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Abstract

AECL's mixed-oxide fuel fabrication activities are performed in the Recycle Fuel
Fabrication Laboratories (RFFL) at the Chalk River Laboratories. Since the start-up of the
RFFL in the mid-1970s, several fabrication campaigns have been conducted in the facility,
producing various types of mixed-oxide (MOX) fuel, which were used for both irradiation
and physics testing. More recently, CANDU® fuel bundles containing 0.5 w-t % plutonium in
natural uranium, produced in the RFFL, were successfully irradiated in the NRU reactor at
powers up to 65 kW/m and to burnups ranging from 13 to 23 MW»d/kg HE. Two of the
bundles had power histories that bound the normal powers and burnups of natural UO2

CANDU fuel (<65kW/m, burnups of 13 to 15 MW»d/kg HE). These bundles exhibited
sheath strain and fission-gas release (FGR) typical of those observed in similarly operated
UO2 fuel. Significantly more grain growth was observed than that expected for UO2 fuel;
however, this increase in grain growth had no effect on the overall performance of the fuel.
Two other bundles operated to extended burnups of 19 to 23 MW»d/kg HE. Burnup
extension above 15 MW»d/kg HE only had a small effect on FGR.

1. INTRODUCTION

Research and development activities on Pu-containing mixed-oxide (MOX) fuel have
been conducted by Atomic Energy of Canada Limited (AECL) at its Chalk River
Laboratories (CRL) site since 1960, and they remain a strategic part of AECL's advanced
fuel-cycle program. The program includes MOX fuel fabrication development, irradiation
testing, post-irradiation examination (PIE), as well as reactor physics and fuel-management
studies.

2. CANDU MIXED-OXIDE FUEL FABRICATION

2.1. The RFFL

AECL's mixed-oxide fuel fabrication activities are performed in the Recycle Fuel
Fabrication Laboratories (RFFL) at the Chalk River Laboratories (CRL). The RFFL facility
is designed to produce experimental quantities of CANDU mixed-oxide fuel for reactor
physics tests or for demonstration irradiations [ 1].

Since the start-up of the RFFL in the mid-1970s a number of fuel fabrication
campaigns have been conducted in the facility, producing various quantities of fuel with
different compositions including MOX (Table I). The fuel elements and bundles were used
for test irradiations in the NRU experimental reactor and for physics tests in the zero-power
ZED-2 reactor. To date, about 5000 individual fuel elements, equivalent to over 160 bundles
and containing close to 3 t of MOX, were fabricated in the RFFL [2].
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Subject to restrictions imposed by the presence of Pa (essentially all operations are
done inside ventilated and filtered glove boxes and fume hoods), the processes employed in
the RFFL follow conventional natural-UO2 practice (Figure 1). Weighed amounts of the
starting powders (UO2 or ThC>2 and PuO2) are milled either separately or as a master mix
using a vibratory mill. Blending could then be achieved using the high-intensity mixer
followed by a turbula blender. The blended MOX powder is pre-pressed into compacts,
which,,, in turn, are fed into a granulator. The resulting free-flowing granules are then
suitable for final pressing into green pellets by an automatic hydraulic press. The green
pellets are loaded into a batch furnace, where sintering is performed under a dilute hydrogen
cover gas. Sintered pellets are then centreless ground to a specified diameter and surface
finish. Acceptable pellets are loaded into sheaths that are subsequently end-closure welded
using a tungsten-inert gas (TIG) welding system. The sealed elements are helium leak-
tested, scanned for surface alpha contamination, and dimensionally inspected before being
assembled into bundles.

2.2. Inspection Techniques on MOX Fuel

Standard inspection techniques-such as finished dimensions, surface finish, and
immersion density of the pellets-are applied to obtain physical characteristics of the MOX
fuel. Also, standard metallographic procedures are used to measure microstructural grain
size of sintered pellets. Chemical analytical methods are employed to determine fuel
properties, including oxygen-to-metal ratios, assay and isotopic composition of fissile
components, and impurity contents of the finished pellets.

