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Application industrielle de la tomographie assistée par ordinateur:

détection, localisation et mesure des cavités de retrait

dans les pièces fondues des vannes

par

P.D. Tonner et G. Tosello

Résumé

L'exploration CAT (Computer Assisted Tomography) est une méthode d'essais
non destructeurs employée pour obtenir des relevés quantitativement précis
de la répartition des coefficients d'atténuation linéaire à l'intérieur
d'un objet. Pour démontrer que cette méthode permet de localiser avec
précision les défauts en trois dimensions, on s'est servi d'une vanne de
5 cm sectionnée dont la cavité de retrait était rendue visible par le
sectionnement et, au moyen d'une source de cobalt 60, on a obtenu des
images tomographiques de cette vanne. Ces images ont révélé une importante
cavité au-dessous de la surface sectionnée. La position de cette cavité a
été localisée avec une précision en plan et axiale d'environ +1 mm. On a
estimé que le volume de la cavité atteignait environ 40 mm .

Département de développement des instruments
Laboratoires nucléaires de Chalk River
Chalk River, Ontario, Canada KOJ 1J0

Octobre 1984

AECL-8626



ATOMIC ENERGY OF CANADA LIMITED

AN INDUSTRIAL APPLICATION OF COMPUTER ASSISTED TOMOGRAPHY: DETECTION,
LOCATION AND SIZING OF SHRINK CAVITIES IN VALVE CASTINGS

by

P.D. Tonner and G. Tosello

ABSTRACT

Computer assisted tomography (CAT) scanning is a nondestructive testing tech-
nique used to obtain quantitatively accurate mappings of the distribution of
linear attenuation coefficients inside an object. To demonstrate the poten-
tial of the technique for accurately locating defects in three dimensions a
sectioned 5 cm gate valve, with a shrink cavity made visible by the section-
ing, was tomographically imaged using a Co-60 source. The tomographic images
revealed a larger cavity below the sectioned surface. The position of this
cavity was located with an in-plane and axial precision of approximately
± 1 mm. The volume of the cavity was estimated to be approximately 40 mm3.
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1. INTRODUCTION

Computerized Tomography (CT) is a nondestructive testing technique used to
obtain quantitatively accurate mappings of the distribution of linear attenu-
ation coefficients inside an object. One possible application of CT is to
re—inspect items that have failed to conform to standard QA acceptance tests
in order to characterize the defect in greater detail. Since CT images con-
tain a wealth of distortion free spatial information, CT re-inspection may be
especially useful if the non-conforming item is to be repaired or upgraded.
The present study demonstrates the use of CT re-inspection to detect, locate
and size shrink cavities in valve castings earmarked for upgrading.

Radiographs of valve castings are routinely used for QA, with the choice of
acceptance standards depending on the intended end use of the valve. If an
unacceptable shrink cavity is indicated on the film the casting may be up-
graded by gouging out the cavity and backfilling the entire area with weld
material. Because of the complex shapes involved, it is sometimes difficult
to accurately locate the cavity in three dimensions by referring to radio-
graphs alone. In some cases this has led to the removal and backfilling of
considerably more material than necessary. In other cases the cavity has not
been adequately repaired on the first attempt and, hence, it has been neces-
sary to upgrade the casting a second time.

The present study was carried out to demonstrate how CT images can be used to
eliminate such costly upgrading errors. Because tomography is not presently
in widespread use as an industrial NDT technique, the theory of tomography is
briefly reviewed with special emphasis on the differences between convention-
al radiography and CT imaging. This is followed by a description of the
general purpose laboratory scanner used to perform the study. Finally, re-
sults obtained with a test valve casting are presented and analyzed.

2. THEORY OF TOMOGRAPHIC IMAGING

As indicated in Figure l(a), the attenuation of a monoenergetic collimated
beam of gamma rays as it passes through a uniform slab of material is given
by1

I = I e ^
o (1)

where
I o is the initial intensity of the gamma ray beam,
I is the intensity after passing through the material,
p. is the linear attenuation coefficient of the material (cm"1),

and
L is the path length in the material (cm).

