










































































































































































































































































































































































































































































































































































8. Experimental Multi-SAFT Imaging Results

height is equal to the given value. Figure 8.23d shows the combined Multi-SAFT image featuring
the weld lay-out. From the location and orientation of the indication it can be concluded, that it
will probably be a lack-of-penetration defect.

Table 8.2: The comparison of the fabrication data with the defect characterization results from the Multi-SAFT
inspection of a closed lack-of-penetration defect in an X-shaped weld.

dimensions: lateral depth .
(with respect to weld center) position (mm) position (mm) height (mm)
Fabrication data 1 12-18 6
Multi-SAFT inspection -1 11-17 6

8.3.3 Slag inclusion in an X-shaped weld

A slag inclusion in an X-shaped weld has been inspected by Multi-SAFT. The weld joins two 30
mm steel plates and the exact configuration is shown in figure 8.21. The fabrication data give a
defect with a height of 3 mm, extending laterally from 2 to 3 mm from the center of the weld at 18
mm depth. A 45° source transducer has been positioned at 75 mm from the reference point
(corresponding approximately to the center of the weld). The receiver aperture started at 40 mm
and a 45° receiver transducer has been applied in a 30° lateral split angle configuration. The
measured shear wave velocity is approximately 3300 m/s. The B-scan data is shown in figure
8.24, from which a complex wave field — containing several responses — can be observed.

Because of the shape of the weld and the location of the defect, the insonification should
preferably be according to a (0) or (2) wave path. As the source could not be positioned very close
to the center of the weld due to the presence of the weld cap, the source has been located at longer
distance and consequently only the (2,0) and (2,1) wave paths have been chosen for imaging. The
(2,0) and (2,1) images, as well as the combined Multi-SAFT image are shown in figure 8.25,
where the center of the image corresponds the center of the weld. The (2,1) image clearly features
an indication from a creeping wave response, revealing the volumetrical nature of the defect.
From the combined Multi-SAFT image (figure 8.25c) the location and height of the indication
have been determined. These values are shown in table 8.3 to be compared with the fabrication
data. The extension of the indication in lateral direction is slightly larger than given by the
fabrication data due to the applied frequency band width, while the depth positions and heights
correspond very well. Figure 8.25d shows the combined Multi-SAFT image featuring the weld
lay-out. From the location and shape of the indication it can be concluded, that it will probably be
a slag inclusion near the center of the X-shaped weld.

176
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Figure 8.24: B-scan data recorded from a slag inclusion in an X-shaped weld.

Table 8.3:  The comparison of the fabrication data with the defect characterization results from the Multi-SAFT
inspection of a slag inclusion in an X-shaped weld.
dimensions: lateral depth height (mm)
(with respect to weld center) position (mm) position (mm) 9
Fabrication data 2-3 16.5-19.5 3
Multi-SAFT inspection 2-4 17-20 3

8.3.4 Lack of interrun fusion in an X-shaped weld

A lack of interrun fusion defect in an X-shaped weld has been inspected by Multi-SAFT. The
weld joins two 30 mm steel plates and the exact configuration is shown in figure 8.21. From the
fabrication data it follows, that the height of the defect is 3 mm, it extends laterally from O to 2
mm from the center of the weld, while it is located at 20 mm depth. A 60° source transducer has
been positioned at 45 mm from the reference point (corresponding approximately to the center of
the weld). The receiver aperture started at 45 mm and a 60° receiver transducer has been applied
in a 45° lateral split configuration. The measured shear wave velocity is approximately 3300 m/s.
The B-scan data is shown in figure 8.26, from which a complex wave field without distinctive
responses can be observed.
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Figure 8.25: The (2,0) image (a), (2,1) image (b) and combined Multi-SAFT image (c,d) of a slag inclusion in an
X-shaped weld.

A lack of interrun defect is embedded in the weld material and may be oriented approximately
parallel to the inspection surface. This makes this type of defect very hard to image as no specific
wave paths can be employed. The (1,1) and (0,2) images, as well as the combined Multi-SAFT
image are shown in figure 8.27, where the center of the image corresponds the center of the weld.
The images do not show very clear and bounded indications and the image quality may be
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Figure 8.26: B-scan data recorded from a lack of interrun fusion in an X-shaped weld.

referred to as poor, probably due to the (anisotropic) nature of the weld material. From the
combined Multi-SAFT image (figure 8.27c) the location and height of the indication cannot
accurately be determined. Figure 8.27d shows the combined Multi-SAFT image featuring the
weld lay-out. From the location of the indications and the poor image quality it is most likely to
classify the defect as a lack of interrun fusion or slag inclusion.

8.3.5 External undercut at a V-shaped weld

An external undercut defect at the edge of the weld toe is usually detected by visual inspection. Its
depth, however, cannot always be determined accurately, because the defect may extend further
than is visible by means of lack of fusion or cracking. Therefore, such a type of defect in a V-
shaped weld has been inspected by Multi-SAFT. The weld joins two steel plates of 12.8 mm
thickness and the exact configuration is shown in figure 8.28. The measured shear wave velocity
is approximately 3300 m/s. Because the preparation angle of the weld is 30°, the defect will be
oriented accordingly and is optimally insonified for reflection responses by a 60° source. For a
planar defect oriented in this way, the lateral split angle cannot be optimized such that the
amplitude of the reflection responses are reduced compared to the amplitude of the diffraction
responses (see figure 8.29). In order to obtain diffraction responses, a 45° source should be
applied. Therefore, two experiments have been performed with two different insonification
angles.
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Figure 8.27: The (1,1) image (a), (0,2) image (b) and combined Multi-SAFT image (c,d) of a lack of interrun fusion
in an X-shaped weld.

For the first experiment, a 60° source transducer has been positioned at 45 mm trom the reference
point (corresponding approximately to the lateral position of the defect). The receiver aperture
started at 40 mm and a 60° receiver transducer has been applied in a 30° lateral split angle
configuration. The B-scan data is shown in figure 8.30, from which a series of strong reflection
responses can be observed. For the second experiment, a 45° source receiver has been positioned
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Figure 8.28: The configuration of the V-shaped weld.

at 25 mm from the reference point. The receiver aperture started at 45 mm and a 60° receiver
transducer has been applied in a 30° lateral split angle configuration. The B-scan data is shown in
figure 8.31, featuring a series of weak diffraction responses.

The most suitable responses to be imaged in this case are the ones corresponding to the (1,3) or
(1,5) wave paths. In figure 8.32, the (1,3) image for the reflection responses (60° source
experiment), the (1,5) image for the diffraction responses (45° source experiment) and their
combined Multi-SAFT image are shown. The left of the image corresponds the center of the weld.
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Figure 8.29: The amplitude of the general SV wave reflection coefficient as a function of the lateral split angle
Jor planar defects oriented at 30° with respect to the normal on the inspection surface and for a 45°
and 60° insonification angle.
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Figure 8.30: B-scan data recorded from an external undercut at a V-shaped weld applying a 60° source.
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Figure 8.31: B-scan data recorded from an external undercut at a V-shaped weld applying a 45° source.
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8.3 Real Weld Defects in Flat Plates
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Figure 8.32: The (1,3) image of the 60° source experiment (a), the (1,5) image of the 45° source experiment (b) and
the combined Multi-SAFT image (c,d) of an external undercut at a V-shaped weld; imaged ROI right of
center

The reflection image (figure 8.32a) reveals clearly the surface-breaking defect, while the
diffraction image (figure 8.32b) shows just barely the indication of the lower extremity of the
defect. Combining the two images does not make the determination of the height of the defect
much easier. Nevertheless, the location and height of the indication have been determined from
the combined Multi-SAFT image (figure 8.32¢) and are presented in table 8.4. The height has
been determined by picking those points of the indication which are approximately =3 dB down
compared to its maximum amplitude (-3 dB height). Figure 8.32d shows the combined Multi-
SAFT image featuring the weld lay-out.

After the Multi-SAFT inspection, the weld has been inspected destructively and a photograph of
the imaged cross-section is shown in figure 8.33. From this figure the precise location, orientation
and height of the defect have been measured and presented in table 8.4 to be compared with the
values extracted from the images. From the data of table 8.4 it may be concluded, that the location
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of the defect is approximately correct, while its height is slightly overestimated. This is mainly
caused by the fact, that the intersection of the reflection and diffraction indications is not very
clear from the combined Multi-SAFT imaging result.

Table 8.4: The defect characterization results from the Multi-SAFT and destructive inspections of an external
undercut at a V-shaped weld.

dimensions: lateral depth .
(with respect to weld center) position (mm) position (mm) height (mm)
Destructive inspection 6.7-8.0 0-2.1 2.1
Multi-SAFT inspection 6-8 0-3 3

Figure 8.33: Photograph of the imaged cross-section containing an external undercut at a V-shaped weld.

8.3.6 Lack of side-wall fusion in a V-shaped weld

A lack of side-wall fusion defect in a V-shaped weld has been inspected by Multi-SAFT. The weld
joins two steel plates of 12.8 mm thickness and the exact configuration is shown in figure 8.28.
The measured shear wave velocity is approximately 3300 m/s. A 60° source transducer has been
positioned at 35 mm from the reference point (corresponding approximately to the lateral position
of the defect). The receiver aperture started at 45 mm and a 60° receiver transducer has been
applied in a 30° lateral split angle configuration. The B-scan data is shown in figure 8.34, from
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Figure 8.34: B-scan data recorded from a lack of side-wall fusion in a V-shaped weld.

which a number of multiple reflection responses can be recognized.

As the response of the (1,3) wave path is completely contained in the B-scan data, it has been
employed for Multi-SAFT imaging and the result is shown in figure 8.35a. The center of the
image corresponds the center of the weld. The location and —3 dB height of the indication have
been determined from the Multi-SAFT image and are presented in table 8.5. Figure 8.35b shows

depth (mm)
depth (mm)

(a) lateral position (mm) (b) lateral position (mm)

Figure 8.35: The (1,3) image (a,b) of a lack-of-fusion defect in a V-shaped weld; imaged ROI right of center.
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the Multi-SAFT image featuring the weld lay-out. From the location and orientation of the
indication in the image it can be concluded, that it is most likely a lack of side-wall fusion defect.

After the Multi-SAFT inspection, the weld has been inspected destructively and a photograph of
the imaged cross-section is shown in figure 8.36. From this figure the precise location, orientation
and height of the defect have been measured and presented in table 8.5 to be compared with the
values extracted from the images. It appears that the height of the defect has been determined
accurately, but that its depth location contains a small error, due to the fact that the -3 dB points of
the indication do not necessarily have to correspond exactly to the positions of the extremities. A
time-of-flight-diffraction (TOFD) experiment could give additional information on the exact
height of the defect.

