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Abstract

Non-destructive testing of defects in nuclear power plant dissimilar pipe weld-
ings play an important part in safety inspections. Traditionally the imaging of
such defects is performed using the synthetic aperture focusing technique (SAFT)
algorithm, however since parts of the dissimilar welded structure are made of an
anisotropic material, this algorithm may fail to produce correct results. Here we
present a modified algorithm that enables a correct imaging of cracks in anisotropic
and inhomogeneous complex structures by accounting for the true nature of the wave
propagation in such structures, this algorithm is called inhomogeneous anisotropic
SAFT (InASAFT). The InASAFT algorithm is shown to yield better results over
the SAFT algorithm for complex environments. The InASAFT suffers, though,
from the same difficulties of the SAFT algorithm, i.e. "ghost" images and lack of
clear focused images. However these artifacts can be identified through numerical
modelling of the wave propagation in the structure.

I Introduction

Pressure pipes of nuclear power plants are welded together to form, what is termed, a

dissimilar weld. In these welds an either austenitic steel or nickel alloy (INCONEL) weld-

ing material welds together two pipes of dissimilar isotropic material (wrought austenitic

and ferritic steel). Due to the welding process, the austenitic steel orients itself in a

defined granular structure. Furthermore, the weld is often suspended from the isotropic

ferritic steel by an additional layer of austenitic steel with parallel grain orientation and

the interior of the pipe is, also, cladded with vertical grain oriented austenitic steel, see

Fig. 1. Hence, the overall granular structure introduces even more dissimilar behavior.

Due to the dissimilar granular structure, the propagation medium can be regarded as an

anisotropic (and inhomogeneous) material for elastic wave propagation. The detection of

cracks growing from the interior of the pipe into the dissimilar welding region is often

performed using ultrasonic non-destructive techniques (NDT). These techniques involve

excitation of pulsed elastic waves and the reception of pulsed echoes on the outer surface of

the pipes. By properly accounting for the elastic wave propagation mechanism an image

of the medium is constructed from these echoes in order to reveal any existing flaws.
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Figure 1: Polished cut of a general dissimilar weld. The weld itself is the inverse-like trapezoidal
at the center. Note the different grain orientation in each of the weld parts.

Traditionally the synthetic aperture focusing technique (SAFT) or its frequency do-

main counterpart the Fourier transform SAFT (i.e. FT-SAFT) 12,3,41 are used for imag-

ing of such defects using NDT. In these algorithms, ultrasonic elastic pulsed echoes are

recorded in a pulse-echo mode along a measuring trajectory for the object under inspec-

tion, usually the outer surface of the pipes (see e.g. Fig. 2(a)). Using the collected data,

the SAFT/FT-SAFT are used to "backpropagate" the recorded echo into the medium such

that they focus to create an image corresponding to the true satterer (crack). However,

these algorithms are suitable to be used only for homogeneous isotropic structures. This

follows from the basic assumption that the elastic wavepacket (in SAFT) and wavefront

(in FT-SAFT) propagate along straight lines (rays) with equal group (wavepacket) and

phase (wavefront) velocities. In inhomogeneous and/or anisotropic media, these assump-

tion are highly invalid 67,8], since: (a) The true wavepacket trajectory is a curved line

satisfying Fermat's minimal time principle, and (b) Generally, for an anisotropic medium,

the wavepacket and wavefront propagation velocities are different (direction and magni-

tude), they coincide only in certain directions (depending on the grain orientation) 4.

Here we circumvent this assumption and modify the SAFT algorithm to accommodate

these difficulties by accounting for the true wavepacket propagation trajectory and ve-

locity using ray tracing travel time calculation 6 The modified algorithm is termed

inhomogeneous anisotropic SAFT (InASAFT, see also 9.

This presentation is organized as follows: Sec. 2 is devoted to the introduction of the

SAFT algorithm: the basic algorithm in Sec. 21 and the InASAFT in Sec. 22, followed by

a discussion on the algorithm difficulties in Sec. 23. In See. 3 we systematically validate

the algorithm by modelling and imaging several generic dissimilar weld structures with
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increasing complexity in order to locate a crack. See. 4 is devoted to a summary of the

results and conclusions.