Equation (1) can be solved for the product JJL:

In Io/I = ML (2)
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Figure 1: Attenuation of gamma-rays of intensity Io incident on
(a) a homogeneous slab,
(b) a non-homogeneous slab, and
(c) homogeneous and non-homogeneous slabs having identical ray

sums.
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Figure 2: A schematic illustration of a translate-rotate CT scanner.
(a) The source and detector are first translated relative to

the object. Each parallel line represents one ray sum.
(b) Multiple projections are obtained by rotating the source

and detector around the object.
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If the ray passes through a non-homcgeneous material the path can be consid-
ered to consist of a number of elements of width w with attenuation coeffi-
cients p.^, 2̂» "*"MTI» a s indicated in Figure l(b).

Equation (2) then becomes

In Io/I = nxw + n2w + •••nnw (3)

That is, the logarithm of the measured transmission along a particular ray
represents the sum of the attenuation coefficients of all the elements that
the ray traverses. In tomography, the quantity In Io/I is normally called
a ray sum.

A single ray sum cannot, by itself, give any indication of the distribution
of attenuation coefficients in the material. For example, the homogeneous
sample illustrated in Figure l(c) has precisely the same ray sum as the non-
homogeneous sample shown below it.

While it is not possible to use a single ray sum to learn the distribution of
attenuation coefficients in an object it is intuitively obvious that ray sums
obtained from other directions will provide useful information about that
distribution. Multiple radiographs of a single object obtained from many
viewing angles around the object are sometimes obtained for that very reason:
i.e. to allow the radiographer to visualize the relative location of differ-
ent materials inside the object. In tomography then, one obtains sets of ray
sums at many different angles about the object being tested. A mathematical
algorithm is then used to reconstruct the unique distribution of attenuation
coefficients within the object that gave rise to the experimentally measured
ray sums.

In its simplest form, a tomographic scanner is designed to obtain sets of
parallel ray sums in a single plane from many directions around the object.
A translate-rotate tomographic scanner is schematically illustrated in
Figure 2. It consists of a collimated source of radiation, either an isotop-
ic source or, as shown here, an x-ray tube, and a collimated detector. Each
parallel line in Figure 2(a) represents one ray sum. One set of parallel ray
sums, obtained by translating the source and decector relative to the object
(or vice versa) is called a projection. Projections from many directions
around the object are obtained by rotating the source and detector relative
to the object (or vice versa) and repeating the translation procedure at each
new orientation. Figure 2(b) illustrates a typical tomographic scan pattern
consisting of translations at 1 degree increments over 180 degrees. For
clarity only the 1st, 60th and 120th translations are shown. More sophisti-
cated scanners employ arrays of detectors to speed up data acquisition and
make better use of the available photon flux.

The rules of thumb normally applied in collecting tomographic data on a
translate-rotate scanner (the type used in this study) are:

1. The total number of projections, m, should be greater than or equal
to rnt/4, where n is the number of ray sums per projection.
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2. When formed with identical source and detector collimator aper-
tures, the effective ray width (i.e. the full-width at half-
maximum) of the beam midway between source and detector is approxi-
mately half the width of the collimator aperture.

3. The ray sum sample spacing should be less than or equal to half the
effective ray width (Nyquist criterion).

Because of the large amounts of data involved, all practical tomographic
scanners are computer controlled. Hence, the acronyms CT for computed tomo-
graphy or CAT for computer assisted tomography, are generally used to
describe the technology. A computer is also required to reconstruct the
tomographic image from the measured ray sums. T'.ie reconstruction technique
most often used, and that used in this study, is termed filtered back projec-
tion. The details of this technique are described in reference 1.