Table 8.5:  The defect characterization results from the Multi-SAFT and destructive inspections of a lack of side-
wall fusion in a V-shaped weld.

dimensions: lateral depth .
(with respect to weld center) position (mm) position (mm) height (mm)
Destructive inspection 3.9-6.0 3.7-7.6 39
Multi-SAFT inspection 4-6 3-7 4

Figure 8.36: Photograph of the imaged cross-section containing a lack-of-fusion defect in a V-shaped weld.
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8.3.7 Lack of penetration in a V-shaped weld

A lack-of-penetration defect in a V-shaped weld has been inspected by Multi-SAFT. The weld
joins two steel plates of 12.8 mm thickness and the exact configuration is shown in figure 8.28.
The measured shear wave velocity is approximately 3300 m/s. A 60° source transducer has been
positioned at 65 mm from the reference point (corresponding approximately to the lateral position
of the defect). The receiver aperture started at 40 mm and a 60° receiver transducer has been
applied in a 30° lateral split angle configuration. The B-scan data is shown in figure 8.37, from
which a number of multiple reflection responses can be recognized.

As the response of the (3,3) wave path is for the most part contained in the B-scan data, it has
been employed for Multi-SAFT imaging and the result is shown in figure 8.38a. The center of the
image corresponds the center of the weld. The location and -3 dB height of the indication have
been determined from the Multi-SAFT image and are presented in table 8.6. Figure 8.38b shows
the combined Multi-SAFT image featuring the weld lay-out. From the location and orientation of
the indication in the image it can be concluded, that it is most likely a lack-of-penetration defect.

After the Multi-SAFT inspection, the weld has been inspected destructively and a photograph of
the imaged cross-section is shown in figure 8.39. From this figure the precise location, orientation

and height of the defect have been measured and these values are presented in table 8.6 to be
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Figure 8.37: B-scan data recorded from a lack-of-penetration defect in a V-shaped weld.
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Figure 8.38: The (3,3) image (a,b) of a lack-of-penetration defect in a V-shaped weld; imaged ROI centered.

Table 8.6: The defect characterization results from the Multi-SAFT and destructive inspections of a lack-of-
penetration defect in a V-shaped weld.

dimensions: lateral depth .
(with respect to weld center) position (mm) position (mm) height (mm)
Destructive inspection 0.5-1.7 10.5-12.8 2.3
Multi-SAFT inspection 1-3 10-12.8 2.8

Figure 8.39: Photograph of the imaged cross-section containing a lack-of-penetration defect in a V-shaped weld.
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compared with the values extracted from the images. Both the location and height determined
with Multi-SAFT are not completely correct. As mentioned in the previous section, the positions
of the diffracting extremities may be determined more accurately by performing a TOFD
measurement.

8.3.8 Two weld defects at the same location in a V-shaped weld

In case two (or more) defects are present at approximately the same location in a weld, it becomes
harder to interpret the ultrasonic responses by conventional means. Therefore, a Multi-SAFT
inspection has been performed at a position in a weld which contained both a lack-of-penetration
defect and a slag inclusion. The weld joins two steel plates of 12.8 mm thickness and the exact
configuration is shown in figure 8.28. The measured shear wave velocity is approximately 3300
m/s. A 45° source transducer has been positioned at 45 mm from the reference point
(corresponding approximately to the lateral position of the defect). The receiver aperture started at
45 mm and a 60° receiver transducer has been applied in a 30° lateral split angle configuration.
The B-scan data is shown in figure 8.40, featuring a complex wave field.

The responses of both the (3,2) and (3,3) wave paths have been employed for Multi-SAFT
imaging and the results is shown in figure 8.41. Figure 8.41¢ shows the combined Multi-SAFT
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Figure 8.40: B-scan data recorded from a slag inclusion and a lack-of-penetration defect together in a V-shaped
weld.
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Figure 8.41: The (3,2) image, the (3,3) image, and the combined Multi-SAFT image (c,d) of a slag inclusion together
with a lack-of-penetration defect in a V-shaped weld; imaged ROI centered.

image. The center of the image corresponds the center of the weld. The location and -3 dB height
of the indications have been determined from the Multi-SAFT image and are presented in table
8.7. Figure 8.41d shows the combined Multi-SAFT image featuring the weld lay-out. From the
location and orientation of the indications in the image it can be concluded, that the upper one is
most likely a slag inclusion. The lower indication could be either a lack-of-penetration defect or a
slag inclusion.

After the Multi-SAFT inspection, the weld has been inspected destructively and a photograph of
the imaged cross-section is shown in figure 8.42. From this figure the precise location, orientation
and height of the defect have been measured and presented in table 8.7 to be compared with the
values extracted from the images. The slag inclusion is small compared to the applied wave length
(~1 mm) and therefore its height has been overestimated. The location of the slag inclusion,
however, has been found quite accurately. As may be observed from the photograph shown in
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Figure 8.42: Photograph of the imaged cross-section containing a slag inclusion together with a lack-of-
penetration defect in a V-shaped weld.

figure 8.42, the lack-of-penetration defect features something like an inclusion at its tip. This
inclusion resulted in a strong forward reflection response (a (3,2) wave path), and lead to an
incorrect interpretation of the indication and underestimation of the height of the defect.

Table 8.7:  The defect characterization results from the Multi-SAFT and destructive inspections of a slag inclusion
and a lack of penetration in a V-shaped weld.

dimensions: lateral depth height (mm)
(with respect to weld center) position (mm) position (mm) g
Destructive inspection 2737 4.7-5.1 0.4
slag inclusion
Multi-SAFT inspection 3-5 4-6 2
slag inclusion
Destructive inspection 0-0.7 10.5-12.8 33
lack of penetration
Multi-SAFT inspection 1 10-12 2
lack of penetration
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Figure 8.43: The configuration of the V-shaped weld containing cracks.

8.3.9 Cracks in a V-shaped weld

In chapter 7 it has been demonstrated, that rough or irregular planar defects (like cracks) are
generally more difficult to image than smooth planar defects. To evaluate the performance of
Multi-SAFT for crack-like defects, a test plate containing a V-shaped weld with a number of such
defects has been made. The weld joins two NAXTRA steel plates of 12 mm thickness and the
exact configuration is shown in figure 8.43. The measured shear wave velocity is approximately
3300 m/s. Two experiments have been performed on two differently oriented cracks (vertically
and inclined). For the vertically oriented crack, a 60° source transducer has been positioned at 56
mm from the reference point. For the inclined crack, a 60° source transducer has been positioned
at 65 mm from the reference point. In both cases, the reference point did correspond
approximately to the lateral position of the defect. The receiver aperture started at 30 mm and a
60° receiver transducer has been applied in a 30° lateral split angle configuration. The B-scan data
are shown in figure 8.44 and 8.45, from which can be observed that the signal-to-noise ratio is
lower than for measurements on most other weld defects. This is caused by structure of the
material (grain scattering) and the fact that cracks are less reflecting than smooth planar defects.

The vertically oriented crack has been imaged by employing the (3,4) forward-scattering wave
path. The Multi-SAFT imaging result is shown in figure 8.46, where the left side of the image
corresponds to the center of the weld. For the inclined crack, the (3,5) back-scattering wave path
has been employed for imaging. The Multi-SAFT imaging result is shown in figure 8.47, where
the center of the image corresponds to the center of the weld. The test plate was not yet
destructively inspected at the time of writing this thesis. Therefore, the location and height of the
indications, as may be extracted from the imaging results, could not be verified. However, the
images of figures 8.46 and 8.47 clearly show that cracks can be imaged and that in both cases the
defect has a (-3 dB) height of approximately 4 mm, which corresponds to the fabrication data.
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B-scan data recorded from a vertically oriented crack in the heat-affected zone of a V-shaped weld.

Figure 8.44
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B-scan data recorded from an inclined crack in a V-shaped weld.

Figure 8.45
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Figure 8.46: The (3,4) image of a vertically oriented crack Figure 8.47: The (3,5) image of an inclined crack in a
in the heat-affected zone of a V-shaped weld; V-shaped weld; imaged ROI centered.
imaged ROI right of center.

According to the location and orientation of both indications, the vertically oriented indication
would be classified as cracking in the heat-affected zone and the inclined indication would
probably be classified as a lack-of-fusion defect rather than a crack.

8.4 Real Weld Defects in Cylindrical Pipes

8.4.1 Lack of side-wall fusion in a V-shaped girth weld

A lack of side-wall fusion defect in a V-shaped girth weld has been inspected by Multi-SAFT. The
weld joins two steel pipe sections of 14 mm thickness and the exact configuration is shown in
figure 8.48. The inner radius of the pipe is 198 mm and the measured shear wave velocity is
approximately 3300 m/s. A 60° source transducer has been positioned at 40 mm from the

i

imaged

S

Figure 8.48: The configuration of the V-shaped girth weld.
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Figure 8.49: B-scan data recorded from a lack-of-fusion defect in a V-shaped girth weld.

reference point (corresponding approximately with the lateral position of the defect). The receiver
aperture started at 40 mm and a 60° receiver transducer has been applied in a 30° lateral split
angle configuration. The B-scan data is shown in figure 8.49, from which a number of multiple
reflection responses can be recognized.

As the response of the (1,1) wave path is the strongest and because the option of imaging of (3)-
paths was not yet implemented for the cylindrical pipe geometry at the time of writing this theses,
the (1,1) path has been employed for Multi-SAFT imaging and the result is shown in figure 8.50.
The center of the image corresponds the center of the weld. The height of the indication has been
determined by picking those points of the indication which are approximately -3 dB down
compared to its maximum amplitude and is estimated to be about 3 mm (corresponding to the
fabrication data). From the location and orientation of the indication in the image it can be
concluded, that it is most likely a lack of side-wall fusion defect. The weld has not been inspected
destructively.

The part of the pipe surface at which the inspection has taken place is visually not very curved.
However, when the object is assumed to be a flat plate and the B-scan data is processed
accordingly, the location of the indication will change as shown in figure 8.51. Although a defect
in a girth weld may be identified correctly from the flat-plate image, its location may sometimes
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Figure 8.50: The (1,1) image of a lack of side-wall fusion Figure 8.51: The (1,1) image of a lack of side-wall
in a V-shaped girth weld; processed for the fusion in a V-shaped girth weld; processed
cylindrical pipe geometry. assuming a flat plate geometry.

unjustly suggest that it is surface-breaking, for instance. Therefore, proper processing is preferred,
taking the curvature of the pipe fully into account.

8.4.2 Cracking in a V-shaped girth weld

A small crack in a V-shaped weld has been inspected by Multi-SAFT. The weld joins two
NAXTRA steel pipe sections of 14 mm thickness and the exact configuration is shown in figure
8.48. The inner radius of the pipe is 248 mm and the measured shear wave velocity is
approximately 3300 m/s. A 60° source transducer has been positioned at 45 mm from the
reference point (corresponding approximately to the lateral position of the defect). The receiver
aperture started at 28 mm and a 60° receiver transducer has been applied in a 30° lateral split
angle configuration. The B-scan data is shown in figure 8.52.

