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Abstract: Array technology in non-destructive inspection (NDI) can be used to
sweep and focus ultrasonic beams. With the capability of sweeping and focusing the
beam at different depths, sectorial scans can be obtained from metal components to
picture possible defects. However, the signal caused by the reflection at the defect is
very dependent on the defect’s orientation. Therefore the image obtained from the
sectorial scan can not be related directly to the defect’s size and orientation.
In seismic exploration, array technology has been used successfully to produce
images of the subsurface that correspond directly to the layers and oil or gas fields in
the subsurface.
In this paper, we present the principles of imaging with inverse wave field
extrapolation (IWEX) as used in seismic exploration. Measurements were taken
from test pieces with reflectors that are representative for defects in metal
components such as girth welds. The IWEX imaging approach was used to acquire
images that can be compared directly with the reflectors in the test pieces. We
demonstrate that the location, orientation and height of the defect are imaged.

1. Introduction
Sizing, characterization and determining the position of defects in new constructed or in
service metal components is essential for its quality assessment. Many non-destructive
inspection (NDI) methods and techniques have been developed for this purpose [1].
Ultrasonic techniques like pulse echo (PE) and time of flight diffraction (ToFD) have been
proven to be reliable detection techniques. Up to a certain extent, these techniques can also
be used for sizing of defects and characterization of the defect’s nature (i.e. porosity, lack
of fusion or incomplete penetration). However, data obtained from these standard
techniques must be interpreted and evaluated. The interpretation process is not always
straight forward and can lead to inaccurate sizing and misjudgment of the steel component.
The main reason for this is that the sizing techniques are based on the comparison of
responses from defects with responses from known reflectors that represent the defects
characteristics. As a consequence, large variations may occurs if these reflectors do not
represent the defect sufficiently (like deviated orientation or positioning).
Developments have been made to improve the shortcomings of standard ultrasonic
inspection techniques. Advances in computer technology and piezo electric materials have
led to new possibilities for ultrasonic NDI of steel components. An important example is
the introduction of ultrasonic phased array technology for this application field. Earlier, this
technology was introduced in the medical application field where it had already proven its
value [2], [3], [4].
Phased array technology offers huge potential for ultrasonic NDI because of the flexibility.
In a practical sense, the amount of work preparation and the need for single element
transducers can be reduced significantly for applications like automated girth weld
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inspection. Phased array technology also offers the possibility to acquire more information
of the volume under investigation. This data can be processed into images that display the
information.
In this paper, we present how phased array technology is and can be used to construct
images like sectorial. It will be discussed in which way they contribute to more accurate
defect sizing and characterization. From this, it will also be illustrated that sectorial scans
can cause misinterpretation due to defect orientation dependency. In contrast with sectorial
scans, results of another imaging technique based on inverse wave field extrapolation
(IWEX) will be presented. The principles of this technique are well known in seismic
exploration. Ultrasonic array technology enables the appliance of seismic exploration
theory to ultrasonic NDI. It will be illustrated that IWEX images maintain the defects size,
orientation and position, without the use of a reference reflector.
2. Ultrasonic array technology and sectorial scans
A renowned ultrasonic detection technique for defects in steel components is the pulse echo
technique [1]. It is based on the detection of a reflection at a defect of an ultrasonic pulse.
The ultrasonic pulse is usually generated by a piezo electric crystal that will vibrate in a
certain frequency if a electric potential is applied. Visa versa, when the crystal is
mechanically deformed, it will generate an electric potential that can be measured. This
property is the property of a transducer.
In practice, several different transducers are required for a full and reliable examination of
the steel component. The ultrasonic energy propagates in a preferred direction dependent on
the shape, size and orientation of the crystal. An inspection set-up is composed by assuming
where the defects will occur most likely and what orientation they will have depending on
the weld configuration and welding process. The angle of the crystal is such that the angle
between the defect and the ultrasonic energy beam is 90 degrees for optimal detection.
The introduction of ultrasonic array technology in NDI offers benefits for the number of
transducers required for inspection. Some ultrasonic characteristics like the direction of the
beam can be controlled with a computer up to some extent. An array consist a number of
small elements that can individually be addressed by the computer. The adjacent elements
are fired with a small time delay. The resulting ultrasonic wave front can be steered
dependent on the time delays. The time delays can be translated to a difference phase
between the elements, therefore the technique is usually referred to the phased array
technique. One phased array probe can replace several single crystal probes. This as already
been applied to the application of automated ultrasonic girth weld inspection [5].
Beside the operational benefits, the phased array technique offers new possibilities for
defect detection with the sectorial scan [6]. Sectorial scans are composed out of many Ascans obtained from different directions, for example from -30° in steps of 0.5° to 30°. This
way, a large area of the volume under investigation can be covered. The A-scans are
mapped to the corresponding angle in a sector with the amplitudes presented in a grey or
color scale. The presentation like a pie part is characteristic for sectorial scan. The sectorial
scan has earlier been introduced in the medical application field. A well know example of
sectorial scans made with phased array are the ‘baby in womb’ scans (see Figure 1). These
scans illustrate an image of the unborn baby in impressive detail. It seems very attractive to
have this level of detail for defect detection and characterization. Unfortunately, the
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behavior of ultrasonic waves in human tissue differ too much to obtain similar results with
sectorial scans. Human tissue supports only compression waves and the acoustic contrast
between the tissue, bone and fluids are low. This allows the ultrasound to penetrate
sufficiently through different layers. Most metals support both compression and shear
waves, that can mode convert under certain conditions. The acoustic contrast of a steeldefect interface is typically much higher. In addition, the ultrasound can reflect at
boundaries several times such that multiple echo’s can be received.