2 The SAFT algorithm

In this section we briefly introduce the SAFT algorithm, its modifications for the inho-

mogeneous anisotropic case InASAFT, and the difficulties encountered when using them.

2.1 The basic SAFT algorithm

The basic SAFT algorithm is based on backpropagation of pulsed signals which were

monostatically recorded along a trajectory. It may be shown that the backpropagated

wavefront is focused to its equivalent sources, either real sources (point sources) or induced

sources (scattering centers) [1]. The SAFT algorithm was studied extensively in the

past, either in NDT, see e.g. 1 3 4 or in geophysics where it belongs to a class of

migration algorithms, see e.g. 5] and the references therein. Here we shall only give a

brief description of it.

Given a volume V with boundary , see Fig. 2(a), filled with an isotropic homo-

geneous background material and a scatterer within (either as an enclosure of different

material or as a void) creating a contrast with the background material. The boundary

conditions on S, may be reflecting, absorbing, impedance or any combination of them at

different sections of S,

Measuring Measuring

Transducer points Measuring Transducer points Measuring
trajectory mers trajectory

S. S

S�

(a) Homogeneous filling (b) Inhomogeneous filling

Figure 2 B-Scan measurement configuration.

The data for the SAFT algorithm is produced by performing a set of monostatic

measurements f ,(R,, tJ', along the trajectory S,, S, (see Fig. 2(a)) at the pointsI

S, The signal u(R,; t) is the pulsed echo recorded at the transducer terminals

(in a receive mode) in response to a pulsed signal which was transmitted from X (into

the medium) and was reflected back (by either the scatterer or by the boundary S,,). Each
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measurement U,(R,, t) is called an A-scan, while the ordered set of all the measurements

from all the points ,(I?,,- tj' is called the B-scan data. Note, each A-scan satisfies the

wave equation of the medium. However, regarding the B-scan data as the amplitude of

a received wavefront impinging along does not satisfy the "natural" wave equation of

the medium, since it is a monostotic data set, for more details see 1, 5].

Applying the SAFT algorithm [11 to the B-scan data, an image of the scatterers

enclosed in the medium at point R is obtained via

N

o (R = E u. (R,, t (R, R,)), R G V, (I a)
n=1

where t(R, X) is twice the propagation time between the observation point R and te

source point R. For a homogeneous background material in V, the wavepacket which

travels from R, to R and back, propagates along the geometric line connecting these two

points (satisfying Fermat's minimal time principle). Hence, t(R, R,) is given by

t (R, R,, = 21 R - R I 1c, (I b)

where c, is the wavepacket (group) propagating velocity in V, furthermore since the

material is isotropic and homogeneous c, also equals the phase velocity in the medium.

For the case of homogeneous anisotropic media see 101, while for the inhomogeneous and

anisotropic cases see te discussion in the next section.

2.2 The inhomogeneous anisotropic SAFT (InASAFT)

Referring to Fig. 2(b), the volume V is filled, now, with several different materials, that

can be homogeneous and/or inhomogeneous, isotropic/anisotropic, with different charac-

teristics. We may still use the SAFT algorithm (I a) but with the additional considerations

which will be discussed next.

For inhomogeneous anisotropic materials the wavepacket travelling between the trans-

ducer and the scatterer propagates along a curved ray tajectory (see Fig. 2(b)), that

satisfies Fermat's minimal time principle. Hence, the propagated wavepacket travel time

does not depend on the geometrical distance, as in (la), but on the actual travel time in

each of the different materials. Consequently, (la) is generalized to yield

t(R, X = 2 df -'(f), (2)
j V

Lj?,R�)
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where L(R, R,,) is the wavepacket propagation trajectory (ray) from R to R, and c,(f is

the wavepacket velocity of propagation (group velocity) at point along L. The trajectory

L(R, R,) may be calculated using standard ray-tracing algorithms, see e.g. 6 Using 2)

we assume that the propagation trajectory is reciprocal, i.e. L(R, R,,) =_ L(R, R), this

assumption being satisfied for isotropic and transversely isotropic lossless materials.

