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Résumé

Cinq tranches tomographiques prises au travers du bouchon terminal d'un
élément combustible CANDU ont été engendrées au moyen d'une source de
cobalt 60 et d'un scanographe tomographique de la première génération
(déplacement-rotation). On a observé une anomalie dans la répart i t ion de
la densité qui semblait résulter de la défectuosité. Cependant, avec la
résolution spatiale de 0,30 mm ayant été employée, i l n'a pas été possible
de préciser sans équivoque si le changement de densité é ta i t dû à un
défaut de soudure ou à une anomalie stat ist ique des données. La conclusion
est qu'un système de microtomographie ayant une résolution spatiale de
l 'ordre de 0,1 mm pourrait détecter toute défectuosité.
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ABSTRACT

Five toinographic slices through a defective end cap from a CANDU fuel pencil
have been generated using a Co-60 source and a first generation translate-
rotate tomography scanner. An anomaly in the density distribution that is
believed to have resulted from the defect has been observed. However, with
the 0.30 mm spatial resolution used, it has not been possible to state
unequivocally whether the change in density is caused by a defect in the weld
or a statistical anomaly in the data. It is concluded that a microtomography
system, with a spatial resolution in the range of 0.1 mm, could detect the
flaw.
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1. INTRODUCTION

Computed tomography is a non-destructive testing technique that generates a
map of the linear attenuation coefficient on a cross section through an
object. The technique is particularly well suited to the detection and
sizing of voids or density anomalies. To evaluate the suitability of the
technique for inspecting the end caps of CANDU fuel pencils, a defective end
cap, obtained from the Nuclear Products Section of Canadian General Electric
(CGE), was examined using tomography.

2. MATERIALS AND METHODS

The end cap, designated U18, was reported by CGE to contain a defect in the
weld area. Consequently five tomographic images were generated through the
weld area using a Co-60 source (see Figure 1). The tomography scanner was
adjusted to give an in-slice spatial resolution of 0.30 mm (0.012")
full-width at half-maximum (FWHM), an axial resolution of 0.79 mm (0.031")
FWHM, and a density resolution of 7.5% with respect to Zircaloy (see Table
1). The axial resolution was set by the available hardware while the
in-slice resolution represented a compromise between the scanning time and
the contrast resolution. A more detailed description of the tomography
facility, including background information on the tomography technique, is
given in references 1 and 2.

TABLE 1: Summary of the Scanner Geometry for the CGE Scans

Parameter Value

Number of rays per projection

Number of projections

Count time per ray (s)

In-slice spatial resolution (mm)

In-sllce pixel size (mm)

Axial spatial resolution (mm)

Contrast resolution relative to
Zircaloy (%)

Number of slices

Inter-slice spacing (mm)

128

iao

3,

0.

0,

0.

7.

5

0 .

.4

.30

.15

,79

,5

40 or 0.80



- 2 -

A' -~
DEFECT LOCATION

?.) Top view

WELD LINE

MAJOR INDENT—J

MINOR INDENT -

AXIAL
BEAM WIDTH

CENTRAL POSITION FOR

- SCAN PLANE 1
- SCAN PLANE 2
- SCAN PLANE 3

- SCAN PLANE 4

- SCAN PLANE 5

b) Cross section A-A' at weld interface

Figure 1: Diagram illustrating the location of the defect in the U18 end cap.



- 3 -

3. KLSULTS AND DISCUSSION

Images for the five scans are shown in Figure 2. The pictures have been
taken from a CRT display that consists of a 128 x 12b array of square picture
elements (pixels). Each pixel represents a volume (voxel), 0.15 mm on a side
by 0.8 mm high, in the sample. Each pixel is assigned an integer value that
is related to the linear attenuation coefficient (|i) in the corresponding
voxel. The largest integers are assigned the lightest shades of grey while
the smallest integers are assigned the darkest colours (black). Colour
scales are shown to the right of each image.

The images are oriented as if one were looking down on the end cap.
According to CGh, the leak should be located at the top dead centre of Image
2 or 3. The topmost image (image 1), shows the end cap completely filled
with Zircaloy, except for a lower density annulus located 1.3 mm from the
outer circumference. This region corresponds to the major indent in the end
cap and is observed because of the large axial extent of the beam (see Figure
1). Images 2 and 3 show this indent more clearly. Image 5 is located well
below the end cap and shows only the wall of the pencil.

Within image 3, there is a faint indication of a second annular region of
lower density located mid way between the major indent and the wall. It has
been hypothesized that this corresponds to the minor indent (see Figure 1 ) .
It is not well resolved as its size is smaller than the dimensions of the
beam. Two dark-coloured pixels can be seen at the top dead centre of the
image at a radius corresponding to the minor indent. These pixels could
indicate the presence of an air-filled void.