Figure 1: Example of a sectorial scan from the medical application field. The sectorial scans illustrates an
unborn fetus in the womb.

For NDI, the benefit of sectorial scans is the large volume that can be covered. However,
sectorial scans do not represent a one to one image of the volume like the medical
application. The relation between amplitude and defect orientation remains for each
individual A-scan in the sectorial scan. Defect sizing and characterization is therefore not
straight forward.
Amplitudes in a sectorial scan are mainly caused by defects orientated in favor of the beams
and diffraction signals. Diffraction signals are caused by the sharp edges on the defect tips
and are less dependent on orientation. Accurate sizing can be done with the use of the tip
diffraction signals.
3. The IWEX imaging approach
Array technology in NDI enabled the use of sectorial scans. Sectorial scans are important
and can be used as powerful tool for reliable detection and large inspection volume
coverage. Sizing of defects remains challenging. Ideally, defect sizing should be performed
on scans that represent an actual image of the inspected volume. Like the sectorial scan in
the medical application, the images should represent the dimensions, position and
orientation of defects. The important parameters can be determined straight forward out of
the image. In seismic exploration imaging techniques are developed with the use of
acoustic arrays [7], [8]. From these images, the information of interest such as the presence
and location of salt, gas or oil fields, can be determined directly from the image similar to
medical images, see Figure 2.
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Figure 2: (left) Example of a salt dome in the earth, surrounded by layers of different soil compositions.
(right) Seismic image of the same salt dome. The position of the layers and the shape of the salt dome are
preserved in the image