TABLE I. FUEL FABRICATION CAMPAIGNS CONDUCTED IN THE RFFL

Experiment

BDL-419

BDL-422

BDL-43 0

WR1-1012

WR1-1012

WRl-1010

BDL-43 2

ZED2-96

DATE

1979-80

1981-83

1982

1982

1982

1982-85

1986-88

1996-97

FUEL TYPE

(U, 0.5% Pu)O2

(Th, 1.75%Pu)O2

Natural ThO2

(Th, 1.8%23SU)O2

(Th, 2.3% Pu)O2

(Th, 2.3% Pu)O2

(Th, 1.4%233U)O2

(U, 0.3% Pu)O2

QUANTITY (kg MOX)

15, 36-element bundles (320 kg)

6, 36-element bundles (120 kg)

1, 36-element bundle (20 kg)

2, 21-element bundles (20 kg)

2, 21-element bundles (20 kg)

1332 elements (650 kg)

1350 elements (700 kg)

37, 37-element bundles (810 kg)

One inspection technique of interest is alpha auto-radiography that is used in
combination with image analysis to determine Pu particle size and distribution. This method
provides a quick and practical means of quantitatively determining the extent of plutonium
homogeneity of MOX fuel in a production environment. A typical image from an auto-
radiograph is digitized and enhanced for analysis, as shown in Figure 2. Information on
particle size and inter-particle distances are then obtained to determine a measure of Pu
homogeneity.

Another use of the image analyzer is to employ the local composition differences to
convert the contrast between the plutoniurn-rich particles and the matrix into gray-levels. If a
relationship between the gray-level and composition can be established, plutonium and
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FIGURE J. Flow sheet for the MOX fuel fabrication process employed in the RPFL.

uranium distributions can be determined directiy.by image analysis, making it practical and
economical for a MOX fuel fabrication facility. Development work is being conducted at
AECL to accomplish this procedure*

Some MOX fuel samples were analyzed using a quantitative X-ray dispersive
spectrometric (WDS) technique [3]. The analysis used a WDS spectrometer attached to the
shielded JEOL-840 scanning electron microscope (SEM) at CRL. Point analysis with a 2-jim
iaterval was conducted diametrally across the Pu-rich particles to obtain the uranium and
plutonium distribution profiles, which all exhibited a similar shape. A compositional
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transition band, ~10 jxm in width, was observed between the particle and the matrix,
indicating plutonium and uranium interdiffusion had occurred. The individual measurements
are consistent and accuracy is satisfactory.

The gray-scale trace of a Pu-rich particle obtained from image analysis of an
autoradiograph is compared to the concentration profile obtained from WDS in Figure 3.
As can be seen, the correlation between the two profiles is very good. Further work is being
conducted to compare uranium and plutonium concentrations in particles with corresponding
alpha autoradiographic images to provide a bench mark for routine alpha autoradiographic
analysis.

FIGURE 2, Photograph showing a digitized and enhanced image of a typical alpha auto-
radiograph of an unirradiated MOX fuel. The dark spots are Pu-rich areas.

3. CANDU MIXED-OXIDE FUEL PERFORMANCE TESTING

3.1. The BDL-419 Experiment

Irradiation testing and PIE of Pu-containing MOX fuel at AECL have progressed
from testing of several fuel elements—to investigate basic ceramic properties of MOX fuel—
to currently demonstrating the multi-bundle irradiation performance of Canadian-fabricated
MOX fuel. One of the more recent tests is the BDL-419 experiment. It has involved the
fabrication, irradiation, and post-irradiation examination of MOX fuel bundles of the same
37-element geometry as is currently used in commercial CANDU power reactors. Details of
this experiment, including the irradiation history and PIE results, are reported elsewhere [4|;
the highlights are discussed here.

The main objectives of the BDL-419 experiment were (a) to demonstrate that
(U, Pu)O2 fuel fabricated in the RFFL is capable of sustaining powers and burnups typical of
CANDU UO2 fuel, that is, at peak powers <65 kW/m to buniups of approximately
10 MW»d/kg HE; and (b) to investigate the performance of CANDU MOX fuel at extended
burnups (>18 MW«d/kg HE).
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FIGURE 3, Plots of (a) uranium and plutonium concentration profile obtained by
microprobe spot analysis across a Pu-rieh area, and (b) a eomparable gray-
scale trace of digitized and enhanced image of a similar area as it appears on
an alpha auto-radiograph.

3.2. Fuel Design Aiid Irradiation

The fuel elements for BDL-419 were fabricated in the RFFL [1,2]. The (U, Pu)O2

pellets, produced by blending natural UO2 with PuO2, contained 0.5 wt % fissile plutonium in
heavy element* The elements were assembled into bundles that were essentially the same as
those used in the Brace commercial power reactors,
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A summary of the PIE results of four BDL-4 19 bundles-designated ABB, ABC,
ABD and ABE-is presented here. Bundles ABD and ABE operated at powers up to
65 kW/m and to burnups ranging from 13 to 15 MW*d/kg HE, thus bounding the normal
powers and burnups of natural-UO2 CANDU fuel. Similar powers were observed in bundles
ABB and ABC, but to extended burnups ranging from 19 to 23 MW*d/kg HE. These bundles
were irradiated under conditions similar to those of commercial CANDU power reactors. A
summary of power and burnup data is shown in Table II.