Profiles of the linear attenuation coefficients along horizontal chords
through the end cap in the region of this anomaly are shown in Figures 3
through 5. The variations in the profiles are due to the 7.5% noise in the
data. The third profile in image 3 clearly shows one pixel that is two
standard deviations below the region average and one other pixel (to the
right) that is marginally below the noise. It is these pixels that show up
as the dark spots in Figure 2. Selected vertical linear attenuation
coefficient profiles through this region are shown in Figure b. The pixels
with low values are again visible in the profiles for image 3.

Although the low density pixels are clearly visible, the 7.5/6 noise in the
data means that it cannot be definitely stated whether these pixels
correspond to a void or whether they correspond to a statistical deviation in
the data.

In principle, the noise could be reduced, allowing this question to be
resolved. However, the noise level in the image is inversely proportional to
the square root of the scan time. To achieve a 3% noise level would require
a 21.25 second count time per ray (versus the 3.4 seconds used) on the CrtNL
scanner. Other options include using a higher specific activity source
(192Ir or an X-ray tube) and/or scanning techniques specifically designed for
annular objects.



Image I

(Scan Plane 1)

Image 2

(Scan Plane 2)

Figure 2: Tomographic images of the end cap along the five scan planes shown
in Figure 1. The bar at the right of each photograph shows the
mapping between linear attenuation coefficient and grey-level
in tens i tv .
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Image 3 (Scan Plane 3)

Image 4 (Scan Plane A)

Figure 2: (continued)



Imnge 5

(Si-.-in Plane 5)

Figure. 2: (concluded)
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Figure 3: Linear attenuation coefficient profiles along horizontal chord.s
through the end cap for image 2.



Figure 4: Linear attenuation coefficient profiles along horizontal chords
through the end cap for image 3.



Figure 5: Linear attenuation coefficient profiles along

through the end cap for image 4.

horizontal chords
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Image 2

Image 3

Image 4

Figure 6: Linear attenuation coefficient profiles along vertical chords
through the end cap for images 2, 3 and 4.
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The tomographic data have been used to generate new images parallel to the
major axis of the end cap, i.e., orthogonal to the original image planes. (A
complete description of the method used is given in Reference 3.) The
resulting images, see Figure 7, show the axial variation of the linear
attenuation coefficients. The bars at the edge of each of the new images
(frames 2, 3 and 4) denote the location of the original transverse scan
planes. Where necessary, linear interpolation has been used to generate data
between the image planes. The dashed bars highlight the location of the
transverse image shown in frame 1.

The frame 2 image shows an axial (coronal*) cross section through the region
containing the anomalous pixel values. The plane is parallel to section A-A'
in Figure la. The major indent is visible on both sides of the profile while
the anomaly (or the minor indent) is visible on the right side only
(corresponds to the upper portion of image 3). The lower two frames
illustrate the axial variation of p. along sagittal* chords tangential to the
end cap wall in the area of the anomaly. Some thinning in the wall is
visible in frame 3, and likely corresponds to the lip at the point where the
weld line meets the outer surface of the end cap.

4. CONCLUSIONS

The tomographic images have shown the in-slice and axial variation of the
linear attenuation coefficients within the top section of the U18 end cap.
The major indent and the lip near the weld have been highlighted.
Furthermore, a possible void in the vicinity where the defect is supposed to
be has been identified. However, it has not been possible to state whether
the change in density is caused by a defect in the weld, a section of the
minor indent, or a statistical anomaly in the data.

At the beginning of the study, it was not clear whether the defect was a
complete hole through the weld or a partial separation along the weld line.
To verify the presence of a hole, the end cap was pressurized using air and
then immersed in a beaker of water. No air bubbles were observed. A second
test was performed using a leak detection solution placed on the surface of
the weld. Again, no bubbles were observed. These two tests lead us to
believe that the defect does not extend all the way through the end cap.

This conclusion was verified verbally by Canadian General Electric. In the
discussion, it was stated that the defect had been detected by ultrasonics
and was approximately 0.13 mm long (along the weld line) by a few micrometres
thick. With this size, one would have been very fortunate to have seen it
with the current CRNL tomography scanner. Voids should be at least 20% of
the pixel size in a given dimension to be clearly seen. With the resolution
used, this corresponds to a crack 30 fjm wide x 300 |jm deep.

The terms coronal and sagittal are used in medical tomography to
differentiate between frontal planes that pass through the long axis of the
body (coronal) and planes parallel to the median plane of the body
perpendicular to the coronal planes (sagittal).
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Figure 7: Tomographic images along planes orthogonal to the original data
set showing the axla] variation of the linear attenuation
coefficients. Frame 1 shows image 3 while frame 2 is a coronal
image taken along the vertical portion of the cross hair shown in
frame 1, Frames 3 and 4 show sagittal images along the horizontal
portion of the cross hair.
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A microtomography system, with pixel sizes in the range of 50 (im (0.002") on
all sides, would be more suitable for detecting the flaw actually believed to
be present. The CRNL test scanner is currently being modified to allow us to
achieve such resolution.
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