Although the (3,3) path should actually be chosen for imaging, the (1,1) path has been employed
because the option of imaging (3)-paths was not yet implemented for the cylindrical pipe
geometry at the time of writing this theses. The Multi-SAFT imaging result is shown in figure
8.53. The center of the image corresponds the center of the weld. The —3 dB height of the
indication is estimated to be about 2 mm, although it should be 4 mm according to the fabrication
data. The defect cannot uniquely be classified from the location and height of the indication. It
could be planar (lack of fusion) as well as an inclusion (slag). Other experiments and/or other NDI
techniques should be applied in order to be able to classify this defect properly. The weld has not
been inspected destructively.
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Figure 8.52: B-scan data recorded from an inclined crack in a V-shaped girth weld.
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Figure 8.53: The (1,1) image of an inclined crack in a V-shaped girth weld.
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8.5 Evaluation of Experimental Multi-SAFT Imaging Results

8.5.1 Image quality

The image quality is determined by both the image resolution and image accuracy. The image
resolution is depending on the temporal and spatial frequency bandwidths. From the experimental
imaging results it can be concluded, that the image resolution is limited mainly by the spatial
frequency bandwidth and lies in the order of one wave length (approximately 1 mm for a center
frequency of 3.3 MHz). For the images of the artificial defects, as described in section 8.2, this
resolution seems sufficiently high. Yet, for a number of real weld defects a higher image
resolution may improve the interpretability of the images. As the spatial frequency bandwidth
generally cannot be increased (unless multiple experiments are considered), the temporal
frequency bandwidth could be increased. Higher frequency components, however, will be more
attenuated and internally scattered by the grain structure of the steel. Therefore, the increase of
temporal frequency bandwidth will only improve the resolution in case the wave paths are short,
i.e. for relatively thin (<15 mm) objects.

The image accuracy is mainly determined by the error in the location of the indication and by the
presence of spurious indications. Through optimization of the insonification, not many (strong)
spurious indications can be observed in the experimental imaging results. The location of the
indication cannot always be determined accurately from the Multi-SAFT imaging results due to
the limited inspection aperture (spatial frequency bandwidth). The combination of reflection and
diffraction images, if possible, does improve the image accuracy considerably.

In general, the height of a defect is more accurately determined than its location. In most cases,
the error in the height of the defect, as found from the experimental Multi-SAFT imaging results,
is smaller than 1 mm and is apparently restricted by the image resolution. The error in the defect
location ranges from 0 to 3 mm due to errors in the geometrical parameters and mainly depending
on the type of defect. In case the exact position of the transducers could be measured more
accurately during the inspection, for instance by applying special aids, the image accuracy could
be improved further.

By comparing the imaging results computed from (finite-difference/ray-tracing) modelled data
and measured data (figures 6.10 and 8.3 of the 10 mm high surface-breaking defect or 6.35 and
8.15 for the small vertically oriented defect) it can be concluded, that the experimental data-
acquisition apparently has been optimal and that the assumptions made in chapter 4, regarding the
applicability of the Multi-SAFT algorithm, do hold for these artificial defects.

By comparing two images with corresponding wave responses (like the (3,1) and (3,3) images) or
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the maximum amplitude in two images computed with two different wave velocities, errors in the
wave velocity have been easily discovered and eliminated. Consequently, most images feature
nicely focused indications. Nevertheless, the accurate determination of both the wave velocity
and the thickness of the object remain of vital importance. For instance, an error of 0.2 mm in the
thickness will result in an error of approximately 1.2 mm when employing the (3,3) wave path.

In all cases, the signal-to-noise ratio of the B-scan data has been sufficiently high and did not give
rise to confusing spurious indications in the images. The same holds for spurious indications from
other responses present in the measured data. Apparently, undesired incoherent or coherent
responses are successfully eliminated by the imaging (spatial averaging) process.

8.5.2 Characterization performance

Defect characterization involves the determination of the exact location, size/height, orientation
and type/shape of a defect. From most of the experimental Multi-SAFT imaging results, as
presented in the previous sections, the orientation and size/height of the defect could be
determined accurately. The determination of the exact defect location was slightly less accurate.
Apparently, the errors in the imaging parameters affect the location of an indication more than its
size or orientation. Nevertheless, the approximate location of the indication in the image (with
respect to the weld configuration) does give valuable information regarding the type of the defect.
Hence, the type of the defect is in most cases determined successfully.

Of course, the characterization results obtained by Multi-SAFT can only be verified accurately in
case destructive inspection of test objects has taken place. For the experiments described in
sections 8.3.5 through 8.3.8 destructive inspection did actually take place. Yet, the destructive
inspection of the test plate involved in these experiments (containing 15 weld defects) showed
that the fabrication data are very accurate (error <1 mm) in most cases. This implies, that it really
makes sense to compare the Multi-SAFT characterization data with the fabrication data in case
destructive inspection is not possible. For the experiments involving cracks it is not sure if the
fabrication data are accurate, because it is much more difficult to predict the size and orientation
of a crack, which is induced during welding. Consequently, the crack-images merely demonstrate
the possibility of imaging crack-like defects qualitatively.

Although the type of a defect may be identified correctly, its shape cannot always be determined
from the Multi-SAFT images. And it often depends on the shape, rather than the type, whether or
not a defect is classified as dangerous or not. A slag inclusion, for instance, may be harmless to
the construction in case it is spherically shaped, but it may be quite harmful when it does possess
sharp edges. With the aid of tomographical imaging the shape of a defect could be found quite
easily. However, a measurement in practice along a limited inspection aperture does only provide
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limited-resolution images from which the shape of the defect is not always clear. Therefore, other
methods should be applied in conjunction with Multi-SAFT imaging to provide the additional
information on defect shape. In the next chapter, an alternative method for defect shape
determination by the application of neural networks is proposed.
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9

Defect Characterization and
Artificial Intelligence

9.1 Introduction

The term 'Artificial Intelligence' was introduced about 30 years ago by J. McCarthy (Engelmore,
1987), who has continued to be one of the field's most important theoreticians. This field contains
the subfields of knowledge-based systems (expert systems) and neural networks, and has
primarily been a field of academic research. Problems which require some degree of human-like
intelligence are tackled with Artificial Intelligence, although the actual approach depends on the
type of problem.

Medical diagnostics, alarm processing and railway scheduling are problems for which data, rules
and conditions may be gathered and assembled into a well-defined algorithmic structure, usually
an expert system. Speech understanding and handwritten character recognition are tasks which
cannot be easily solved by conventional techniques, since no precise algorithmic solution exists
and therefore recognition, rather than computation, forms the basis of the solution. Recognition
methods, such as neural network classification, operate by associating an unknown input pattern
with previously encountered patterns and find the closest match.

In chapter 8 it has been shown that — due to the limited inspection aperture — the Multi-SAFT
imaging result does not always allow an accurate determination of the shape of the defect.
Especially when a creeping wave response is not present, a spherical defect is easily mistaken for
a planar defect. This is illustrated, for instance, by the image of the slag inclusion shown in figure
8.25a. In practice, it is very important to know whether or not a defect possesses sharp
extremities, as such a type of defect may considerably reduce the strength of a construction and
may therefore be regarded as potentially dangerous.

Thus, the shape of the defect plays an important role and since it cannot be determined from the

imaging result, the application of a neural network for defect-shape identification will be
discussed. As a first step towards neural-network based defect characterization, the classification
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of defects as either ‘round’ or ‘planar’ has been studied (Wielinga, 1992) and the results are
presented in this chapter. The applied training and test data are modelled with the aid of a 2-D
finite-difference scheme (Virieux, 1986; Van 't Veen et al., 1993). To check the results obtained
with the modelled data, a number of real experiments has been carried out as well. At first, an
explanation of the main principles and an overview of the existing methods and applications in
NDI will be given.

9.2 Artificial Intelligence in Nondestructive Inspection

9.2.1 Main principles of expert systems and neural networks

An expert system consists of a knowledge base, which resembles a global data base containing
facts, rules, relations, etc., and an inference engine, which interprets the knowledge and controls
the problem solving procedure according to some strategy. There are two practical reasons for
using expert systems: they can reduce costs and/or increase the overall quality of many decision-
making tasks. For it should be realized: “Remember that crises and experts are almost never in the
same place at the same time!” (Englemore, 1987). Expert systems provide less experienced
personnel with expertise that is otherwise typically unavailable. Moreover, expert systems may be
used to automate routine decision-making tasks, keeping accurate, consistent and complete
records of their actions.

The human brain is processing information by means of interaction between many neurons to be
able to interpret the signals perceived by its senses. A neural network is a modelled interaction
between neurons and consists generally of three layers: a sensory or input layer, an association or
hidden layer, and a response or output layer. Each layer has a certain number of units or neurons.
Neurons in the same layer have no connection to each other and neurons in different layers have
one-way connections. Such a network is called a perceptron layered network (Simpson, 1990) and
is shown schematically in figure 9.1 for N input neurons and 2 output neurons.

Each neuron receives input signals from the neurons of a previous layer, which are multiplied by
a certain weight value (representing the amount of activation an input signal causes). The neuron
then calculates the total activation value, applies the input/output function and puts the result
forward to the neurons of the next layer. The input/output function, transforming the activation
value, is usually expressed by a threshold function or Sigmoid function (Freeman and Skapura,
1991) and is applied in order to get output values ranging between 0 and 1.

The activity of the network depends upon the characteristics of each neuron and the connections
between them. In order to perform a classification process the inter-connecting weights have to be
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sensory association response
layer layer layer

Figure 9.1: The general structure of a perceptron layered network with N input neurons, 4 hidden neurons and 2
output neurons.

set. For that purpose the neural network needs training, i.e. the network has to correct its
connection weights little by little by gathering experience and comparing the output results with
the correct answers. One of the most popular training methods is the Backward Error Propagation
method (Freeman and Skapura, 1991), where the network computes some correction for each
weight value from the error information during training.

The neural network, which will be used to evaluate the classification of planar and round defects
in this chapter, will be a perceptron layered network of three layers with only one hidden neuron
and two output neurons. The number of input neurons will depend on the type of input that will be
used. The applied training method is the Backward Error Propagation method and the network has
been implemented using the commercially available software package Neural Works Pro®.