Note, from (lb), the basic SAFT algorithm (Sec. 21) requires, the knowledge of the

wavepacket velocity c, Furthermore, it follows from 2), that the InASAFT algorithm

requires the knowledge of the structure and the material properties (wave velocities, or

mass densities and stiffness parameters)-

2.3 Difficulties with the SAFT algorithm

Following the discussion in the Secs 21-2.2, it may be noted that the SAFT algorithm

is simple and intuitive to use, however it is prone to inherent distortions that hamper

the image quality and may lead to incorrect interpretation of the results. The distortions

may be divided into two generic classes: (a) lack of clear and focused image, (b) ghost

("fictitious") images. These distortions will be demonstrated in Sec. 3 The sources of

these distortions may be summarized as follows:

Lack of clear and focused image:

1. The scatterer is not directly illuminated or suffers from a weak illumination.

2. Theoretically [1] a "point-like" scatterer may be imaged to its true location and

appears as a point-size image, using (la), if the measuring trajectory So completely

surrounds the scatterer (see, Figs. 2. If, on the other hand, So does not completely

surround the scatterer, the B-scan data is incomplete and the point scatterer will

appear as a smeared elongated image.

3. The SAFT algorithms are based on the assumption that a "point-like" transducer,

radiating iscitropically, is used. In real applications the transducer width is in the

order of a wavelength or more, hence it can be considered as radiating a beam-like

wavefront. Consequently, it introduces the following distortions into the A-scan

(B-scans) that result in a blurring of the image:

(a) The reference measuring point, i.e. the true phase center (focus) or "hot-spot"

of the transducer is not exactly known. In a homogeneous medium this results

in lateral translation of the image, however in a complex medium it affects the
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focusing of the image.

(b) The transducer is basically an integration/averaging device. Its temporal re-

sponse is an averaging of the field impinging along its aperture. Thus it

smoothes (low pass filter) the true signal and consequently affects the tem-

poral resolution of the corresponding A-scan and the ability to distinguish the

fine details of the image.

(c) If the material properties are changing along the transducer aperture, its effec-

tive properties, i.e. beam radiation/reception patterns, phase center, etc., are

different than their nominal values.

Ghost images:

4. The waves propagating in the medium undergo a reflection at each interface between

different materials and at the boundaries (S,). Some of these reflections are echoed

back to the transducer and recorded in the B-scan as spurious signals. Furthermore,

each corner is a source to a dominant reflection from a point-like satterer (see

Fig. 2(b)). Applying the B-scan data to the SAFT/InASAFT algorithms results,

then, in additional ghost images.

5. An additional algorithmic assumption is the nonexistence of multiple scattering of

waves. If it exists these waves may focus to create an additional image of the real

scatterer but at an incorrect location.

6. In the present case we apply the SAFT algorithm with elastic wave excitation, we

use either longitudinal (P) wave or transversal (S) wave transducers. Generally, a

P wave is accompanied by an wave and vice versa. Each discontinuity along the

wavepacket trajectory (boundaries, scatterer, etc. ... ) introduces in addition to the

reflected/transmitted P or wave a mode converted and P wave, respectively.

These mode converted waves are also recorded by the "practical" transducer and

appear in the B-scan as valid signals. Consequently, the additional mode-converted

data, when applied to the SAFT algorithm, can also be focused (to a certain degree)

forming an unfocused scatterer-like image.

7. Using (la) with 2), ,(R) is the velocity in the material, where it is also assumed

that it depends only on the material properties at R. This assumption implies that

C (R) is equal to the propagating velocity in a uniform medium filled homogeneously
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with the same material which is found at R.

If the scattering mechanism "transducer - scatterer transducer" involves the

excitation of a guided wave in the structure, ev (R) also depends on the geometrical

structure. Consequently, c,(R) is the velocity in the "waveguide", which is less

than the velocity of the bulk homogeneous material at R. Thus, the assumption

leading to the use of 2) is invalid, and the resulting image (la) will be distorted

and not be focused at the correct scatterer point.

