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Summary

This report presents the research in the sixth phase that is concerned with ultrasonic techniques for
assessing electron beam (EB) welds in copper canisters. The research has been carried out in three
main aspects: (1) comparative inspections of EB welds, (2) EB weld evaluation, and (3) quantitative
evaluation of attenuation in copper.

Comparative inspections of EB welds in two copper canister blocks have been made by means of
ultrasound and radiography. Comparison of the inspected results demonstrate that both techniques
complement each other very well. The radiographic technigue on the whole gives relatively better
spatial resolution but low contrast in radiographs. It can reliably detect voids in EB, but cannot
provide information about material structure in the EB weld. Ultrasonic technique provides
information about flaw locations and shapes similar to the radiographs. Moreover, it can easily
distinguish welded and non-welded zones and be used to study weld's macro- and microstructure. The
defects in ultrasonic images often show higher contrast, and some flaw indications may be seen in
ultrasonic inspection but not in radiographs. But small flaws are hard to distinguish from grain noise.

For EB weld evaluation, first, scattering from EB weld has been investigated using three
broadband transducers with different center frequencies. The investigation has shown that more
information on scattering and attenuation can be exploited in this case so that the EB welds can be
better characterized, and that the best frequency range for characterizing welds is 2 — 5 MHz.
Secondly, harmonic imaging (HI) of EB welds have been studied using two different sources of
harmonics: (i) transducer harmonics, originating from the high-order resonant modes of transmitters
excited by a broadband pulse, and (ii) material harmonics, stemming from the nonlinear distortion of
waves propagating in materials. The transducer HI exploits additional information due to transducer
harmonics, and higher order harmonic images have better spatial resolution. The material HI has been
conducted on copper block CU2 and copper canister CAN 1 with an EB weld. The harmonics up to
third order from the EB weld were clearly seen, and the fourth harmonic from artificial defects was
visible. The results have demonstrated that the spatial resolution becomes better and the grain noise
pattern becomes finer in higher harmonic images. The materials HI technique for ultrasonic NDE
seem be promising and stimulating, similarly as the tissue HI technique in medical ultrasonography
has resulted in significant improvement in image quality. Thirdly, signal processing investigations
have been continued aiming to refine ultrasonic imaging and to perform better clutter suppression.
Various filtering techniques have been applied to improve defect detectability, for example, standard
matched filtering, wavelet filters, etc. A common requirement for success of these approaches is the
presence of a significant difference in ultrasonic responses from defects (voids) and weld clutter. The
results from the filtering experiments indicate that it does not seem to be enough difference between
the responses from artificia defects and welds to construct a good clutter suppression/detection
algorithm of the form used here, and the gain in terms of signal-to-noise ratio is, therefore, not
dramatic after processing. However, filtering had some positive effects, e.g., 2-D matched filters
removed the unwanted, low frequency oscillations coming from the transmitter and smoothened the
images. Even the C-scan image quality could be slightly improved without losing spatial resolution.
Processing (or deconvolving) the US data with a Wiener filter has shown a substantial improvement
in temporal resolution so that the layered structure in the weld is much easier to see.

Quantitative evaluation of attenuation in copper block CAN 1 has been carried out in immersion-
pulse-echo scheme using two focused transducers with different frequencies. The effective
geometrical parameters of the transducers were first determined using a novel method developed
based on the spatial impulse response theory. Then the diffraction effects of the transducers were
corrected using the angular spectrum approach (ASA) that was implemented with a newly-devel oped
algorithm, 6 -space algorithm, that is more efficient and accurate than the existing k-space algorithm.
The evaluated attenuation in the copper canister is small, around 0.1 dB/mm at 4 MHz.
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Sammanfattning

Denna rapport innehdller fas 6 av forskningsprojektet gallande ultraljudstekniker for att sakerstdlla
elektronstralesvetsar (EB-svetsar) i kopparkanistrar. De tre huvudaspekter som har undersoks ar:

(1) jdmférande inspektioner av EB-svetstar, (2) EB-svets utvdrderning och (3) kvantitativ
uppskattning av dampning i koppar. Jamforande inspektionerna av EB-svetsar har utforts mha
ultraljud och radiografi i tva kopparkanisterblock. Resultaten fran undersokningarna med dessa tva
tekniker kompletterar varandra mycket val. Radiografimetoden ger generellt béttre spatiell upplGsning
an ultraljudsmetoden men kontrasten &r relativt 1&g i radiogrammen. Radiografimetoden kan detektera
defekter tillforlitligt men ger ingen information om materialstruktur i EB-svetsen. Ultraljudsmetoden
ger dock information om sprickors position och form, pa ett sétt som liknar radiogram. Utover detta,
sa & det ocksa enkelt att sarskilja svetsomraden fran 6vriga omraden i kopparblocken. Dessutom gar
det att studera svetsens macro- och microstruktur med metoden. Ultraljudsbilder har ocksd hogre
kontrast &n radiogrammen och vissa sprickor syns endast mha. ultraljudsmetoden. Notera dock att sma
sprickor kan vara svara att sarskilja frén materialbruset (bakspridning).

Flera aspekter av ultraljudundersokning av EB-svetsen har beaktats. Forst har spridningen fran
svetsen undersokts med tre bredbandiga sokare med olika centerfrekvens. Resultaten fran dessa forsok
visar att mera information ang. spridining och dampning har erhdllits jamfért med om endast en
sokare anvants, vilket ger en béttre karakterisering av EB-svetsen. Det mest |ampliga frekvensomradet
for ultraljudsinspektion ligger inom 2 - 5 MHz. For det andra har harmoniska komponenter (eng.
harmonic imaging (HI)) studerats. Dessa harstammande fran tva olika kéllor (i) sokarkomponenter
vilka kommer fran hdgre ordningens resonanta moder hos séndaren som exciteras av en bredbandig
puls, samt (ii) materialkomponenter, vilka harstammar fran ickelinjar distortion hos vagor
propagerande i ett material. Genom utnyttjande av sokarens harmoniska komponenter erhdlls bilder
med béttre spatiell upplésing. Material-harmoniska komponenter har undersokts pa ett kopparblock
CU2 samt ett kopparkanisterblock CAN1 innehdllande en EB-svets. Harmoniska komponenter upp till
ordning tre kan enkelt observeras, samt &ven 4.e ordningens komponenter fran artficiella defekter.
Resultaten visar ocksa att den spatiella uppldsningen Okar i bilder dar hogre ordnings harmoniska
komponenter utnyttjas samt att materialbrusmonstret blir finare. Metoder som utnyttjar material-
harmoniska komponenter ser lovande ut och & en mycket intressant teknik fér NDE applikationer
precis som vavnads-harmoniska komponenter har blivit for medicinska tillampningar.

For det tredje har ocksa understkningar med signalbehandlingsmetoder fortsatt och vidareutvecklats.
Malet med dessa metoder & att ge forbétrade ultraljudsbilder samt att ge béttre material-
brusundertryckning. Olika filtermetoder har anvénts for att forbéttra defekt detekterbarheten, bl.a. har
matchade filter och wavelets anvants. Ett krav for att dessa metoder skall fungera &r att det finns en
signifikant skillnad hos ultraljudsresponsen fran defekter och svetsstrukturen. Resultatet fran
filterexperimenten pekar dock pa att denna skillnad &r liten vilket medfér att forbéttringen i termer av
signal-till-brusforhdlande blev relativt liten. Experiment med 2D-matchade filter tar dock bort
oonskade |&gfrekventa oscillationer harrérande fran sandaren, samt "mjukade upp" ultraljudsbilderna.
Aven C-scanbilderna visade en viss forbattring utan att den spatiella upplésningen forsamrades.
Avfaltning mha. Wiener-filtrering visade sig ge en pétaglig forbattring av tidsupplosningen vilket
medfor att |agerstrukturen hos EB-svetsen blir mycket | &ttare att observera.