9.2.2 Overview of existing methods and applications in NDI

The application of artificial intelligence in NDI has only recently been seriously considered
practically feasible and since 1987 several publications can be found on this subject. About the
development of expert systems in general and for NDI in particular, a nice overview is given by
Engelmore (1987). McNab and Dunlop (1991a) give an introduction on information technology
in NDI. At the Center for NDE at the Jowa State University, Ames USA, an expert system for flaw
classification has been developed (Schmerr Jr. et al., 1987; Nugen et al., 1988). This so-called
Flaw Expert (FLEX) system is designed to characterize flaws as either crack-like or volumetric
from an inspection of ultrasonic scattering amplitudes, taken from multiple angles of
insonification. The feature processing part characterizes the waveform with respect to a pre-
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defined set of features (knowledge base), while the ‘interpretation’ part uses the presence or
absence of these features to characterize the flaw with respect to type (inference engine).
According to the papers the results are quite accurate, indicating a defect to be volumetric or
crack-like with an accuracy better than 70%.

To allow discrimination between intergranular stress-corrosion cracking (/GSCC) and
counterbores (ridges machined prior to welding to match unequel pipe-wall thicknesses) near
welds, a knowledge-based ultrasonic examination assistant has been developed at the EPRI NDE
Center, Charlotte USA (Shankar et al., 1991). It helps interpreting measured B-scan data using an
expert system. A knowledge-based assistant has also been developed for a SAFT ultrasonic
inspection system (Melton et al., 1987) in order to ensure that the SAFT inspection procedure is
performed correctly and consistently, i.e. guiding an operator through a SAFT inspection.

Flaw classification and sizing through learning systems like neural networks have been firmly
related to physics (Schmerr Jr. et al., 1988; Grabec and Sachse, 1989). In order to be able to define
classification rules for an expert system, specific (discriminating) features have to be extracted
from the ultrasonic data. Therefore, extensive studies have been performed on ultrasonic
responses from defects in order to determine those specific features. These studies also include the
(elastic) modelling of defect responses, for modelled data are often used as training data for neural
networks.

Apart from the many different network structures and training methods, the input to the neural
network ranges from statistical characteristics of the response (Baker and Windsor, 1989; Brown
and DeNale, 1991; Song and Schmerr Jr., 1991), digitized time domain and/or frequency domain
data (Ogi et al., 1990; Kitahara et al., 1991), to shapes of the response hyperbolas in B-, C- and D-
scans (Hallam et al., 1990; McNab and Dunlop, 1991b; Woodcock et al., 1992). Surprisingly,
regardless the type of input, 70-100% of the defect classification is claimed to be correct. In all
cases, however, it is very important to apply the correct pre-processing of the raw data before
using it as input for a neural network. A number of pre-processing techniques for digitized
responses have been discussed by Berry et al. (1991).

The way a neural network operates has been already intensively studied in almost all work
mentioned earlier. Especially Ogi et al. (1991) did study the influence of the different weight
factors and the features the network seems to extract from the data. Also Wielinga et al. (1993)
describe the adjustments of the weight factors during training and show that the final weights are
related to the standard deviation of the average input values. In Kitahara et al. (1992) the first
successful results have been presented on sizing of surface breaking defects.
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9.3 Classifying Defects with Neural Networks

In this section the first step towards a full-scale evaluation of the application of neural networks
for defect characterization will be described. This first step consists of determining the shape of a
defect with neural networks, i.e. the classification of a defect as either planar or non-planar. In this
chapter the network input will be directly extracted from the recorded (ultrasonic time-domain)
wave field data, although it is plausible that the Multi-SAFT images could provide as good a basis
for the extraction of network input. For simplicity, the defects to be classified will be either round
(cylindrical) holes or horizontally oriented planar slots (with ends simulating vertically oriented
defects, see figure 9.2).

9.3.1 Determining network input

As already described in the previous section, the success of neural defect classification is mainly
determined by the type of network input (input pattern). This generally means, that appropriate
pre-processing of the measured ultrasonic data has to be applied in order to obtain the best input
data for the network. This pre-processing may consist of determining statistical parameters,
filtering or transforming the data. Above all, the input data should possess those discriminating
features needed for correct defect classification. In this section, the neural network classification
performance for three different types of input will be evaluated.

The time-domain response and its temporal amplitude spectrum will be used as input, because the
successful application of these types of input is extensively described in the literature. The
response, used for the time-domain and temporal amplitude spectrum inputs, will be recorded at
the geometrical reflection position (see figure 9.2). In the case of classifying a defect to be planar
or non-planar (round), the discriminating information will obviously be contained in the
directivity of the scattered wave field. Therefore, the spatial amplitude spectrum of the (filtered)

geometrical source
reflection position
position

Figure 9.2: The configuration of the round and planar model defects in low-carbon steel.
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B-scan data will also be applied as input for the network. A monochromatic spatial amplitude
spectrum represents the plane-wave amplitude as a function of incident angle (with respect to the
normal) on the receiver aperture. In order to obtain the spatial amplitude spectrum, the complete
(filtered) B-scan is Fourier transformed with respect to time as well as to space (scanning
direction) and is known as plane-wave decomposition. According to the literature studied in
relation to this project, this type of input has never been applied for classification purposes before.

The discrete amplitude values of the different input patterns will directly be used as input values
for the network, which may lead to a large number of input neurons to be defined for the neural
network. The measured B-scan contains many responses and the correct response to be used (for
every type of input) is determined by using its Multi-SAFT imaging result. From the indication in
the image (obtained for a certain wave path) the arrival time in the recorded data can be computed
by applying an 'inverse-SAFT process'. The other responses contained in the recorded ultrasonic
data should then be carefully filtered out to avoid undesired interference effects.

In practice, the time-domain response of a defect and its temporal amplitude spectrum will not
only depend on the shape of the defect, but also on its orientation, on the employed wave path and
on the transducer and surface characteristics (frequency contents, coupling). Thus, a neural
network trained with the time-domain response or its temporal spectrum cannot be generally
applied in practice, as the shape of the recorded wavelet is usually unknown and certainly subject
to changes. The shape of the spatial amplitude spectrum for a single frequency, on the contrary,
does not depend on the shape of the wavelet and may therefore be particularly suited for defect
shape classification. However, the monochromatic spatial amplitude spectrum does depend on the
directivity pattern of the receiver transducer. Yet, this directivity pattern may easily be determined
and is not subject to serious changes in practical applications.

9.3.2 Modelled input data

In order to be able to study the neural network classification of defects, scattering data has been
modelled using a finite-difference modeling scheme. Ultrasonic B-scan data of a series of models
have been computed using the basic model as shown in figure 9.2. In order to strive after a
network, which is not sensitive to changes in the size of the defects, round and planar defects have
been defined for different sizes (length of the planar defect and diameter of the round defect). The
sizes have been chosen to be 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, and 4.0 wave lengths with respect to
the center frequency of 1 MHz in a medium with a (shear) wave velocity of 3260 m/s (A = 3.3
mm).

In order to minimize the sensitivity of the network for changes in the insonification direction
(orientation of the defects), scattering data for different angles have been provided. The
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Figure 9.3: The modelled snapshots showing the difference in acoustic scattering from round and planar defects of
1 A(a),2 A(b)and 4 A (c) diameter/height.

insonification angles B have been chosen to be 34, 40°, and 45°. The first set of 48 B-scans has
been computed by modelling an acoustic medium with a wave velocity of 3260 m/s, the second
set by modelling an elastic medium with a compressional wave velocity of 5900 m/s and a shear
wave velocity of 3260 m/s. In all cases absorbing boundaries have been applied at all sides and
the insonifying plane wave is propagating upwards, corresponding to the (1,0) wave path. The
defects have been modelled as stress-free boundaries. Snapshots of the scattering wave field from
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Figure 9.4: The modelled snapshots showing the difference in elastic scattering from round and planar defects of
1 Aa)?2 A(b) and 4 A (c) diameteriheight.

defects of different sizes are shown in figure 9.3 for the acoustic case and figure 9.4 for the elastic
case. The difference in directivity of the scattering patterns for defects of different size and shape
is quite obvious from these snapshots. Moreover, the difference between the acoustic and elastic
situations becomes clear from the mode-conversion effects as may be observed in the elastic case.

For comparison, the network has been trained and tested with the modelled time-domain
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Figure 9.5: The modelled acoustic time-domain responses for round (a) and planar (b) defects of different sizes.

responses, the temporal and the spatial amplitude spectra'. They have all been presented to the
network in a fixed number of points (the time-domain response centered around its maximum
amplitude) and normalized between O and 1. This normalization is necessary to prevent the

extracted from the modelled acoustic data are shown in figures 9.5 to 9.7. It is easy to see
differences between round and planar time-domain defect responses, as well as between their
spatial amplitude spectra. However, the differences are less clear when comparing the temporal
amplitude spectra.

network to base the classification on absolute amplitude differences. Some of the input data
|
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Figure 9.6: The modelled acoustic temporal amplitude spectra for round (a) and planar (b) defects of different
sizes.

1 It has to be noted here, that the applied (modelled) receivers are almost omni-directional, i.e. almost equally sensitive for
responses from all directions.
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Figure 9.7: The modelled acoustic spatial amplitude spectra for round (a) and planar (b) defects of different sizes.

The neural network used for the evaluation study consists of a number of input neurons (64 for the
time-domain response and the temporal amplitude spectrum and 16 for the spatial amplitude
spectrum at 1 MHz), 1 hidden neuron and two output neurons. In Wielinga et al. (1993) it has
been explained that this classification problem is simple enough to be handled by one single
hidden neuron (linearly separable). This actually implies, that a properly designed statistical
classifier should also be able to classify the different input patterns correctly. This again indicates,
that the chosen types of input patterns obviously contain a considerable amount of discriminating
information. Of course, the echo-acoustic response of a defect does represent its reflectivity,
containing information on the structure and composition of the defect. In practice, the input
patterns will probably contain less discriminating information due to the presence of noise and the
beam pattern of the receiver transducer. In that case the neural network should possess more than
one single hidden neuron in order to accomplish the classification task correctly. Besides, the
classification of defects with trained neural networks will always be much faster than with
statistical classifiers.

At

first, the neural network has been trained and tested with all data for one and the same

insonification angle to make sure that the network converged, i.e. that the input data does indeed
possess distinct differences on which the classification may be based. Then the classification
performance is determined by testing the trained neural network with new input patterns.

The classification results are given in a matching percentage, which is just the output value (sum
of weights between 0 and 1)? of the neural network and does not equal a confidence level. For the

2
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The output value is 1 when the input pattern corresponds 100% to the output class and 0 when it does not at all correspond to
the output class.
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output value an acceptance level of 0.85 has been defined, representing a threshold value above
which an input pattern is assigned to a certain class. When the acceptance level is not reached by
any of the two output values, the classification result will read 'undefined'. In order to provide the
network with consistent information for the learning process, the input patterns from the four
smallest defects have been omitted during training. These small defects (small compared to the
wave length of the 1 MHz center frequency) act mainly as diffractors, possessing a scattering
directivity corresponding to that of small round defects, regardless of the shape of the defect
(planar or not).