These difficulties may a-priori be identified by using a forward modelling approach,

where the imaging procedure (data recording and SAFT/InSAFT) is simulated assuming a

knowledge of the structure. First, the wave propagation is forward modelled by numerical

solvers (see e.g. EFIT [II, 12] and the references therein) to generate a synthetic B-scan,

then, the SAFT/InASAFT algorithms are applied to generate the corresponding image.

Next, the image is analyzed to identify any of the above artifacts and to interpret them

in terms of wave propagation and scattering mechanisms (see the examples in Sec. 3.

3 Examples

In this section we shall introduce several examples for the use of the InASAFT algorithm

for the inspection of dissimilar welds. The examples are aimed towards understanding of

the imaging results and the algorithm limitations in view of the discussion in Sec. 23.

3.1 Weld #1: Perpendicular grain structure

In the first example, see Fig 3 (a), we explore the imaging (reconstruction) of a rough crack

located on the side of a uniform anisotropic perpendicular grain structure weld embedded

between two isotropic steel metals. The dimensions of the weld and the details of the

crack location and type of metals are also shown in Fig 3(a).

Figure 3(b) shows the B-scan which was generated by the EFIT wave propagation

simulation software (see [1 1 12)) at 160 equi-distanced points along a 0MM path on the

upper side of the pipe welding structure from point a to d in Fig. 3(a), for a M width,

45' P wave angle transducer transmitting an RC, pulse with central frequency of 2MHz.

It is immediately recognized that the B-scan records numerous echoes due to various

scattering mechanisms, some of which may be attributed to the crack, while the other

result from different sources. The B-scan can now be applied to the InASAFT algorithm
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Figure 3 (a) The physical layout of the imaging domain of See. 3.1. The arrow on the middle
section indicates the grain orientation of the AUST 308 welding material. (b) B-scan data for
the weld of Fig. 3(a).

to produce an image of the medium (see Fig. 7, owever in order to correctly interpret the

results we first use a forward modelling to identify the dominant features (echoes) in the

B-scan. Figure 4 graphically summarizes, in a ray format, te scattering mechanisms of

the dominant features which are marked by boxed numbers in the B-scan Fig 3(b). Note,

in Fig. 4 the ray trajectories trace the direction of propagation of the pulsed wavepackets

and not te direction of the phase fronts. Generally these directions, and the propagation

velocities, are the same only in isotropic materials, and in certain propagation directions

relative to the grain orientation in an anisotropic medium.

The ray interpretation in Fig. 4 was compiled by tracing the simulated propagated

and scattered waves (using EFIT) for several transducer locations as demonstrated in

Figs. 5 6 Figure depicts a series of snapshots of the wave propagation for a transducer

being located 35mm from the left side of the block. In each frame, the lower part depicts

the wavefront layout and the recorded A-scan is depicted in the upper part, the vertical

dashed line at the A-scans indicating the time at which the snapshot was recorded (in each

frame, the darker the gray line the stronger the wave magnitude). One can clearly observe

in Fig. 5(a) the P and the pulsed wavefronts launched from the transducer as well as

the reflected and transmitted mode converted waves at the interface with the weld. The

frame was recorded when the P pulse was reflected from the backwall. Fig. 5(b) depicts

the specular reflection of the P pulse from the crack. Fig. 5(c) was taken at the time

the transmitted wavefront reaches the back wall, furthermore the mode converted P-S
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(a) Back wall reflection (b) Back wall reflection (c) Corner e reflection of (d) Crack reflection of
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Figure 4 Dominant reflection centers. The boxed numbers ME correspond to the dominant
"features" in the 13-scan of Fig. 3(b). Note, the ray trajectories trace the direction of propagation
of the pulsed wavepackets and not the direction of the phase fronts, they are equal only in
isotropic materials and in certain propagation directions relative to the grain orientation in an
anisotropic medium.

backwall eho and the corner reflected P pulses can also be observed. Fig. 5(d) records

the received backwall P pulse at the transducer. Fig. 5(e) records the received P pulse

reflected from corner-e. Fig. 5(f) shows the echo of the reflection from the crack. Finally

in Figs. 5(b)-5(h) we trace the corner-e reflection of the mode converted P-S pulse (see

Fig 4(e)).