Tomographic images are, by their nature, digital images. They are construct-
ed on a grid of picture elements or pixels typically 64 x 64 to 1024 x 1024
in dimension. The width of each pixel is normally chosen equal to the ray
spacing. Each pixel is assigned a value which is proportional to the attenu-
ation coefficient, \i, at the corresponding location in the object.

Since tomographic images are reconstructed from gamma-ray intensity measure-
ments which are subject to statistical variation, the reconstructed u's will
also have an associated statistical variance cr„2. The standard deviation,
a^, is the precision with which a given \x can be determined from a single
pixel in a tomographic image.

It can be shown [2,3,4] that an average c^2 can be estimated using

2 = it 2D

12At3 N ,..
tot (4)

a

where
N t o t is the total number of photons passing through the object,
D is the average diameter of the object (cm), and
At is the width of a pixel (cm).

Equation (4) is only exactly true if the number of counts in all ray sums passing
through the object are equal. The equation is, however, approximately correct
even when this situation does not exist. As can be seen, a„, At and N t o t

are related such that, with N^ot constant, an increase in At by a factor of
2 results in an eight-fold improvement (decrease) in o^2.

3. TOMOGRAPHIC SCANNING APPARATUS

The tomographic scanner used in this study is illustrated schematically in
Figure 3. It comprises a control and data acquisition computer, scintilla-
tion detector with associated electronics, a radioactive source, source and
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detector collimators and shielding and a computer controlled motorized
assembly for translating and rotating the test object.

The computer system consists of a DEC LSI-11/23 microcomputer with 256 k
bytes of on board memory, a 20.8 M byte (Winchester) disk and a \ M byte
floppy disk.

In the present study an Nal scintillator, hermetically sealed to a photo -
multiplier tube, was used as the detector. The detector preamp and single
channel analyzer have been customized to enable measurement of pulse rates of
up to 50 kHz without software correction for pile up. With software correc-
tion this limit can be extended by more than an order of magnitude. Detector
output pulses are counted in a standard counter/timer and interfaced to the
DEC Q-bus through the Canberra 1788 and DEC DLVll-J serial interfaces.

The test object is placed on a turntable mounted on a translatable carriage.
The turntable and carriage are driven by individual stepper motors and their
absolute positions are continuously monitored by shaft angle encoders. The
stepper motors and encoders are interfaced to tiie bus through ADAC 1600
series interface cards.

The photon source may be Cs-137, Ir-192 or Co-60, depending on the require-
ments. A Co-60 source with a useful penetration of up to 24 cm of steel was
used in the present study.

The source and detector collimators are identical tungsten-alloy cylinders,
165 mm in length, mounted in V blocks. The apertures are continuously vari-
able in width from 0 to 6.4 mm and are available in three discrete heights;
1.59 mm, 3.175 mm and 6.35 mm.

Tomographie reconstruction is executed on the LSI-11/23 with the assistance
of the Computer Design and Applications (CDA) MSP-3 array processor. Typical
reconstruction time is about 90 seconds for a 128 x 128 reconstruction grid.

After reconstruction, the images are displayed on a colour graphics screen
using the CDA MDP-3B graphics processor. Images can be photographed off the
screen for further study and can be archived in digital form on disk or mag-
netic tape.

4. CT DEMONSTRATION

4.1 Description of the Sample Valve Casting and Defect

A class 600 flanged-end gate valve casting with a 5.08 cm (2") bore was
examined in the present study. The casting had been bisected along a plane
passing through the bore and the stem port axes (see Figure 4). As indicat-
ed, a shrink cavity in one of the crotch areas is exposed at the sectioned
face. Shrink cavities generally represent a tear rather than a smooth inter-
nal void and therefore they may propagate, like a crack, under vibration.
For this reason they are considered a serious defect. They are caused by the
uneven solidification of liquid metal in the mold and often occur in regions
where external and internal surface contours change rapidly. The crotch area
of a gate valve is a typical example of this.
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Figure 4: Orientation of the casting and MTF test piece on the scanner turntable. The scanning
plane was changed by slipping 1.59 mm (1/16") shims underneath the casting.
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The fact that shrink cavities are likely to occur near contoured surfaces
presents special difficulties in the interpretation of radiographs. In
particular, determining the coordinates of the defect in three dimensions
from radiographs, as required for upgrading, is subject to error because of
the changing film exposure due to variation in the path lengths through the
irregularly shaped object. This difficulty is compounded by the ever present
magnification distortion due to the divergence of the x-ray beam on its path
from source to film.