9.3.3 Input based on acoustic responses

Testing the network with the training data (without the four smallest defects) is called a
convergence test and did result in a 100% correct classification for all types of network input and
for all insonification angles combined to one single set. To test the classification performance of
the neural network, it has been trained with the data from the insonification angles of 34° and 45°
and tested with the data from the insonification angle of 40°. The spatial spectra have been
computed for the 1 MHz center frequency and all acoustic test results are shown in figure 9.8. The
test set contained 50% input patterns of round and 50% of planar defects. These test results are
remarkable, as the round defects are all classified 100% correct for all three types of input, while
on the other hand the planar defects are classified very inaccurately, except for the spatial spectra.
The neural network seems to assume beforehand every input pattern to be a round defect and only
classifies defects as planar when they are distinctly different from round-defect patterns.

As mentioned before, the smallest planar defects are classified as round defects because they act
as diffractors for the wave length corresponding to the frequency used to compute the spatial
spectra. In case a higher frequency (smaller wave length) is chosen for the spatial spectrum input,
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Figure 9.8: The classification performance of the trained neural network for different acoustic input patterns.
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Figure 9.9: The classification performance of the trained neural network for acoustic spatial spectra of different
frequency components.

the classification results for the smaller planar defects should improve. In figure 9.9 the
classification performance is presented for the 0.5, 1.0, and 2.0 MHz spatial spectra of round and
planar defects by a neural network trained with 1 MHz spatial spectra (without the two smallest
defects). The classification results do indeed improve for a higher frequency (and become less
accurate for a lower frequency). This implies, that classifying spatial spectra for different
frequencies may also yield information on the size of the defect.

9.3.4 Input based on elastic responses

The same model of figure 9.2 has been used to model elastic scattering data from eight different
sizes of round and planar defects. Elastic data contains more responses than acoustic data,
because of the presence of creeping and mode-converted waves, so the scattering shear wave
response may still be disturbed by other responses after isolation by narrow time-windowing. The
same remarks hold here as for the acoustic models concerning the different input formats and the
wave-length dependent classification for spatial spectra. The convergence test did overall result in
almost 100% correct classification. Figures 9.10 and 9.11 present the results of the classification
performance. The classification results of the elastic data show, that the network does not classify
the round defects as distinctly as in the acoustic case, because the input data do contain more
discriminating features. The results for the spatial spectra in this elastic case are comparable to
those of the acoustic case.

9.3.5 Noise sensitivity

The classification performance has been evaluated with the aid of modelled elastic responses
which do not contain any noise. This is not the case in practice and thus the networks classifying
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Figure 9.10: The classification performance of the trained neural network for different elastic input patterns.

performance has to be evaluated with input data from noisy responses. Therefore, random
(approximately white) noise has been added in different amounts to the modelled elastic data
(signal-to-noise ratios: 40, 30, 20, 10, 5 dB) and input patterns have been computed. The
classification results are shown in figures 9.12 and 9.13 for the different signal-to-noise ratios.
From these results it can be observed, that the spatial amplitude spectra are apparently less
affected by the presence of noise than the other input types. This is probably caused by the fact,
that the responses in the entire B-scan are employed for computing the spatial amplitude spectra
(averaging the noise influence) and that the added noise does not possess any distinct directivity
which could change the shape of the spatial amplitude spectrum severely.
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Figure 9.11: The classification performance of the trained neural network for elastic spatial spectra of different
[frequency components.
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It can be concluded from the results presented in this section, that the spatial amplitude spectrum
is obviously the most appropriate input pattern for the determination of defect shape by neural
networks, as it is independent of the shape of the wavelet and less sensitive to the presence of
noise. Therefore, the neural network classification performance of only this type of input will be
evaluated in section 9.3.7 using experimental data.

9.3.6 Training analysis

The input data should contain discriminating features for the network to base its classification on.
The larger the differences between the responses from a planar and a round defect, the faster a
network will converge during training and also the more reliable the classification result will
generally be. To study the extent of discriminating information, the RMS-error of the network
output has been plotted as a function of the number of training cycles for all three types of input
data and is shown in figure 9.14. Comparing these graphs it is quite evident, that in this case
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Figure 9.12: The classification performance of the trained neural network for the elastic time-domain response (a)
and its temporal frequency spectrum (b) for different values of the signal-to-noise ratio.
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Figure 9.13: The classification performance of the trained neural network for the elastic spatial amplitude spectrum
of 1 MH:z (a) and 2 MHz (b) for different values of the signal-to-noise ratio.

(clean modelled input) the spatial amplitude spectrum contains the most unambiguous
discriminating information for defect-shape classification.

The RMS-error is reduced during training by adjusting the hidden weights of the network. For the
spatial amplitude spectrum of the modelled acoustic data, the evaluation of the hidden weights has
been studied by Wielinga et al. (1993). They demonstrated, that for this relatively simple
classification problem the weights initially converge to the average difference between the input
values of round and planar defects, as shown in figure 9.15. This indicates again, that the input
patterns are apparently linearly separable. Some statistical classifiers, like the nearest-neighbour
classifier (Batchelor, 1974), use this average difference directly for the classification. Yet, a neural
network adjusts its weights a little further in order to be able to correctly classify the more
difficult (deviating) input patterns as well. This can be observed from figure 9.15, where the
weight values have reached the average difference approximately after 860 training cycles and are
adjusted to more pronounced values after 3600 training cycles (convergence). Theoretically, the
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Figure 9.14: The RMS-error of the neural network output during training as a function of number of training cycles
for different types of input patterns.

training time could be reduced for this simple example by adjusting the weights to the average
difference values prior to training.

When the input patterns are not linearly separable and the network contains more than one hidden
neuron, the study of the evaluation of the hidden weights is much more complicated. Although
one hidden neuron may adjust its weights to the average difference of the input patterns, most of
the hidden neurons seem to concentrate on particular features in the input patterns (peaks, zeroes).
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Figure 9.15: The hidden weight for each input value after different numbers of training cycles; the average
difference between the different input values of round and planar defects is indicated as well.
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This means, that the use of too many hidden neurons and a large number of training cycles may
lead to the situation, that every training patterns is exactly remembered (stored in the hidden
weights). This should be prevented at all times as it reduces the generalizing capacity of the
network considerably.

9.3.7 Input based on experimental data

The model of figure 9.2 has been used for the fabrication of 40 mm thick steel test plates with
round holes and horizontal slots (simulating vertically oriented planar defects). The diameter of
the holes and the height of the slots have been chosen to be 2, 3, 3.5, 4, 4.5 and 5 mm. The center
frequency of the broadband transducers is approximately 3 MHz, which results in a wave length
of about 1 mm. Thus, the size of the smallest model defect is twice the applied wave length and
there will be no problems with defects acting as diffractors only. For the experiments two sets of
transducers have been applied, namely a 45° directive source with either a 45° or a 60° wide-
angle receiver. The source position has been varied, resulting in actual insonification angles of
40°, 42.5° and 45°. The applied lateral split angle has been 60°.

The applied time window (to isolate the appropriate reflection responses) has been defined large
enough not to affect the responses, consequently allowing other interfering responses to remain
present in the data to some extent. The presence of other responses in the filtered data did result in
a slight frequency dependency of the shape of the spatial amplitude spectra around the central
frequency. Primarily for this reason, the amplitude spectra have been averaged over a small
frequency band around the central frequency. For the sake of accuracy, the spatial spectrum input
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Figure 9.16: The average spatial amplitude spectra of a round and planar defect for a 45° receiver as computed
from experiments.
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patterns contain 64 points and consequently the neural network possesses 64 input neurons.

The 45° source and receiver have been applied to record the responses from the 2, 3, 4, and 5 mm
model defects, for insonification angles of 40° and 45°, which have been used as training data (16
input patterns). Measurements from the 3.5 and 4.5 mm model defects have been used to test the
classification performance of the neural network for the 45° wide-angle receiver (8 test patterns).
Figure 9.16 shows some examples of the averaged spatial amplitude spectra of round and planar
defects. It may be observed, that the difference in shape is less obvious than for the modelled
experiments due to the directivity pattern of the receiver.

The 60° receiver has a wider beam and has been used together with the 45° directive source to
generate a training set consisting of responses from the 2, 3, 4, and 5 mm model defects, for
insonification angles of 40° and 45°. Ultrasonic responses from the same model defects for an
insonification angle of 42.5° have been used to test the classification performance. The averaged
spatial amplitude spectra of figure 9.17 illustrate the positive effect of a wider receiver beam.
Moreover, by comparing figures 9.16 and 9.17 it is obvious that a neural network, trained for the
spatial amplitude spectrum, is related to the directivity pattern of the receiver, because the shape
of the 45° receiver round-defect spectrum is at least as narrow as the 60° receiver planar-defect
spectrum.

Operating an acceptance level of 0.85, the test results for both data sets are 100% accurate, i.e. the
test patterns have been all classified correctly without exceptions. Although the training and test
sets do not contain many patterns and the model defects are perfect holes and slots, the
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Figure 9.17: The average spatial amplitude spectra of a round and planar defect for a 60° receiver as computed
from experiments.




9.3 Classifying Defects with Neural Networks

application of neural networks to determine the shape of a defect from spatial amplitude spectra
looks very promising. In some cases, as have been shown in chapter 8, the interpretation of an
imaging result may require the application of an alternative technique, such as neural networks.
Of course, more study and many more experiments involving real (weld) defects should be
performed in order to come to a practical classification tool.
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10

Conclusions and Discussion

10.1 Conclusions

In this thesis a 2-D ultrasonic imaging method for defect characterization in the field of
nondestructive inspection of steel components is proposed. The method is based on the
conventional Synthetic Aperture Focusing Technique (SAFT) and is called Multi-SAFT, because
it employs multiple responses for the improvement of the image resolution. It has been shown,
that the heuristically derived SAFT inversion algorithm equals a simplified version of the
reflectivity imaging algorithm derived from general wave theory. The proposed imaging method
is based on acoustic inversion operators and treats the recorded ultrasonic data in terms of
different individual wave paths. It is important to notice that the Multi-SAFT algorithm can be
applied to the different elastic wave components in case they can be assumed to be uncoupled
during propagation.

The Multi-SAFT algorithm is designed explicitly for the application to homogeneous, isotropic
media, such as most steel components in practice (without considering the welded region or
special cladding layers). Because only structural information has to be extracted from the imaging
results, the Multi-SAFT algorithm does not aim at true amplitude reflectivity. In the imaging
process the elimination of propagation effects plays a central role and therefore the inversion
process is more or less reduced to a geometrical problem in calculating wave path lengths. While
the calculations of wave path lengths in flat plate geometries is very straightforward, they are
quite complicated in cylindrical pipe geometries. In order to keep the imaging method as fast as
possible, an efficient method for calculating wave path lengths in cylindrical pipe geometries is
proposed.