Figure 6 depicts a series of snapshots of the wave propagation as in Fig. for a trans-

ducer located 65Tnm from the left side of the block, directly above the weld. Snapshot (a)

depicts the wavefronts at the time the P pulse impinges on the upper tip of the crack.

The crack specular reflection and the scattering from its tips of both the P and mode con-

verted waves can be seen on Figs. 6(b)-6(c), see also the ray layout in Fig 4(f). Note, by

tracing the transmitted wave pulsed wavefront in Figs. 6(a)-6(c) it is easily recognizable

that the welding material is anisotropic since the direction of propagation of the pulsed

wavepacket is different from the direction of the wavefront (see also [8)). In Fig. 6(c) the

S wave impinges on the left interface of the weld with two waves reflecting back, one

directed back approximately along the weld interface and the other directed further to

the right into the welded region. Figs. 6(d)-6(e) records the reflected wavepacket (from

the left boundary of te weld) as well as parts of the transmitted wavepacket, reflecting

from the backwall (at the vicinity of point e). Snapshot 6(f) is recorded at the time this

reflected wave echoes back to the transducer, note the strong response at the A-scan,

see also Fig. 4(g).
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Figure 5: Snapshots of the wave propagation in the block (lower part of each frame) and the

corresponding A-scan (upper part of the frame) at a point located 35mrn from the left side of the

block, see Fig. 3(a), using 45' P transducer. The vertical dashed line on the A-scans indicates

the time at which the snapshot is recorded.

---- zw_

S-1
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t_1
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Figure 6 As in Fig. 5 but for transducer located 65,mrn from the left side of the block, see

Fig. 3(a)

Applying the MASAFT algorithm, (see Sec. 22) to the B-scan data of Fig. 3(b) results

in the images of Fig. 7 Fig. 7(a) depicts the reconstructed image using the data recorded
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along the scanning path a-b (see Fig. 3(a)), while Fig. 7(b) depicts the image reconstructed

using the data along the whole scanning path a-d. In both figures, the corner e of the

weld and the lower tip of the crack can clearly be identify. Referring to the B-scan of

Fig. 3(b), these images are constructed using the complete data of the "lines" marked as

9 and 4]. Furthermore, these lines correspond to sections of hyperbolas resulting from

point satterers at corner e and the lower crack tip, respectively (see [1]). Note though

that the scanning path a-b, delivers insufficient information for the reconstruction of the

upper tip of the crack, as is clearly seen in Fig. 7(a) by the blurred (elongated, unfocused)

image (recall the discussion in items 12 of Sec. 23). Using the additional data along the

path b-d provides a reconstruction of the upper tip and the fine details of the crack. An

additional image is identified to the right of the weld at x, z) (85, 32)mm. This is the

ghost image of the corner which is constructed using the mode converted P-S reflected

wave appearing in Fig. 3(b) as the diagonal line F], see Fig. 4(e) and Figs. 5(f)-5(h) (see

also item 6 of Sec. 23).

-20 -20

-10 -10

0 a b d- 0 a b d

10- 10-
E E
N �'U 20

30 - W 30
e J_ f

40 40-

50 5 -

0 20 40 60 80 0 20 40 60 80
X [MM] X [MM]

(a) scan path a-b (b) scan path a-d

Fi-ure 7 The InASAFT reconstructed image for the weld of Fig. 3(a) with the B-scan data in

Fig. 3(b), and for two scanning paths.

