelled regions over the end plugs, the oxide was thicker at the bottom (inlet)
than at the top (outlet) where the coolant temperature is higher. Clearly the higher exit
temperature is not causing increased growth rates in areas where there is no heat flux. The
element power typically peaks at the mid-plane, but the cladding surface temperature reaches a
maximum (~96°C) slightly downstream of the mid-plane, and the coolant temperature reaches a
maximum (~70°C) near the downstream end (top) of the rod.

Figurs 4 and 5 show cross-sectional views of the oxide layers observed on the fuel cladding. The
morphology of the oxide varied depending on location in the rod. The oxide at the bottom of the
fuelled section (near the coolant inlet) was typically intact and adhered tightly to the cladding,
and circumferential and radial cracks could be seen in the oxide at the mid-plane location
(highest power, and hence highest surface heat flux).

The literature (6) suggests that the corrosion product formed under conditions similar to those
that exist in the NRU reactor is boehmite (AI2O3.H2O). In a previous survey (4) layers of
boehmite, 50 to 80 urn thick, had been measured on the cladding of an NRU fuel element, and it
was speculated that this was due to the approximately 1-year interruption that occurred during
that irradiation, when the NRU reactor was shut down and the rods were removed to the light-
water bays. It is known that the pH and impurity levels in the bay water are much greater than
the pH and impurity levels of the heavy-water coolant in the NRU reactor because the bays are
used for a variety of tasks, including defective fuel examinations. The current study shows that
the oxide thickness at the mid-plane ranges from 8 to 34 |im after 251 EFPD. This supports the
argument that the previously observed thick oxide layers had indeed built up as a result of the
prolonged interim exposure to contaminated bay water, followed by subsequent irradiation.

Fuel Microstructure: Optical metallographic examinations in the hot cells revealed that the fuel
behaviour was similar to that of the Al-U3Si fuel previously irradiated at CRL (2). Figures 6 and
7 show the typical microstructure of the fuel from FL 205 after 40 atom % burnup and FL 280
after 84 atom % burnup. As expected, the uranium silicide particles reacted with the aluminum
matrix, forming an interfacial layer, UAI3 with dissolved Si, around each particle.

At low burnup, cracks could be seen in some of the fuel particles, but not in the Al matrix. These
cracks appeared to be formed after the irradiation terminated, possibly as a result of thermal
contraction on cooling.

At higher burnup, fission-gas bubbles could be seen randomly dispersed in the uranium silicide
particles, but the interfacial layers were generally free of bubbles. Table 4 lists the interfacial
layer thickness measurements. The results show that the interfacial layers are thicker at the hot
centre of the fuel core than at the periphery, as expected, and thickness increases with increasing
burnup.



Table 4. Thickness of Interfacial Layer Between AI Matrix and U3S1 Particles (|Lim)

EFPD

100

102

147

251

ELEMENT

FL205
BOTTOM

FL205
MIDDLE
FL205

TOP
FL261

TOP
FL261

MIDDLE
FL261

BOTTOM
FL191

TOP
FL191

MIDDLE
FL 191

BOTTOM
FL280

TOP
FL280

MIDDLE
FL280

BOTTOM

PERIPHERY

1-2

4-5

1-2

2

5-6

2

3-4

6-7

2-3

4-5

6-7

3

MID-RADIUS

2

5-6

2

2-3

7-8

2-3

4-5

9-10

2-3

5-6

8-10

4

CENTER

2-3

6-7

2-3

2-3

8-9

1

4-5

10-12

2-3

6-8

10-12

3-4

Fuel Core Diameter Measurements: Swelling was estimated from fuel core diameter changes,
assuming length changes were negligible. Immersion density measurements give a more
accurate indication of fuel swelling; however, this is not practical with full-length NRU
elements. Table 5 shows the estimated core diameters. These measurements provide indicative
estimates of fuel swelling, but because of possibly large errors in measuring diameters from
metallographic samples (it is obvious from the micrographs that the grinding surface was not
always normal to the fuel axis), the results are suitable only for relative comparisons within the
lot sampled. The results show that swelling remains limited at high burnup and is not a concern.

TABLE 5. Fuel Core Diametral Increases for Various NRU Rods

ROD

FL205

FL261

FL191

FL280

BURNUP
(atom %)

40

41

62

84

]

Top

5.5

5.49

5.56

5.58

DIAMETER (mm)
Middle

5.52

5.56

5.56

5.60

Bottom

5.5

5.52

5.56

5.58

SWELLING
(voi %)

1.1

2.6

2.6

4



SUMMARY AND CONCLUSIONS

Post-irradiation examinations were completed on four 12-element NRU fuel rods containing
Al-61 wt % U3Si fuel. Discharge burnups were estimated to be 40 to 84 atom % 235U, and the
maximum linear element rating was 68 kW/m.

The irradiation behaviour of the four Al-61 wt % U3Si fuel rods in NRU was satisfactory. Oxide
layers typically 24 um thick, with small areas up to 34 (im, were observed on the aluminum
cladding, after 251 FPDs. The oxide at the bottom (inlet) was typically intact and adhered tightly
to the cladding, and circumferential and radial cracks could be seen in the oxide at the mid-plane
location. Oxidation does not appear to threaten the integrity of the 0.76-mm-thick cladding.
Fuel core swelling remained within acceptable limits.

The Al-61 wt % UsSi fuel continues to perform well in AECL's NRU research reactor.
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Figure 1. Axial Power Distribution of rod FL-280 in NRU sites 128, G28, M07, P16, K13 and N06.
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Figure 2 (b). NRU Fuel Rod FL 261 Element Linear Power vs. Burnup
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Figure 2 (d). NRU Fuel Rod FL 280 Element Linear Power vs. Burnup
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Figure 3. Photograph of top, middle and bottom of fuel samples from NRU rods.



14

Oxide Layer

TOP
(#JJ2C2)

Oxide Layer

MIDDLE
(#JJ2B2)

Oxide Layer

BOTTOM
(#JJ2A8)

Figure 4: Typical oxide layer on NRU fuel rod FL-205 (136 d irradiation).
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Figure 5: Typical oxide layer on NRU fuel rod FL-191 (213 d irradiation).
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Figure 6: Micrographs of NRU fuel rod FL 205 (average 40 at.% burnup)
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Figure 7: Micrographs of NRU fuel rod FL-280 (average 84 at.% burnup)
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