Seismic images are also obtained with arrays of sensor, so called geophones. The data is
processed differently from sectorial scans. In seismic exploration, images are constructed
based on the inverse wave field extrapolation (IWEX) approach. Intuitively, a measured
wave field can be extrapolated forward in space away from the source. Hence, we can
predict the amplitude and location of a wave field at a moment later in time. Imaging a
spreading circle pattern of a stone thrown in the water. The wave field would expend
towards infinity and the amplitude would become zero. The inverse is less intuitive. The
same wave field could also be extrapolated back into space (or inversely extrapolated)
towards the source. In this case, we would predict the amplitude and location of the wave
field at earlier times. The circular wave front of the stone would now become smaller and
smaller with an increasing amplitude. The wave front can be inversely extrapolated to the
position where the source was initiated. Our interest is exactly in this position. In seismic
exploration, a source is emitted at the surface like a dynamite explosion on land or an air
gun at sea. The wave front generated by this source travels through the earth and it will
reflect at layers of different composition and other diffractors. The reflections are upward
traveling wave fronts. The different layers can be regarded as secondary sources of those
wave fronts. The upward traveling wave fronts are than recorded on the array of geophones.
With a computer, the recoded wave fronts can now be inversely extrapolated to any point in
the still unknown subsurface. If the wave fronts are inversely propagated to a location
where a secondary source is present, the wave front converges and we have found our
location. An irregular shape is build up out of a series of converged wave fronts according
to the Huygens’ Principle. This makes it possible to image irregular shaped geometries or
layers.
With the introduction of array technology in NDI, the IWEX approach used in seismic
exploration can be applied on ultrasonic data recorded with the array in a similar way. In
principle the NDI application is a down scaled version of the seismic application. Elements
of an ultrasonic array can be used as source (dynamite or air gun) and as receiver
(geophones). One experiment requires one element as source and all other elements as
receiver. The experiment can be repeated for all elements such that the end result is formed
by all possible source / receiver combinations. This approach improves the signal to noise
ration of the image.
A wave front generated by a single element of the array will also reflect at the back wall of
a steel component such as a girth weld. The reflected wave will ‘illuminate’ a defect for the
second time. In addition, the reflected wave will mode convert and the mode converted
wave front will also illuminate the defect. Hence, the defect will become a secondary
source multiple times, in fact these are the virtual mirror defects. The IWEX imaging
approach can be applied on the responses of all the illumination responses. This way, the
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resulting image can be composed out of multiple illumination images. Some areas of the
inspection volume are better illuminated via a boundary. For example the area just under
the surface is difficult to illuminate directly by all elements because the directivity of the
elements are not perfectly cylindrical. This area is much better illuminated by wave fronts
reflected at the back wall.
In the next section, we will present the result of a sectorial scan and an IWEX image of a
steel block with a inclined slot.
4. Results of measurements on a test piece
To illustrate the difference between sectorial scans and IWEX imaging, we use a 30 mm
thick carbon steel block. In the block, a 2 mm thick slot is machined with an orientation of
70° to the normal of the surface. We have used a 4 MHz phased array probe with 64
elements. The array is placed directly above the slot with the centre of the array above the
end of the slot, Figure 3.

Figure 3: (left)For the experiment a 30 mm thick carbon steel block is used with a 2 mm thick slot with a 70°
inclination. An 4MHz ultrasonic transducer with 64 elements is used. (right) The frame illustrates the shape of
interest.

First we use the array to generate a sectorial scan. The beam is generated with 32 elements
and is steered from -30° to 30° in steps of 0.5°. The result of the sectorial scan is presented
in Figure 4. The frame in the picture illustrates the position of the slot. In the centre of the
scan at the position of the end of the slot a response in the sectorial scan can be identified.
The depth of the response corresponds with the actual depth of the slot tip as can be seen
from the frame. The tip of the slot will generate a diffraction signal that caused the
response. Due to the beam spread, several angles will cause a tip diffraction and will also
receive the diffraction signals. This can be seen in the sectorial scan by the spread of the
response at the tip. The side of the slot does not appear in the sectorial scan. The beams at
the right side of the sector scan will not reach this side. The beams at the left side of the
sectorial scan will hit the side but will reflect in a direction that can not be detected. The
back wall of the block can be identified clearly in the sector scan. The depth relative to the
tip corresponds as can be seen from the frame. The back wall can only be detected with
angles close to 0°. Larger angles will reflect in a direction that can not be detected, similar
to the side of the block.
Furthermore, signal that reflected at the back wall and illuminate the side underneath the
slot will arrive at a later time. These signals can be detected but will not appear in the
sectorial scan at the position indicated by the frame.
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More information would be obtained if the active group or the entire array is moved over
the slot. On each position, a sectorial scan will be obtained. The sectorial scans can be
combined for a full evaluation.