In the last part of this example we would like to compare the quality of images pro-

duced by the InASAFT and the SAFT algorithms when applied to the same B-scan data

(Fig. 3(b)). The InASAFT image can be seen in Fig. 7 (see the discussion in the previous

paragraph), recall that it requires the usage of the model of the dissimilar weld given in

Fig. 3(a) in order to calculate the exact ray tracing (see also Sec. 22). For the SAFT

reconstruction we assumed an isotropic and homogeneous medium with P-wave propaga-

tion velocity c, = cp = 5920 m/sec (the velocity of the wave in the left pipe in Fig. 3 (a))
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and used (1), the resulting image can be seen in Fig. 8. Observing Fig. it is clearly iden-

tified that the crack tips are mislocated, furthermore they appear as unfocused elongated

images. This follows from the erroneous assumption that the weld anisotropic material is

actually isotropic, which introduces an error in the ray path and the propagation veloci-

ties, and consequently the travel times in (lb). On the other hand, the "ghost" image of

corner appears focused and correctly placed since it is mainly reconstructed from data

measured along a - b (see line r7 in Figs. 3(b) and 4(c)) which is due to propagation in

the isotropic material. Comparing Figs. 7 and it is clearly noted that the InASAFT

algorithm is superior to the SAFT algorithm for complex geometries (see also 4.

-20

-10

0 b d

1 0
E

VU

301

40-

50
0 20 40 60 80

X [mm]

Figure 8: The SAFT reconstructed image for the B-scan data in Fig. 3(b) of the weld of Fig. 3(a).
We used (1) with cv = p = 5920ra/see (the velocity of the wave in the left pipe in Fig. 3(a)).

3.2 Weld 2: Dissimilar weld

In the second example, we explore the imaging of the rough crack located on the side of the

herringbone grain structured weld embedded within complete dissimilar weld structure

see Fig 9(a), compare Fig. 3(a). The dimensions of the weld and the details on the crack

location and type of metals are also shown in Fig 9(a).

Figure 9(b) depicts the B-scan which was calculated for the weld using a 70' P wave

angle transducer of 6mm width, for the same signal and scan path parameters as in

Sec. 31. Similar to the discussion in Sec. 31, we first identified the different echoes

appearing in the B-scan. The parallel lines marked as [1] in Fig. 9(b) describe the echo

of the P wave from the interface m-k (see Fig. 9(a)), followed by the backwall echo from

the bottom of the block. Line [2] is the associate mode converted P- S wave echo from

the backwall (a mechanism similar to items Fig. 4(a)- 4(b)). The diagonal line n is the
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Figure 9 (a) The physical layout of the imaging domain of Sec 33. The arrow on the middle

section indicates the grain orientation of the AUST 308 welding material. (b) B-scan data for

the weld of Fig. 9(a).

corner e reflection, similar to the previously discussed weld in Figs. 3(b). The line marked

as 4] is a reflection from corner '. It records the reflected mode converted P-S wave from

the backwall travelling along the interface k-i with its reflected wave (to the left of ki)

and the two SV waves (to the right of k-i). Other sources for this reflection are the P-P

wave reflected from the k-i wall generating a mode converted reflected wave from the

backwall and the reflected S-P wave directly from the corner j. The echo from the crack

nearly overlaps this line (see the indication in Fig 9(b)). The "hot spot" marked as N

is the reflection of the mode converted SV-P wave from the backwall, see its evolution

in the series of snapshots in Figs. 10(a)- 10(h) and the ray trajectory of Fig. 10(i) (see

also Fig. 11). The line marked asF6] is the response of the crack. Line number [7 is

the reflection of the head wave and the transmitted wavefront from the interface in the

vicinity of corner b. The line marked byF8] is the reflection of the P wavefront from the

c-f interface, as can also be shown in Fig. 11.

Figures 10-11 depict a series of snapshots of the wave propagation with the recorded

A-scan for a transducer located 35Tnm and 48mm from the side of the block, respectively.

Each figure intends to clarify some of the scattering mechanism resulting in the marked

features on the B-scan of Fig. 9(b), (see also the discussion in the previous section).

Fig. 10 clarifies the scattering mechanism resulting in the crack response I in Fig. 9(b))

and the "hot-spot" F5 which is also schernatized in the ray trajectory layout in Fig. 10(i),

a backwall reflection of the SV-P wave. Finally, Fig. 11 follows the evolution of the
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scattered wave contribution forming the line marked as 181 on the B-scan, which is due to

a reflection at the weld interface.

