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TOMOGRAPHIC VISUALIZATION OF STRESS CORROSION CRACKS IN TUBING

by
R. A. Morris

R. P. Kruger

G. W. Wecksung

ABSTRACT

A feasibility study was conducted to determine
the possibility of detecting and sizing cracks in
reactor cooling water tubes using tomographic tech-
niques. Due to time and financial constraints, only
one tomographic reconstruction using the best tech-

nique available was made. The results indicate that

tomographic reconstructions can,in fact, detect
cracks in the tubing and might passibly be capable

of measuring the depth of the cracks.

Limits of

detectability and sensitivity have not been deter-
mined but should be investigated in any future work.

I. INTRODUCTION

The basic goal was to demonstrate
the feasibility of visualizing radial
cracks caused by stress corrosion in
reactor cooling tubes by computed tomo-
graphic reconstruction. The tomo~
graphic results will in turn, be used
by the Battelle Northwest Laboratory to
calibrate an eddy current inspection
for the tubing.

The cracks occur on the outside di-
ameter of the nominal 1.2-mm thick wall
tube and generally run with the tube
axis in the plane of the crack. The
cracks vary in depth and width, but are

all less than 0.1-mn wide and have a
maximum depth equal to the wall thick-
ness (1.2 mm). The outside diameter of
the tubing is 22 mm.

In general, radiography or radia-
tion transmission gauges are not the
inspection of choice when tight cracks
are to be detected because the sensi-
tivity of any radiographic technique to
cracks is a very sensitive function of
crack orientation. In fact this rea-
soning is implicit in the choice of
eddy currents as the primary inspection
technique for stress corrosion cracks.
However, quantitative sizing of defects
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is very difficult if not impossible
with eddy currents if good standards
are not available. In principle, eddy
current testing with more than one fre-
quency has the capability of measuring
defect size but the theoretical under-
standing of the problem is not advanced
enough to solve this problem without
standards. Tomography, while basically
a radiation gauging technique and hence
relatively insensitive to cracks, does
yield a result that sizes defects to
within the accuracy implied by the sam-
pling theorem. The appendix describes
tlie basic principles of tomography as
it was applied to this problem.

[1. PROCEDURE

Because the fcatures to be visual-
ized are very small (< 0.1 um x 1 mm)
with high x-ray absorbtion contrast,
industrial x-ray film was chosen as the
detector. While the film has relative-
ly low dynamic range, it has excellent
spatial resolution comparable to a col-
limated nuclear detector. Figure 1 il-
lustrates the equipment. The 4-mm ra-
diation gap projects to 4.7 mm on the
film. This requires that the film
translate 5.7 mm between exposures to
prevent double exposurcs. The x-ray
source was shielded with lead bricks
with a small port to colliimate or at
least minimize the stray scattered ra-

diation. This problem will be
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Fig. 1. Tomagraphic geametry.

discussed later. Table 1 lists the ra-

diographraphic exposure data.

Table 1

Radiographic Exposurc Data

Energy/mA 200kV/4mA

Exposure time 2 minutes

Fiim Toad Eastman Kodak
Type M with
0.1 mm Pb
screens

Target-film-

distance 145 cm

Target-slit-

distance 125 cm

Target-object-

distance 119 cm



After each exposure, the tube was
rotated 1 degree and the film advanced
5.7 mm. Because the exposure slit
plates were relatively thin, the back-
ground radiation started building up
which limited each film to 20 expo-
sures. The fiducial plate was mounted
on the back of the upper exposure slit
plate and served as a reference mark
for the subsequent microdensitometer
scanning. To permit the fan-beam geom-
etry to be corrected to the normal par-
allel beam geometry, views were taken
from -10 to 190 degrees.

After the films were developed,
each slit image was scanned with a
scanning microdensitometer using a
100 um X 1500 um slit. The 100 pm di-
mension was parallel to the scanning
direction. The digital data resulting
from each scan was stored on magnetic
tape prior to manipulation in the com-
puter. The scans were aligned by ref-
erencing the start of each scan to tae
fixed fiducial image.

The first tomographic recrnstruc-
tion revealed two potentialiy serious
sources of error.

1. The background radiation had
built up after the 20 exposures
to produce a nonuniform back-
ground.

2. The alignment of slit, object,
and axis of rotation left some-

thing to be desired. In

particular, the exact location
of the axis of rotation was un-
known.
In an effort to minimize these poten-
tial errors, the data was manipulated
prior to passing through the tomogra-

phic algorithm. Figure 2 illustrates
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the operations performed on each data

record (projection). Sinograms of the

projections are shown before and after
the operations to illustrate the mag-

nitude of these errors. The sinogram

shows the individual tomographic pro-

Jections plotted against the angle of

tube rotation.

The axis of rotation was arbitrar-
ily placed midway between the two data
mininum. The start of each scan was
then defined a fixed distance from the
axis of rotation. This operation,
while necessary, introduced some error
and will be discussed more fully later.
The tomographic reconstruction utilized
the standard filtered backprojection
and was run on LASL's CDC-

The reconstructed image

a]gom’thm1
7600 computer.
was recorded on a standard digital mag-
netic tape and was then displayed on a
COMTAL 8300 digital display unit.