Figure 4: (left) Sectorial scan of the test piece with the slot. The frame indicates the position of the slot. (right)
The same sectorial scan with rectified signals to increase the contrast.

The same measurement set-up used for the sectorial scan is used to collect data that can be
processed with the IWEX approach (Figure 3). The IWEX data consists of all source
receiver combinations of the 64 elements, thus the total data set consist of 642 A-scans. As
explained earlier, IWEX images can be generated from all illuminations. In Figure 5, the
IWEX images of the direct compression illumination and the compression illumination via
the back wall are presented.
In the IWEX images of the direct illumination, a ‘dead’ zone of 2 mm is visible at the
surface of the block. This dead zone is caused by surface waves (creep waves) and lateral
waves that travel just below the surface. This dead zone is similar to the dead zone in a
Time of Flight Diffraction (ToFD) scan.
A clear linear response is visible in the image of the direct illumination. The linear response
corresponds with the upper side of the slot. The tip of the slot is sharp and well defined as
opposed to the spread out response caused by the tip diffraction in the sectorial scan. It can
be seen that the linear event is not connected to the back wall as we would expect from the
test piece. This is due to the limited illumination. Similar to the sectorial scan, waves that
reflect at the part of the slot side that are not in the image, were reflected in a direction
where the can not be detected. If a longer array was used, the linear event would connect to
the back wall.
In the IWEX image from the illumination via the back wall, a similar linear event can be
observed. This event is shorter, this can also be explained by the limited array. However, if
we look closer, we can see that the shorter linear event is not at the same depth as the event
in the first image. This is because now the lower side of the slot is imaged.
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Figure 5: (left) IWEX image of the slot generated with the responses caused by the direct illumination. (right)
IWEX image of the slot generated with responses caused by the illumination via the back wall.

If we combine the two images into one, we can see that both the upper and the lower side of
the slot are imaged and correspond to the actual slot, Figure 6. Here, a dotted frame is
presented as an overlay in the combined IWEX image. It can be clearly seen that the upper
and lower side indeed correspond with the actual geometry of the slot in the test piece.
Another horizontal linear event is visible in the IWEX image that correspond with the
reflection of the back wall. We can see that this linear event corresponds with the back
wall. The event appears at the correct position relatively to the surface and the slot. The
back wall is not imaged directly underneath the slot. The waves cannot penetrate the slot,
hence the back wall at that position is shadowed. In the presence of small defects, the back
wall will be fully imaged because the shadowing effect is negligible.

Figure 6: (left) IWEX images composted by the combination of two different illuminations (see Figure 5).
The dotted frame indicates the geometry of the test piece. (right) Enlargement of the left figure.

5. Conclusions and discussion
We have presented and illustrated results of two different imaging techniques with
ultrasonic arrays for NDI. The sectorial scan has successfully been used earlier in medical
application field. The IWEX imaging approach has it’s origin in seismic exploration. Both
techniques cover a large inspection volume.
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The sectorial scan is a popular and efficient imaging technique. Sectorial scans can be made
real time and are therefore very powerful for a fast assessment. However, defect sizing and
characterization is not straightforward. Procedures must be used for a correct signal
identification and interpretation of the sectorial scans.
It was illustrated that the IWEX imaging approach offers better perspective for the
interpretation of the image. The defect size, position and shape are maintained up to some
extent in the image. Therefore, the interpretation of IWEX images can be done more
straight forward. IWEX images are not yet introduced in operational NDI. The reason is
that data collection and generation of images requires some time and can not be performed
real time as opposed to sectorial scans. However, it can be expected that with the
enhancement of computer technology and dedicate software, IWEX imaging can be
performed in real time in the future.
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