-Ittd

S-f.

(a) (b) (C)

(d) (e)

. .... .......

g f

(h)

Figure 10: (a)-(h) As in Fig. but for a 700 P transducer located 35mrn from the left side of
the block, see Fig. 9(a), (i) The ray tracing layout for the interpretation of lineF] in Fig. 9(b),
see also the wavefront in Figs. 10(a)- 10(h)
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Figure 11: As in Fig. 10 but for transducer located 48,mm from the left side of the block, see
Fig. 9(a)
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Applying the B-scan data of Fig. 9(b) to the InASAFT algorithm (Sec. 22) results in

the images of Fig. 12. Figs. 12(a) and 12(b) depict the InASAFT image with the B-scan

data recorded along the scanning path a-i and a-d, respectively. In the reconstructed

images we clearly identify the corner e, the backwall to the left of point j, and an unfo-

cused elongated image of the lower tip of the crack (see items I- 2 in Sec. 23). Adding

the data recorded along the path d, see Fig. 12(b), other details of the crack can be

reconstructed (including its upper tip). However, in addition to these "true" point sat-

terers, we identify a ghost image between points f-g. This image is attributed to corner

I.reflection appearing as lines 4] in the B-scans of Fig. 9(b) and the backwall reflection of

the wave marked asF51 (see also the snapshots in 10). Additional ghost images which

strongly appear in Fig. 12(a) are blurred in the images reconstructed using the data along

the whole scanning path a-d, see Fig. 12(b), they are attributed to incomplete B-scan

data (see also the discussion in Sec. 23).
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Figure 12: The InASAFT reconstructed image for the weld of Fig. 9(a) with the B-scan data of
Fig. 9(b), and for two scanning paths.

In the last part of this example we compare the quality of images reconstructed using

the InASAFT (Fig. 12(b)) with the image of the SAFT algorithms (Fig. 3) when applied

to the same B-scan data (Fig. 9(b)). For the SAFT reconstruction we assume an isotropic

and homogeneous medium with a P-wave propagation velocity c = p = 5920 Mlsec (the

velocity of the wave in the left pipe in Fig. 9(a)), the resulting image can be seen in Fig. 3.

Comparing Figs. 12(b) and 13, it is clearly observed that (a) The crack tips are better

located in the InASAFT image (Fig. 12(b)) than in the SAFT image (Fig. 13), furthermore

the corner reflection (which is a "real" scattering point) is mislocated in the SAFT image
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as opposed the InASAFT image (b) Again, here, as in Fig. 8, the focusing of the crack-tips

and of corner is better for the InASAFT than for te SAFT. Consequently, it is clear

that the InASAFT algorithm is superior to the SAFT algorithm for complex geometries,

since the isotropicity assumption in the SAFT causes a series of notable degradations in

the image (recall the discussion in connection to Fig. 8).
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Figure 13: The SAFT reconstructed image for the B-scan data in Fig. 9(b) of the dissimilar
weld of Fig. 9(a). We used (1) with cv = cp = 5920m/sec (the velocity of the wave in the left
pipe in Fig. (a)).

3.3 Weld 3: Dissimilar weld

In this example we explore a more realistic dissimilar weld structure. Figure. 4(a) depicts

a polished cut of the weld where its modelling, based on the design "blue-prints", can

be seen in Fig. 14(b). Additionally, we use a real measured data set to reconstruct the

image of the medium and identify the defect. Once having identified the defect we use

this information in the forward simulation and calculate the expected B-scan in order to

correctly interpret the other features in the measured B-scan.