From the analyses and experimental imaging results presented in this thesis it can be concluded,
that:

»  Multi-SAFT is typically a characterization method (not explicitly a sizing technique, like the

Time-Of-Flight Ditfraction technique) and should therefore be applied after detection of an
inhomogeneity by a conventional inspection technique;
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+ the characteristics of an inhomogeneity can be determined from the Multi-SAFT imaging
results, although the determination of defect shape is not always possible due to the limited
image resolution; by applying neural networks on spatial amplitude spectra, computed from
measured B-scan data, it has been demonstrated that the shape of a defect can be determined
accurately in case perfectly round and planar defects are involved;

» in ultrasonic imaging for NDI the resolution is primarily restricted by the available spatial
frequency bandwidth (i.e. the limited inspection aperture) and less by the temporal frequency
bandwidth that can be applied; the spatial frequency bandwidth is increased considerably by
employing multiple wave paths; by performing multi-source experiments the spatial
frequency bandwidth can be increased even further;

 generally pulse-echo data-acquisition is not suitable for successful imaging of forward
scattering (round-trip) responses and therefore separate source and receiver transducers
should be applied;

+ given a-priori knowledge on the location of an inhomogeneity, a directive shear-wave source
transducer has to be applied at a fixed position for optimum insonification, while for optimum
recording a wide-angle shear-wave receiver transducer has to be moved along the total
available inspection aperture (pitch-catch data-acquisition);

» for the imaging of vertically oriented defects, using both reflection and diffraction responses,
shear wave polarization effects can be employed successfully;

« the application of single-mode, bounded-beam transducers justifies the individual treatment of
different elastic wave components and wave paths by the Multi-SAFT algorithm;

» in order to obtain a high image accuracy, the accurate determination of the wave velocity and
total wedge delay time is most important; the quality of the experimental imaging results
presented in this thesis demonstrate that this is very well possible;

+  Multi-SAFT can be applied for the inspection of most weld defects, although the welded
region cannot be considered homogeneous and isotropic.

The application of Multi-SAFT imaging for the characterization of defects in steel components is
attractive and feasible, because:

»  Multi-SAFT imaging can be applied as an in-service inspection technique; its results provide
important information on the exact location and orientation, and in some situations also on the
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size and shape of a detected inhomogeneity; this information cannot be obtained in such detail
by other NDI techniques;

+ with the information on the inhomogeneity provided by Multi-SAFT, acceptance standards do
not have to be based on such unreliable features as signal amplitudes; they can be directly
based on the information needed for a proper fitness-for-purpose analysis by fracture
mechanics;

* measuring ultrasonic B-scans with a source transducer at a fixed position and manual
movement of the receiver transducer with the aid of a mouse scanner is very easy, flexible and
inexpensive, because no complex automated scanning system is required; the inspection
procedure — including data-acquisition and data-processing — may be reduced to less than 30
minutes in case special dedicated scanning devices are applied;

+ the application of Multi-SAFT is not necessarily restricted to flat plate and cylindrical pipe
geometries; complex shaped objects can be inspected as well, provided the geometry is
accurately known.

10.2 Discussion

10.2.1 Further improvements

The evaluation of the experimental Multi-SAFT imaging results has shown that ultrasonic
imaging in NDI can be improved considerably compared to the conventional pulse-echo SAFT
results found in the literature. Furthermore, due to the relatively simple procedures of both data-
acquisition and data-processing, Multi-SAFT is practical and attractive for application in the field.
However, the characterization performance of Multi-SAFT is not yet perfect, especially when
defect sizing is concerned. Although Multi-SAFT is typically a reflection imaging technique, it
can be successtul as a diffraction imaging technique as well by changing the positions of the
source and receiver aperture. Time-of-Flight Diffraction Tomography, as has been described by
(Capineri et al., 1992), is actually applying Multi-SAFT on time-of-flight data (lateral split angle
equal to 180°). The employment of multiple diffraction responses may further improve the image
quality and the reliability of the characterization.

The amplitudes are not handled correctly by the Multi-SAFT algorithm, because only structural
information is extracted from the images. However, the exact imaging algorithm (as derived from
wave theory in chapter 2) indicates how the amplitudes should actually be processed. Therefore,
if necessary, the imaging performance can be improved and the material characteristics of the
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scatterer may even be determined from the reflectivity information by handling the amplitudes
correctly and performing parametric inversion on the imaging results (Berkhout and Wapenaar,
1993).

Multi-SAFT is only concerned with shear wave responses. In case other elastic wave components
are generated and recorded, the imaging quality will probably not improve substantially, as the
inspection aperture — and consequently the image resolution — still remains limited. In order to
increase the spatial frequency bandwidth, multi-source experiments have to be performed and
combined. The extension of 2-D Multi-SAFT to 3-D will increase the spatial frequency
bandwidth as well and a better image quality may be expected. The price to be paid, particularly
in inspection time, will be high and it is questionable if it is worth all the effort in regular NDI.

Multi-SAFT has been applied to homogeneous and isotropic media only. For the successful
application of ultrasonic imaging to more complex media, such as cladded pressure vessels and
austenitic steel components, Multi-SAFT has to be extended to handle the propagation effects in
inhomogeneous and anisotropic media. Although this will make the Multi-SAFT algorithm more
complex and less efficient, such an extension is very well feasible (Berkhout, 1985).

For Multi-SAFT to be accepted in NDI practice, numerous field studies and evaluations have yet
to be performed. It is also very important to realize, that special acceptance standards have to be
written in order to make the applicability of techniques as Multi-SAFT in the industry possible in
future.

10.2.2 The role of modelling and artificial intelligence in NDI

Throughout this thesis use has been made of modelling techniques to study and illustrate different
wave phenomena to improve the understanding of the underlying physical principles. Not only
the sophisticated, time-and-memory consuming finite-difference modelling schemes (to be
applied for very realistic modelling of elastic wave phenomena, see Van 't Veen et al. (1993)), but
also simple and fast ray-tracing algorithms provide one with an important tool to be applied for
the development and improvement of ultrasonic NDI techniques. With the increasing
computational possibilities the application of modelling can probably be extended from studies in
research towards the evaluation of measurements in the field. The role of modelling wave
phenomena in NDI will therefore become more and more important in the future and will
certainly lead to a further improvement of the interpretation of inspection results.

In chapter 9 of this thesis a first exploratory study has been presented on the application of
artificial intelligence (AI) methods in NDL. It should be realized that the classification of defect
shape by neural networks is only one of the many conceivable applications of Al in NDI. The
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results of this limited study already indicate that a number of intrinsic features of Al methods,
such as adaptivity and speed of operation, are very attractive to NDI. For instance, Al methods
can be applied in automated systems for the interpretation of NDI results of many standard
inspection procedures. For instance, expert systems have already been developed for the
interpretation of X-ray films (Montini et al., 1992).

The fields of NDI and AI have just recently met and a lot of knowledge has still to be shared,
while many prejudices have to be put behind. Nevertheless, it is believed that the application of
Al methods will improve the reliability of the interpretation of NDI results in future. Hopefully,
part of this thesis will contribute to this development.
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Appendix A

Derivation of the Decomposition Angle
for Polarization

tetrahedron

defect plane

Figure A.1: The decomposition angle , in relation to the tilt angle &, the insonification angle B, the lateral split
angle vy, and the angle of incidence 0, the tetrahedron as indicated, is used to derive the expression

for the decomposition angle.

Using the tetrahedron indicated in figure A.1, the decomposition angle ¥ may be expressed by:
2=b>+e2-2becosy (A.1)

from which follows:
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2 2
cos ¥ =£—?—fz , (A2)
2 be

where b and e may be written as:
b=dcosPtan o > (A3)
e=dsinf. (A.4)

For f can be written:

2=c2+d*-2cdcos§ > (A.5)
and with:
C=dcosﬁ ’ (A.6)
cos O

this leads to:

2=

(A7)

d cos B)2+d2 2d?cosBeos &
cos o oS o '

Using (A.2), (A.3), (A.4) and (A.7), the expression for the decomposition angle ¥ is given by:

xzacosfcosﬁ—cosacosﬁl, (A8)
\ sin o sin B f
where o is the angle of incidence on the defect plane:
o = acos (cos B cos & + sin B sin & cos Y) , (A.9)

and 7 is the lateral split angle.

The three-dimensional configuration shown in figure A.1 is not easy to interpret. Therefore, a 3-D
reconstruction of this configuration can be made with the aid of a construction plan, which can be
found as an enclosure to this thesis. The construction plan is shown in figure A.2 on a smaller
scale and the instructions for the construction are given below. The angle between the components
SV iy and SVy;, is the decomposition angle.
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I.  Cut out the whole figure with a pair of scissors.
Cut the heavily dotted line (indicated with the pair of scissors) from a to b.

II.  The strips A,B and C should be folded away from you (outside corner).
The strip D should be folded towards you (inside corner).
The strip £ should not be folded.

III.  Fold the figure over the lines / and 2 away from you.
Fold the figure over the line 3 and 4 towards you.
Fold the figure over the lines 5, 6 and 7 away from you.

IV. Connect strip 4 with glue to the back of the inspection plane along the line indicated by 4",
Then connect the strips B and C at the back of the sides indicated by B"and C’.
Now strip D has to be connected to the back of D' such that the plane of strip D is oriented
along the indicated dotted line. Finally connect strip £ to the side of the defect plane
indicated by £'and the model is ready.
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Figure A.2: A scaled version of the construction plan of the Lorenz model’, which can be found as an enclosure to
this thesis.
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Derivation of the Wedge Delay Time Error

center of
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Figure B.1: The configuration of wave paths for a wedge transducer with fixed index point.

The derivation is performed for a perspex wedge transducer with a fixed index point and a 45°
angle in steel (0';=45°). The center of the piezo crystal is located at a distance # above the
perspex-steel interface, while a point diffractor is located at depth d in the steel medium. The
angle o'y, of the wave path in the wedge for o' =45° is determined using Snell's law:

o', = asin (%W sin 450) , (B.1)
S

with ¢y, the compressional wave velocity in the perspex wedge (2680 m/s) and cg the shear wave
velocity in steel (3260 m/s).

Using figure B.1, the constant wedge delay time 7 is defined as the propagation time from the
index point to the piezo crystal:

t=__h (B.2)
Cy COS Oy,
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By applying a constant wedge delay time, the computed travel time ¢ of an ultrasonic response
from the point diffractor at depth d in figure B.1 to the piezo crystal will slightly differ from its
real travel time ¢, . This difference will be defined as a wedge delay time error At.

For the real travel time t, can be written:

- h 4 d (B.3)

t.=
Cy COS Oy Cg COS Olg

with o, the angle of the wave path in the wedge, which is related to the angle 0 according to
Snell's law.