4.2 CT Scanning Procedure

To demonstrate the effectiveness of CT in circumventing these problems inher-
ent in conventional radiography, the valve casting was tomographed in the
region of the shrink cavity. The casting was mounted in the scanner as shown
in Figure 4. In order to delineate the defect in three dimensions, six
adjacent slices, each perpendicular to the axis of the bore and separated by
1.59 mm along the bore axis, were scanned. The general location of these
slices is indicated by the scan plane illustrated in Figure 4. For ease of
reference in the discussion that follows, the height of the scan plane above
the bottommost surface of the casting will he referred to as distance Z in
the axial direction. The distance Z to the midpoint of the topmost slice was
109.5 mu. and this was reduced for each of the six slices by slipping a
succession of 1.59 nan (1/16") shims underneath the casting.

The details of the scanner set-up are summarized in Table 1. The
4.4 x 10ilBq (12 curie) Co-60 source delivered an unattenuated gamma-ray
exposure of approximately 29.7 R/hr at the face of the Nal detector. The
corresponding count rate, as measured using the test assembly countin3 elec-
tronics and corrected for pile-up, was approximately 7 x 105 counts/second.

A modulation transfer function (MTF) test pattern was also included in each
scan. As described in Appendix A, it was used to determine the system MTF.
The 50% point on the system MTF corresponds to 2.1 line pairs/cm (see
Figure A-2).

4.3 Results

Tomographie images of the six parallel slices are shown in Figure 5.

A useful method of understanding these images is to imagine that the casting
and MTF test piece have been cut through the scanning plane indicated in
Figure 4, and that the material above the cut has been removed. The tomo-
graphic images represent what an observer, standing over the source and fac-
ing in the direction of the detector, would see when looking down on the
surface from above, except that the tomographic image is a map o2 linear
attenuation coefficients, not a true photographic image. The series of
images (a) through (f) in Figure 5 represents a succession of these surfaces
revealed by a succession of cuts from top (Z = 109.5 mm) to bottom
(Z = 101.6 mm).

The images shown in Figure 5 are photographs taken from a CRT display. The
CRT display consists of a 256 x 256 array of square picture elements or
pixels too small for the human eye to discern. Each pixel represents a



- 9 -

Table 1: Details of Scanner Set-up

Source

Source type Co-60

Source strength 4.4 x 10 : l Bq (12 curies)

Detector

Detector type Nal (Tl)

Detector size 5 cm x 5 cm

Geometry

Collimator aperture opening (w x h x 1) 3.175 mm x 3.175 mm x 16.5 mm

Source-to-detector spacing 711 mm

Centre of rotation to source 394 mm

Scanning Pattern

Total number of images 6
Vertical spacing between images 1.59 mm
Projections per i . 'ge 201
Angular spacing t.uween projections 0.9°
Rays per projection 256
Spacing bêwteen rays (At) 0.86 mm
Count time per ray 1 svolume (voxel), 0.85 mm on a side, and 1.59 mm high, in the object itself.

Each pixel is assigned an Integer number between 0 and 255 that is related to
the linear attenuation coefficient in the corresponding voxel. Rather than
attempt to display these integer numbers themselves, each number is assigned
a unique shade of grey. In this particular assignment the largest integers
(i.e. largest linear attenuation coefficients) are assigned the lightest
shades of grey and the smallest integers are assigned the darkest. The oper-
ator is free to use any assignment of grey scale, or colour, he chooses.
Certain choices may tend to enhance some features and suppress others. How-
ever, the data, i.e. the actual reconstructed attenuation coefficients,
remain unaltered.