Figure. 15 depicts the measured B-scan for a weld of the type seen in Fig. 14, the

measurement was performed using a 70' P wave angle transducer transmitting a pulse

with center frequency 2.25MHz. The crack response is clearly visible as the dominant

diagonal line on the B-scan. Figure 16(a) depicts the image of the medium which was

reconstructed using the InASAFT algorithm. The crack image can clearly be seen at te

bottom of the weld, the dominant "ghost" images on the upper part of the weld are due

to the strong clamped echoes at early times appearing in Fig. 15, note though that they

are not focused to any clear image, Figure 16(b) depicts the image of the medium which



- 49.17 -

Transversely isotropic steel (anisotropic)

UrO)ellso!TpicSt
ferritic ee

-4. Polycrystalline
-4. austenitic steel

(isotropic)
P P

+ austenitic + lrioon
n

(a) physical (b) "blue-print" modelling

Figure 14: Polished cut of weld 3. Note the different grain orientation in each of the weld

parts.

was reconstructed using the SAFT algorithm, where we assumed that the whole structure

is composed of the same "ferritic steel" of the upper left part in Fig. 14(a). One can

clearly observes that the crack image is shifted in comparison to the image in Fig. 6(a).

Furthermore the increased size and the larger spreading of te crack's spot size imply for

less focusing compared to Fig. 16(a). Recall, that these observations are in accordance

with the results obtained by similar comparisons carried out in the previous examples (see

the discussions regarding Figs. and 13). In order to assess these result and interpret

some of the other strong echoes in Fig. 15, Fig 16(c) depicts the simulated B-scan for

the weld in Fig. 14(b) assuming a vertical thin crack located as implied by the crack

image in Fig. 16(a). Comparing Figs. 15 and 16(c) it can be clearly seen that though the

real B-scan is "noisy" with respect to the synthetic B-scan, and since the modelling in

Fig. 14(b) is "smoothing" of the real implementation (as can be seen in Fig. 14(a)) they

have close similarities in the following features (a) The crack response in the simulated

B-scan matches its location in the measured B-scan, (b) Associating the echoes marked

as Fl in Fig. 15 and 16(c) it may be shown that they result from a reflection of mode

converted P-S wave fom corner n (see Fig. 14(b)), (c) Associating the ehoes marked

as 21 it may be shown that they result from wave corner p and n reflections.I 

4 Summary and Conclusions

This paper is concerned with the application of the SAFT algorithm to dissimilar welds.

In Sec. 2 we introduced the standard SAFT algorithm and its modification, termed

InASAFT, that can accommodate for complex geometries with an anisotropic and/or

inhomogeneous material. In Sec. 3 we demonstrated the use of this algorithm for the
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Figure 15: The measured B-scan of the weld in Fig. 14 for a 70' P wave angle transducer.

Courtesy of the Fraunhofer-Institute for Nondestructive Testing, IZFP.
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Figure 16: (a) The InASAFT reconstructed image for the measured B-scan data in Fig. 1 of

the dissimilar weld of Fig. 14. (b) The corresponding SAFT reconstruction where we assumed

an isotropic and homogeneous "feeritic steel" weld structure. (c) The simulated B-scan of the

modelled weld of Fig. 14(b) with a crack corresponding to the crack-image found from Fig. 16(a).
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imaging of a crack in dissimilar weld structures. In all of the examples we have seen that

parts of the crack can be correctly imaged using data collected along part of the scan-

ning path, in particular the part that is not directly over the welding itself (see Fig. 1),

however with additional ghost images, some of them further blurred out by adding the

data along the whole scanning path (with an additional improvement in the crack im-

age). Additionally, in the examples in Secs. 3.1- 32 a comparison between the SAFT

and InASAFT images obtained for complex geometries was performed, suggesting that

applying the SAFT algorithm to complex geometries results in mislocation of the crack

with poor image quality with respect to the InASAFT images.

The identification of the SAFT algorithm artifacts as the cause for unfocused images

and ghost images is a crucial part of the image interpretation (see also the discussion in

Sec. 23). This identification may be gained by modelling the structure using an a-priori

knowledge of the complex geometry and the application of wave propagation solvers to

model the actual propagation in the structure. Consequently, as was demonstrated in

the examples in Sec. 3 the InASAFT algorithm in conjunction with the modelling of the

wave propagation proved to produce satisfactory results for the identification of both the

"true" and ghost images and to the association of the recorded echoes in the B-scan to

their sources.
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