I1I. RESULTS

Figure 2 illustrates the results
after some rudimentary image enhance-
ment operations. These operations sim-
ply consisted of inverting the gray
scale and then expanding a narrow den-
sity range in the original data using a
linear mapping function on the COMTAL
display. Figure 3 also contains a
photographic mosaic that maps the
features detected in the reconstruction

to the features visible to the eye.

IV. CONCLUSIONS

Figure 3 illustrates the correla-
tion between the visible cracks and the
indications detected in the reconstruc-
tion. The most important conclusions
we can draw at this point are:

I. many of the cracks in the pipe

are detected by tomography, and

2. the crack inagications visible in

the reconstruction appear to
have structure (shape and orien-
tation).

The crack images in the recon-
struction appear blurred for a number
of reasons. First, by nut knowiny the
exact center of rotations of the pipe,
the indications are spread out propor-
tional to the uncertainty. Secondly,
the cracks do not run perfectly linear
along the pipe axis but are somewhat
irreqular. Since the microdensitometer
slit is 1.5 mm long, this in effect in-
tegrates along the slit length produc-
ing a wider crack image and a lower
contrast image. Finally, the finite
scanning slit width introduces its own
blur factor which must be accounted
for. Of these factors, the first two
can certainly be reduced. The effect
of shortening the slit lengtk wili be
not only to reduce the integrating ef-
fect and hence sharpen the image but
also unfortunatly to reduce the signal-
to-noise ratio. How far this can be
carried before the noise becomes so
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high as to hide defects remains to be
studied. Reducing the slit width will
have the same effect. Future experi-
ments will use a collimated solid state
detector in lieu of film.

We kave demonstrated the feasibil-
ity of visualizing actual stress cor-
rosion cracks within rzactor cooling
piping by tomographic reconstruction.
We have not determined the spatial res-
olution of the technique nor explored
the functional dependence of spatial
resolution with such system parameters
as:

1. scanning aperture size,

2. detector resolution (solid

state and film),

3. signal-to-noise ratio, and

4. x-ray energy.

The results are highly encouraying

and indicate that tomography may become
a very important NDE tool when properly
developed. The next obvious step to
take is to section the pipe in the vi-
cinity of the tomographic section and
compare the visual indications with the
tomographic indications. At the same
tine a series of experiments using
mock-up and real cracks should be de-
vised to explore tne sensitivity of the

technique to defect detection.
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APPENDIX

FILTERED BACK PROJECTION ALGORITHM

Figure A-1 depicts in symbolic form
the scanning and reconstruction process
using three projections pg; (t) for
j=1,2, 3. However, the number of
orojections can vary between 2 and 240
in presently known applications. Each
prcjection value p is essertially a
line integral along a path L through

the object cross section f relative to
an angle O.
Thus

polt) = { F(1)d1

(A-1)

for all t and 6. Several such line

integrals are symbolized as dotted
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lines in Fig. A-1. It has also been
shown that source-detector gecmetry of
either the parallel or fan-beam type
are equivalent for a judicious choice
of projection angles 0 and thus will
not affect the reconstruction process.

Several algarithms have been pro-
posed for accomplishing computed tomo-
graphy. The algebraic reconstruction
techniques (ART) appear to be advanta-
geous when a very limited number of
projections are available. However,
this application utilized a sufficient
nunber of projections to enable the use
of the filtered back projection

reconstruction method. The basis of
this method will now be discussed. The
case where t and © are both continuous
will be initially considered.

The one-dimensional Fourier trans-
form of a projection pe(t) is ﬁa(v) de-
fined

P (v) = [ p (t)e PVt (A-2)

where v is mgasured as a spatial fre-
quency. If P is filtered with a fre-
quency domain ramp or rho filter |v |
and inverse-transformed, this will pro-
duce a filtered projection Be(t) de-
fined.

Bb(t) =‘F 5O(v) lv] '™ty  (A-3)

The rho filter effectively produces the
phaseless derivative py(t), of the
original projection. Using these fil-
tered projections, the cross saction
fz(x,y) at a given z-axis height can

be reconstructed exactly using

n
fz(x,y) =4‘ Po(x cos 0 + y sin o)do (A-4)

However, cxact reconstruction is not
possible since the number of angles ©
at which projections are actually col-
lected is always discrete and finite.



Also, po(t) is usually a sampled or
Thus, for finite ©
denoted, oithe reconstruction plane can

“digitized waveform.

be approximated by

- 1 K .
fz(xsy) - 'k‘ 7_)

i=1

Poi

(x cos 0, +y sin Oi) (A-5)

Where K is the total number of projec-
tions. The cross section ?Z is now an
approximation to f since p and 9§ are
both discrete and finite. It should

2lso be noted that the x and y indices
are now discrete integer picture matrix

locations.