It is immediately apparent from Figure 5 that the shrink cavity is not con-
fined to the surface of the sectioned face of the valve but that a larger
cavity Is located somewhat below the surface. This subsurface cavity Is
particularly evident in Figures 5 (c) and (d) but is detectable in all the
images. Also noted is a second smaller subsurface cavity in Figure 5(a) that
is not evident in the other images.

To demonstrate the dimensional accuracy of the tomographic images, known
dimensions, the lengths a,b,c and d defined in Figure 5(b), were compared
with those determined from the tomographic reconstruction. The reconstructed
dimensions were measured by counting pixels and converting this to mm using
the conversion factor 1 pixel • 0.86 mm. Reconstructed and measured dimen-
sions agreed to within 1 mm (see Table 2).
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(f)
Figure 5: Tomographie images of the six parallel slices. The height of the

scanning plane, Z, is 109.5 mm for image (a) and decreases in
steps of 1.59 mm in each of the subsequent images (b) through (f).
The large subsurface cavity is particularly evident in images (c)
and (d) but is detectable in all images. A second smaller subsur-
face cavity is evident in (a) only. The modulation transfer func-
tion (MTF) test pattern is analyzed in Appendix A.
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Table 2: Comparison of Reconstructed and Actual Dimensions

Dimension (see Figure 5(b)) Reconstructed (mm) Actual (mm)

a 174.5 175.0
b 34.4 35.0
c 85.1 85.5
d 49.0 50.0

The in plane coordinates of the centre of the main body of the subsurface
shrink cavity can thus be determined in relation to a reference coordinate
system. The location and orientation of one possible reference coordinate
system is shown in Figure 5(c). The axes are oriented parallel and perpen-
dicular to the straight edges of the flange, thereby providing useful direc-
tional references both before and during upgrading. With reference to this
coordinate system, the centre of the main body of the subsurface shrink cavi-
ty lies 28 ±1 um below the surface in the x direction and 72 ±1 mm from the
edge of the flange in the y direction.

The axial (Z) coordinate of the centre of the main subsurface shrink cavity
is apparently somewhere between Z = 106.4 mm and Z = 104.8 mm, corresponding
to Figure 5(c) and (d), respectively. The intermediate value Z = 106 ±1 mm
is a reasonable compromise.

The volume of the main body of the subsurface cavity may be estimated by
assuming the cavity is approximately spherical in shape with a diameter of
approximately 6 mm, as estimated from Figure 5(c). On this basis the volume
is estimated to be approximately 40 mm3.

Tomography not only provides quantitatively accurate dimensional information
but it can also be used to determine, again quantitatively, the linear atten-
uation coefficients of the materials in the image. The theoretical linear
attenuation coefficents, Hth> °^ brass, iron and air for 1.25 MeV gammas
are compared, in Table 3, to the corresponding average coefficients deter-
mined from the reconstructed images, |irec*

 T n e excellent agreement between
txth> which has an associated uncertainty of about 5%, and |irec is typical
of tomographic imaging.

The "Prec o f each material was obtained by averaging the \i's assigned to
a number of pixels representing that material. Thus the uncertainty in the
Prec» crjl> ^s considerably smaller than the pixel-to-pixel standard deviation
i-n l^reo represented by a^. In fact, cr̂  is cr̂ //n where n is the number of
pixels used to determine "Prec* For the images in Figure 5 a^ is approximate-
ly 0.011 cm"1. Since 120 pixels were use to determine "prec, op is 0.011//120
or 0.001 cm"1, as quoted in Table 3.