The travel time for a fixed index point can be written as:
// —+
s Vo T (B.4)

with the lateral distance between the index point and the position of the point diffractor X,y (see
figure B.1):

X, = d tan 0 + h tan o, — h tan oy, (B.5)

In chapter 7 (figures 7.17 and 7.18) the wedge delay time error At will be given as a function of
X gt for a beam width of 30°.




Appendix C

The Multi-SAFT Workstation

The experiments presented in chapter 8 have been performed with the Multi-SAFT workstation.
This workstation consists of data-acquisition as well as processing facilities and is based upon a
386 25 MHz personal computer of type Intel 302, with a 80387 co-processor and 8 Mb internal
memory. In this appendix the different components of the Multi-SAFT workstation will be
described and the inspection procedure will be explained.

C.1 Data-Acquisition

C.1.1 Scanning facilities and transducers

In order to keep the data-acquisition process simple, flexible, fast and inexpensive, manual
scanning of the receiver transducer is preferred. For the SAFT-algorithm to work properly, it is
very important that the position of the scanning receiver transducer is accurately known. This has
been accomplished by applying the MWS-4 scanner, manufactured by the Force Institute in
Copenhagen, Denmark. The MWS-4 scanner is a mouse-like device, which can be used to make
linear scans (see figure C.1). The receiver position is tracked by the scanner’s wheels, which are
connected to an optical decoder. The smallest scan step is 1/16 of a mm and the relative
positioning accuracy over a large number of scan steps is better than 95%.

During scanning TTL-pulses are sent by the scanner to a tacho-interface board in the workstation.
This tacho-interface, specially developed by TPD-TNO, triggers the source as well as the A/D-
converter when a pre-defined number of TTL-pulses, corresponding to a given scan step, has been
received. The scanning velocity is mainly determined by the measured-data display program and
is approximately 10 A-scans of 2048 points per seconds. The A/D-converter is a SONIX
STR*8100A, which is mounted on a board and is able to sample the data with 8 bits up to 100
MHz. Because the A/D-converter has a very fast /O (~3 Mb/s), the amount of data that can be
collected per second by manual scanning in practice is not limited by the A/D-converter.

The MWS-4 scanner is designed to be applied on plane inspection surfaces or in the radial
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Figure C.1: The data-acquisition configuration on a flat plate with the M WS-4 mouse scanner.

direction of slightly curved pipes (minimum diameter 500 mm). As the lateral split configuration
requires the scanner to be moved in arbitrary directions along a pipe’s surface, a special manual
pipe scanner (MPS-1) has been designed and constructed in cooperation with the TNO Product
Centre. Figure C.2 shows the manual pipe scanner which has a special adapter for curved
surfaces. The adapter is shown in figure C.3. The main difference between the MWS-4 and the

&

Figure C.2: The data-acquisition configuration on a cvlindrical pipe section with the MPS-1 mouse scanner.
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MPS-1 is that the latter has only one single tracking wheel positioned in-line with the center of the
transducer, which enables the MPS-1 to be moved around a pipe’s surface in every possible
direction. The smallest scan step of the MPS-1 is 1/12 of a mm, the relative positioning accuracy
is also better than 95%, and the pipe radius may be as small as 25 mm.

The MWS-4 and the MPS-1 scanners are applied to perform linear and helical scans, respectively.
To ensure the scanner to be moved in the correct direction, a flexible guiding steel strip equipped
with an array of permanent magnets for easy attachment to the inspection surface is applied. This
guiding strip is shown in the figures C.1 and C.2 of the experimental data-acquisition
configurations.

The applied source transducer is a standard Panametrics V536 (0.5 inch) 5 MHz snap-in P-wave
transducer mounted on 45° or 60° wedges to generate shear waves in a directive beam (~8° —6 dB
beam width). As the receiver should have a large beam width in the sagittal plane (with respect to
the inspection plane) and a small beam width in the plane perpendicular to that plane (see chapter
6), a special set of 45° and 60° shear wave strip transducers were designed and manufactured by
SONIMEX. Because the amount of wedge material has been kept to a minimum, reasonably
sensitive shear wave transducers could be constructed with broadband frequency characteristics. -
The center frequency of the receiver transducers lies around 3.5 MHz and the —6 dB bandwidth is
approximately 4 MHz. Figure C.4 shows the time and frequency response of the receiver strip
transducer in pitch-catch with the Panametrics source transducer for a representative practical
situation (lack-of-fusion defect). The —6 dB beam width is approximately 12° in the sagittal plane
and 5° in the plane perpendicular to it.

receiver )
fixation of
; transducer
- - -
coupling
fluid
bended
steel
perspex jacket
adapter

Figure C.3: The MPS-1 mouse scanner with the special adapter for cylindrical pipe geomelries, the bended steel
casing presses the transducer on the round perspex adapter, which may be turned 360° to match the
correct orientation of the receiver.
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Figure C.4:
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The time and frequency response of the shear wave receiver strip transducer in pitch-catch with a
Panametrics V536 shear wave source transducer on a 60° wedge.

C.1.2 The inspection procedure

Before Multi-SAFT is applied it is assumed, that the possible defect has already been detected and
approximately located by conventional means of nondestructive inspection. The Multi-SAFT
inspection procedure itself consists mainly of three steps. In the first place, the shear wave
velocity of the material, the total wedge delay for the applied transducer set, the thickness of the
object and (if the object has a cylindrical geometry) the outer radius have to be determined. Then
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the position and possibly the orientation (straight reflection direction) of the inhomogeneity have
to be determined by using the source transducer in pulse-echo mode. The information about the
position and orientation will be used to position the source transducer optimally with respect to
the inhomogeneity. When the source position, receiver aperture and lateral split angle are
determined, the actual data-acquisition can take place.

The data-acquisition program has been written in TCL® (Technical Command Language) and is
named ACQUIS. It consists of a menu, listing all the data-acquisition parameters, such as the
sampling frequency, the number of data points and A-scans to be collected and the scan step to be
applied. When the data-acquisition parameters are all set, the recorded-data display is invoked. By
operating the scanner in ‘free-running’ mode, the source is triggered continuously regardless of
the scanner’s position. In this mode, the source signal amplitude and the receiver signal
amplification can be adjusted in order to avoid overflowing of recorded responses somewhere
along the scanning aperture.

When this has been done, the scanner is positioned at the start of the scanning aperture and the
‘recording mode’ is set. A total B-scan can now be recorded by simply moving the scanner along
the scanning aperture. The recorded data is shown in grey-level display on-line during scanning
and overflows will directly be displayed in red. In case overflows are recorded or A-scans are
missed, the program will give a notification. Otherwise, the data can be stored or the same scan
can be performed once again.

C.2 Multi-SAFT Imaging

C.2.1 Special software and hardware

The recorded B-scan data can be processed on the Multi-SAFT workstation with specially
implemented software written in TCL. These programs are designed to make use of a Mercury
array processor board (type MC3200 with 6 Mb internal memory, 20 MFlop), which is part of the
workstation, but may be used without this special hardware. The two imaging programs are called
FLATFOC for flat plate geometries and GIRTH for cylindrical pipe geometries. The latter
program is designed to image rectangular cross-sections of girth welds in the axial direction of the
pipe. Prior to imaging the data-acquisition and imaging parameters have to be set in a yank file.
Such a yank file can be filled out with the aid of the programs YANK (in connection to
FLATFOC) and YANKG (in connection with GIRTH).
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C.2.2 Real-Time Focusing display and processing performance

The imaging program has to be started with a link to the properly filled out yank file. It will
prompt the operator for some display parameters and will then start the imaging process. Each A-
scan will be processed sequentially and will result in an individual image contribution. All these
image contributions will be summed to make up the final imaging result. During processing of the
A-scan data the imaged region may be displayed, showing step by step and in real time the
evolution (focusing) of the indication(s) through the summation of A-scan image contributions.
This mode will be called Real-Time Focusing Display (RTFD).

The total processing time depends on the dimensions of the recorded B-scan and the imaged
region, as well as on the use of the Real-Time Focusing Display, and is slightly different for flat
plate and cylindrical pipe geometries. To give an idea of the processing times achieved with the
Multi-SAFT workstation (using the array processor), some values are given in table C.1. The
computing performance of the programs for flat plate and cylindrical pipe geometries are almost
identical. The average computing time per A-scan of 2048 points and an image of 100 by 100
points is approximately 0.6 s and the pre-processing of the B-scan data (100 A-scans) takes about
28 seconds. From table C.1 it can be concluded, that the use of the Real-Time Focusing Display
does slow down the imaging process to some extent, but waiting for the final imaging result will
be more pleasant while watching the focusing process actually taking place.

The imaging results can always be displayed by the program DISP_IT, which also gives the
maximum pixel value in the image. DISP_IT is able to display two images at the same time for
comparison and has a hard-copy option which generates a post-script file of an image to be sent to
a primter. In order to be able to apply the Multi-SAFT principle, the program ADDING can be
used to normalize and superimpose different images.

Table C.1:  The processing times of the Multi-SAFT workstation with the array processor for a B-scan consisting of
100 traces of 2048 samples and an imaged region of 100 by 100 points.

rumbe o rocesein
50 off 58
100 off 88
100 after every 8 110
100 all 225 |
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Summary

When an inhomogeneity is detected in a steel component by conventional nondestructive
inspection techniques, it may be desirable to characterize it in order to be able to perform a proper
fitness-for-purpose analysis for the component under inspection. Such a characterization implies
the accurate determination of the exact location, orientation, size and shape of the possible defect.
Although several nondestructive inspection methods may be chosen for defect characterization
purposes, it is found that ultrasonics offers the best potential, because an ultrasonic inspection is
not confined to the near-surface region of the component and the technique may be operated while
the component remains in service.

Since ultrasonic measurements do not directly provide the characteristic features of an
inhomogeneity, some kind of processing of the ultrasonic data is required. In this thesis it has
been evaluated to which extent ultrasonic imaging can be applied for the characterization of
defects in steel components. After a general introduction, the ultrasonic imaging algorithm is
derived from wave theory and compared with the heuristically derived Synthetic Aperture
Focusing Technique (SAFT), which is found not to perform very well in practice. As a result from
this compari§on it is concluded, that the imaging performance can be improved particularly by
increasing the spatial bandwidth of the ultrasonic data. This is achieved by employing multiple
scattering responses for imaging, which actually implies the employment of multiple synthetic
apertures. Therefore, the improved version of conventional SAFT is called Multi-SAFT.