TABLE H. SUMMARY OF POWER HISTORY, STRAIN AND FISSION-GAS
RELEASE DATA FOR BDL-4 19 MOX FUEL

Bundle Measured Outer- Outer-Element Outer-Element Outer-Element
Identity Element Burnup Power at BOL Midpellet Strain Fission-Gas

(MW«d/kg HE) (kW/m) (<>/0) Release (%)

ABB
ABC

ABD

ABE

18.7-20.4
22.1 -22.8

13.0- 13.3

14.4 - 15.0

50-55
60-62

63 -65

54-56

-0.1
-0.1

-0.2

-0.3

to 0.0
to +0.1

to +0.2

to 0.0

4-

12-

lo-

7-

5
13

11

9

3.3. Results of the PIE

Midpellet residual sheath strains of -0.3% to +0.2% were observed in the outer
elements of the four BDL-419 bundles (Table II). These strains are within the range that is
normally observed in CANDU UO2 fuel [5].

Fission-gas release (FGR) of 4% to 13% was observed in the outer elements of the
four BDL-4 19 bundles. This FGR is within the range that is expected for similarly designed
and operated UO2 fuel [5-7]. As in the case of UO2 fuel [7], the MOX fuel FGR dependence
on burnup is weak relative to the effect of power.

Alpha auto-radiography of an outer-element fuel pellet cross-section illustrated that
the periphery of the fuel retained the as-fabricated inhomogeneous microstructure of the fuel,
containing regions with plutonium-rich particles as well as regions low in plutonium content.
Plutonium homogenization was observed in the central region of the fuel at powers
>55 kW/m, and was accompanied by columnar grain growth. Columnar grain growth is not
normally observed in CANDU UO2 fuel below powers of 65 kW/m. The progression in
burnup from 13 to 23 MW»d/kg HE did not appear to have any effect on the observed
microstructural changes; this finding indicates that the degree of grain growth observed was
due to high power operation at BOL (beginning-of-life), not burnup extension.

The degree of grain growth observed in the BDL4 19 MOX fuel relative to the
degree expected of UO2 fuel is indicative of higher operating temperatures or different grain-
growth kinetics, or of both. The columnar grain growth observed in the BDL-419 MOX fuel
does not appear to have contributed to increased strain or FGR, both strain and FGR- as
noted above-were in the normal range for comparable UO2 fuels.

4. SUMMARY AND CONCLUSIONS

Since the start-up of the RFFL in the mid-1970s several fabrication campaigns have
been conducted in the facility, producing various types of CANDU mixed-oxide fuel, which
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were used for both irradiation and physics testing. To date, about 5000 individual fuel
elements, equivalent to over 160 bundles and containing close to 3 t of MOX fuel, were
fabricated in the RFFL.

Development work is being conducted at AECL on MOX fuel fabrication and
characterization. One characterization technique is alpha auto-radiography that is used in
combination with image analysis to determine Pu particle size and distribution. Using a
quantitative X-ray dispersive spectrometric (WDS) technique, a correlation between the gray-
level and composition can be established, and plutonium distributions can be determined
directly by image analysis. This method would provide a practical and economical means of
quantitatively determining the extent of plutonium homogeneity of MOX fuel in a production
environment.

CANDU mixed-oxide fuel bundles that contained 0.5 w-t % plutonium in natural
uranium were successfully irradiated from outer-element BOL powers of 50 to 65 kW/m to
burnups ranging from 13 to 23 MW*d/kg HE. The power histories observed in some bundles
bound the normal powers and burnups of natural-UO2,CANDU fuel (up to 65 kW/m, to
burnups ranging from 13 to 15 MW»d/kg HE). These bundles exhibited sheath strain and
FGR typical of those observed in similarly designed and operated UO2 fuel. Significantly
more grain growth was observed than that expected for UO2 fuel; however, this increase in
grain growth had no effect on the overall performance of the fuel.

Other bundles operated to extended burnups of 19 to 23 MW»d/kg HE at powers
similar to those at which other bundles operated. Bumup extension beyond 15 MW«d/kg HE
had no apparent effect on sheath strain and grain growth, and only had a small effect on FGR
(similar to that observed in UO2 fuel). This extended bumup had no effect on the
performance of the bundles.

The BDL-4 19 tests demonstrate that MOX fuel produced in the RFFL is capable of
sustaining powers and burnups typical of natural-U02 fuel currently operating in CANDU
reactors and that its performance at extended bumups is similar to that expected of UO2 fuel.
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