Table 3:

Material

brass
iron
air

Comparison of Reconstructed and
Linear Attenuation Coefficients

0.450
0.422
-0.001

s^crn-1)

± .001
± .001
± .001

Theoretical

h-hCm"1

0.45
0.42
0.00
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Expressed as a percentage of the |i of iron, o^ is approximately 3%. It is
important to note that this 3% is not equivalent to radiographie contrast
normally measured with a shim type penetrameter. Radiographie penetrameter
contrast refers to an integrated contrast along the line between source and
film, taking into account all the material along this line, whereas a^ is
the precision with which the \x of a specific pixel anywhere within the
interior of the object can be determined. If the difference between the
reconstructed |i's of two pixels is greater than 2ÖM then there is a 95%
chance that these two pixels represent different u*s i n t n e object. Since in
tomographic images any two pixels or groups of pixels can be compared in this
way, o^/\i is equivalent to a much smaller radiographie contrast, typically
two orders of magnitude smaller.

5. CONCLUSIONS AND DISCUSSION

The tomograph!;, scanning and reconstruction method has been used to detect
and locate a subsurface shrink cavity in the crotch area of a sectioned
5.08 cm (2") valve casting.

The main body of the cavity has been located in three dimensions with a pre-
cision in each dimension of approximately ±1 mm. The volume of the main body
of the cavity has been estimated to be about 40 mm3. The precision with
which the cavity can be located would be of considerable assistance in up-
grading the valve.

The ability to accurately reconstruct linear attenuation coefficients has
been demonstrated. The standard deviation in a given reconstructed linear
attenuation coefficient was determined to be approximately 0.011 cm"1 or 3%
of iron. This is typical of CT images and represents an improvement of one
to two orders of magnitude over the contrast obtained with film radiography.

Although the demonstration scans in this study each required approximately 14
hours for data acquisition, the scan time can be greatly reduced by employing
arrays of detectors rather than a single detector. Scan times of 4 seconds
or less are typical of current generation medical CAT scanners. There is no
fundamental reason why CAT scanners intended for industrial purposes cannot
achieve similar scan times.
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APPENDIX A

Determination of the System Modulation Transfer Function (MTF)

To determine the modulation transfer function (MTF) of the imaging system an
MTF test pattern was included in each scan. It consisted of a cylindrical
block of brass containing 21 holes 4, 3, 2, 1.5, 1.0, 0.75 and 0.5 mm in dia-
meter arranged in seven parallel rows of three. The diameters of holes in a
given row were equal and the centre to centre spacing between holes in each
row was twice the hole diameter.

Each of the seven sections in Figure A-l (a) through (g) show, at the left,
the portion of Figure 5(a) containing the image of the MTF test pattern. The
linear attenuation coefficients of the pixels along the horizontal line
superimposed on each reproduction of the test pattern are plotted at *he
right of the image. Plots through all seven sets of holes, fron: largest to
smallest, are shown in Figure A-l (a) through (g), respectively.

The three smallest sets r^. holes (Figures A-l (e), (f) and (g)) show no evi-
dence of separation. In all the others (Figures A-l (a), (b), (c) and (d))
separation is evident. However, the \x's associated with the holes do not ex-
tend all the way down to the air level, nor do the p.'s representing the brass
between the holes fully recover to the p. of brass. The peak to peak varia-
tion between the reconstructed \i of the holes and that of the brass between
the holes, expressed as a percentage of the full range from air to brass and
plotted as a function of inverse hole diameter, is a measure of the system
MTF.

The system MTF, based on the data shown in Figure A-l, is plotted in Figure
A-2. The conversion between line pairs/mm (lp/mm) and hole diameter is
1 lp/mm = l/2d. The 50% point on the MTF corresponds to 2.1 lp/cm.
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Figure A-l: Plots of the linear attenuation coefficients along lines passing
through the seven rows of equal size holes in the modulation
transfer function (MTF) test pattern of Figure 5(a). Hole dia-
meters are: (a) 4 mm, (b) 3 mm, (c) 2 mm, (d) 1.5 mm, (e) 1 mm,
(f) 0.75 mm and (g) 0.5 mm.
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in the text, from the data in Figure A-l.
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