A number of practical constraints on ultrasonic imaging are identified, which lead to a number of
assumptions regarding the recorded responses, the medium to be inspected and the transducers
applied in practice. It is explained that the assumptions are necessary in order to keep Multi-SAFT
practicable and it is shown that the inversion problem is consequently more or less reduced to a
geometrical problem. In relation to this, a very computational efficient algorithm is proposed for
the calculation of indirect wave path lengths in cylindrical pipe geometries. Subsequently, a
number of finite-difference modelling experiments are used to stress the importance of applying
single-mode, bounded-beam transducers and to show the effects of inspection aperture limitation.
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In the chapter on data-acquisition optimization it is shown why conventional (pulse-echo) SAFT
is not capable of imaging, for instance, planar defects oriented perpendicular to the inspection
surface. It is concluded, that separate source and receiver transducers have to be applied (pitch-
catch) in order to provide sufficient image resolution in case forward scattering responses are
employed. A modelled example illustrates that Multi-SAFT is perfectly suited for imaging so-
called vertically oriented defects by applying a fixed source and a scanning receiver. To prevent
the fixed source obstructing the scanning receiver in practice the lateral split angle configuration
is defined.

Further optimization is achieved by using shear wave polarization effects, i.e. making use of the
reflection characteristics of both SV and SH wave components. It is shown, that with the lateral
split angle configuration the amplitude of the recorded SV reflection response can be reduced
considerably in some cases, due to destructive interference of reflecting SV and SH wave
components. Assuming the amplitude of the weaker diffracted responses to remain unchanged, it
becomes possible to record both reflection and diffraction responses within the limited dynamic
range of the measuring systems available in practice. By imaging both reflection and diffraction
responses the combined image resolution may be improved significantly.

The influences of interfering responses, special medium characteristics and accidental errors in
the imaging parameters on Multi-SAFT are evaluated in the chapter on the accuracy of the
technique. It is found that the ultrasonic imaging process is not very sensitive to noise or to errors
in the geometrical parameters, provided that the data-acquisition process has been carefully
optimized. The propagation parameters, such as the wave velocity and the total wedge delay,
should be determined as accurate as possible, since errors in these parameters may quickly lead to
an intolerable reduction of the image quality. The effects of defect-roughness on the imaging
result have only been studied qualitatively. However, it is indicated that up to a certain degree of
defect-roughness the image quality remains reasonably acceptable.

The imaging and characterization performance of Multi-SAFT has been experimentally evaluated
with the aid of special test samples containing artificial and real (weld) defects. In some cases the
test samples could be destructively inspected and consequently the imaged cross-sections could
be compared directly with the ultrasonic images. The experimental Multi-SAFT imaging results
convincingly show that the practical assumptions mentioned above are generally valid and that
the image quality is in most cases sufficiently high to allow accurate defect characterization.

Because even with Multi-SAFT the spatial bandwidth of the ultrasonic data still remains limited
due to practical constraints, the shape of the defect cannot always be determined unambiguously
from the imaging results. For this reason, the applicability of neural networks for the
determination of defect-shape has been studied. Supported by modelled as well as experimental
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Summary

results it has been demonstrated, that a propetly trained neural network is able to determine very
accurately whether a defect is round or planar in case the spatial amplitude spectrum is used as
network input. For the computation of the spatial spectrum the right response is isolated from the
rest of the recorded responses by utilizing the imaging results.

From the results presented in this thesis it may be concluded, that ultrasonic imaging with Multi-
SAFT can be applied for the characterization of most types of defects in steel components.
Because the data-acquisition and imaging processes have been kept relatively simple, the
practical applicability of Multi-SAFT is believed to be feasible.
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Samenvatting

Ultrasoon afbeelden ten behoeve van de karakterisatie van defecten in stalen componenten.

Wanneer een inhomogeniteit is gedetecteerd in een stalen component met behulp van
conventionele niet-destructieve technieken kan het wenselijk zijn om die inhomogeneiteit te
karakteriseren teneinde een juiste ‘fitness-for-purpose’ analyse uit te kunnen voeren voor de
geinspecteerde component. Zo’n karakterisatie houdt in dat de exacte positie, oriéntatie, grootte
en vorm van het defect moeten worden vastgesteld. Ofschoon verscheidene niet-destructieve
inspectiemethoden gekozen worden voor zulk een defectkarakterisatie biedt ultrasone inspectie
de beste mogelijkheden, omdat het volledige volume van het object kan worden geinspecteerd en
omdat deze techniek kan worden toegepast op in-bedrijf-zijnde componenten.

Daar ultrasone metingen niet direct de karakteristicke eigenschappen van een inhomogeniteit
opleveren moet een bewerking van de ultrasone data plaatsvinden. In dit proefschrift is bekeken
in hoeverre ultrasoon afbeelden kan worden toegepast voor de karakterisatie van defecten in
stalen componenten. Na een algemene inleiding wordt het ultrasone afbeeldingsalgorithme
afgeleid met behulp van de golftheorie en vergeleken met de heuristisch afgeleide Synthetische
Apertuur Focusserings-Techniek (SAFT), die in de praktijk niet goed blijkt te werken. Naar
aanleiding van deze vergelijking wordt geconcludeerd, dat de afbeeldingsprestaties met name
kunnen worden verbeterd door de spatiéle bandbreedte van de ultrasone data te vergroten. Dit
wordt bereikt door meervoudig verstrooide responsies te gebruiken voor het afbeelden, hetgeen
eigenlijk het gebruik van meervoudige (multiple) synthetische aperturen inhoudt. De verbeterde
versie van conventionele SAFT is daarom Multi-SAFT genoemd.

Er worden een aantal praktische beperkingen inzake ultrasoon afbeelden vastgesteld, die leiden
tot een aantal aannames met betrekking tot de opgenomen responsies, het te inspecteren medium
en de transducenten zoals die in de praktijk worden toegepast. Er wordt uitgelegd, dat de
aannames noodzakelijk zijn teneinde Multi-SAFT hanteerbaar te houden en dat het inversie-
probleem ten gevolge daarvan min of meer tot een geometrisch probleem wordt teruggebracht. In
verband hiermee wordt een zeer efficiént berekeningsalgorithme voorgesteld om de indirecte
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golfpadlengtes in cylindrische pijpgeometriéen te bepalen. Vervolgens worden een aantal eindige-
differentie modelleringsexperimenten aangewend teneinde het belang van het toepassen van
transducenten met een begrensde bundelbreedte, die gevoelig zijn voor één golftype, te
benadrukken en om de effecten van het beperken van de inspectie-apertuur te illustreren.

In het hoofdstuk over data-acquisitie optimalisatie wordt uitgelegd, waarom conventionele (puls-
echo) SAFT niet in staat is om, bijvoorbeeld, vlakke defecten af te beelden die loodrecht staan ten
opzichte van het inspectievlak. Er wordt geconcludeerd, dat gescheiden bron en ontvanger
transducenten moeten worden toegepast (pitch-catch) om voldoende afbeeldingsresolutie te
verkrijgen wanneer voorwaarts verstrooide responsies worden gebruikt. Een gemodelleerd
voorbeeld toont aan, dat Multi-SAFT buitengewoon geschikt is voor het afbeelden van
zogenaamde vertikaal georiénteerde defecten wanneer een vaste bron en een scannende ontvanger
worden toegepast. Om te voorkomen dat in de praktijk de vaste bron de scannende ontvanger in
de weg zal staan wordt de laterale split-hoek configuratie gedefiniéerd.

Een verdere optimalisatie wordt bereikt door gebruik te maken van polarisatie-effecten bij
transversale golven, dat wil zeggen door de reflectie-eigenschappen van zowel SV- als SH-golven
te benutten. Er wordt aangetoond, dat met behulp van de laterale split-hoek configuratie de
amplitude van de gedetecteerde SV-reflectieresponsie in bepaalde gevallen aanzienlijk kan
worden gereduceerd, doordat reflecterende SV- en SH-componenten destructief interfereren.
Indien men aanneemt, dat de amplitude van de zwakkere diffractieresponsie onveranderd blijft,
wordt het mogelijk om zowel reflectie- als diffractieresponsies op te nemen binnen het beperkte
dynamische bereik van de meetsystemen, zoals die in de praktijk voorhanden zijn. Door zowel
reflectie- als diffractieresponsies af te beelden kan de gecombineerde afbeeldingsresolutie
significant worden verbeterd.

De invloed van interfererende responsies, speciale medium-eigenschappen en toevallige fouten in
de afbeeldingsparameters op Multi-SAFT zijn geévalueerd in het hoofdstuk over de
nauwkeurigheid van de techniek. Er wordt aangetoond, dat het ultrasone afbeeldingsproces niet
erg gevoelig is voor ruis of fouten in de geometrische parameters, op voorwaarde dat het data-
acquisitieproces zorgvuldig is geoptimaliseerd. De propagatieparameters, zoals de golfsnelheid en
de totale wigvertraging, moeten zo nauwkeurig mogelijk worden bepaald, daar fouten in deze
parameters snel kunnen leiden tot een onacceptabele afname van de afbeeldingskwaliteit. De
effecten van defect-ruwheid op het afbeeldingsresultaat zijn slechts kwalitatief onderzocht. Er
wordt echter op gewezen, dat bij een zekere mate van defect-ruwheid de afbeeldingskwaliteit
redelijkerwijs acceptabel blijft.

De afbeeldings- en karakterisatieprestaties van Multi-SAFT zijn experimenteel geévalueerd met
behulp van speciale testobjecten, waarin zich kunstmatige en echte (las-)defecten bevonden. In
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bepaalde gevallen werden de test objecten destructief geinspecteerd en dientengevolge konden de
afgebeelde doorsneden direct worden vergeleken met de ultrasone afbeeldingen. De
experimentele Multi-SAFT afbeeldingsresultaten tonen overtuigend aan, dat de hierboven
genoemde praktische aannames in het algemeen gerechtvaardigd zijn en dat de
afbeeldingskwaliteit in de meeste gevallen voldoende hoog is om een nauwkeurige
defectkarakterisatie mogelijk te maken.

Daar zelfs met Multi-SAFT de spatiéle bandbreedte van de ultrasone data nog beperkt blijft door
de praktische beperkingen, kan de defectvorm niet altijd ondubbelzinnig worden vastgesteld uit
de afbeeldingsresultaten. Daarom is de toepasbaarheid van neurale netwerken voor het bepalen
van de defectvorm onderzocht. Ondersteund door gemodelleerde en experimentele resultaten
wordt aangetoond, dat een goed getraind neuraal netwerk in staat is om zeer nauwkeurig te
bepalen of een defect rond of vlak is, indien het spatiéle amplitude spectrum wordt gebruikt als
netwerk-invoer. Voor de berekening van het spatiéle amplitude spectrum wordt de juiste responsie
geisoleerd van de overige responsies door gebruik te maken van de afbeeldingsresultaten.

Uit de resultaten, zoals die zijn weergegeven in dit proefschrift, kan worden geconcludeerd, dat
ultrasoon afbeelden met Multi-SAFT geschikt is voor het karakteriseren van de meeste
defecttypen in stalen componenten. Doordat de processen van data-acquisitie en afbeelden relatief
cenvoudig zijn gechouden wordt de toepassing van Multi-SAFT in de praktijk mogelijk geacht.
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