Puls-eko métningar i immersion med tva fokuserade sokare med tva olika centerfrekvenser har
anvants for att ge en kvantitativ utvardering av ddmpning hos CAN 1 kopparblocket. En ny metod har
anvants for att bestdmma de geometriska parametrarna hos sokaren vilken &r baserad pa den spatiella
impulssvars teorin. Kompensation for diffraktionseffekter hos sokaren har gjorts mha. ASA-
algoritmen (eng. angular spectrum approach) vilken har implemanterats med en ny rums-algoritm
vilken & effektivare och noggrannare an den traditionella k-rums algoritmen. Den funna déampningen
i kopparkanistern &r liten, ca. 0.1 dB/mmvid 4 MHz.
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1 Comparative Inspections of Electron Beam Welds

1.1 Introduction - radiographic and ultrasonic inspections

Radiography and ultrasonics are of the most commonly used techniques in nondestructive
evaluation (NDE). They have been chosen by SKB for inspecting EB welds of copper canisters. In the
present work these two methods have been compared based on the inspection results (the radiographic
and ultrasonic images) of EB welds in two copper canister specimens, CAN 1 and W123-3. The
geometry of the first specimen (CAN 1) isshown in Fig. 1.1. This specimen contains artificial defects,
i.e., nine pairs of holes, of which the first nine (#1 to #9) are in the EB weld zone and the second (#10
to #18) outside the weld zone. The second specimen (W123-3) is a segment of copper canister W123,
and it contains some natural flaws or defects.

B 7_/¢T_ oo T T T T T T 7_9

=== = = A oy

: 2 312 5 o T 8 9 Fig. 1.1. Geometry of the inspected copper
10 11 12]13 14 15|16 17 18 block CAN 1.

Type SDH FBH RBH
Diameter [1.0 1.5 20|15 20 25(20 2.5 3.0

Hole No.

The radiographic inspection of CAN 1 and W123-3 was performed at the SKB Canister laboratory
in Oskarshamn. The ultrasonic inspection of two specimens was carried out using a new transducer
connected to the ALLIN ultrasonic system in our laboratory. The experimental setup used for this
inspection is shown in Fig. 1.2. The new transducer was specially designed for harmonic imaging. It
has two spherically concentric elements with radius of curvature of 210 mm. The inner element is
circular with a 20-mm diameter, and has a 4.83-MHz center frequency with a 73% bandwidth. The

outer dement is annular with an approximate 20-mm inner diameter and a 38-mm outer diameter, and
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has a 2.26-MHz center frequency with a 69% bandwidth. The reasons for using the transducer instead
of the ALLIN array are asfollows:

(i) to test the performance of the new transducer,

(if) tofacilitate the data processing and illustration, and

(iii) to examine the welds in two different frequency bands.

To fully image the above-mentioned two specimens, we need a scanning width (y) of 85~95 mmand a
scanning length (x) of 250~300 mm. Since the ALLIN array consists of 64 elements with a 1-mm
spacing, the width of a C-scan will be 33 mm for the 32-element aperture, and 49 mm for a 16-element
aperture. In the former case we would need three measurements (stored in three data files), and in the
latter case, two measurements to acquire a complete C-scan. Since the ALLIN array has a center
frequency of 3.1 MHz with a bandwidth of 58%, the center frequencies of 2.26 and 4.83 MHz may
extend the frequency range of inspecting EB welds and provide more information on EB welds.

For both specimens the measurements were made in immersion configuration and in pulse-echo
mode. The outer and inner elements were used separately, both in pulse echo mode. The measured
sound velocities (of longitudinal waves) in copper and water were 4596 and 1485 m/s, respectively.
The water column was set to 30 mm, and thus the focal zone of the transducer was positioned about 60
mm inside the copper block, the depth around which the EB weld was located, so that the best spatial
resolution zone was set around the EB weld. The scanning region was 85x270 mm for CAN 1 and
85x290 mm for W123-3. The scanning interval was 1mm for both cases. Comparative inspections of
the two specimens by means of the radiographic and ultrasonic techniques are presented in Sects. 1.2
and 1.3, respectively, and the conclusions and given in Sect. 1.4.

ALLIN Ultrasonic Array System

< Computer and
| Elecironic system

]

vyl | Two-element
Annular array
Py Fig. 1.2. Experimental system and measurement
l H setup.
Copyper block
Water tank

The comparison of the results from the inspectionsis based on C-scans of the EB welds because the C-
scans presentation provides information similar to that contained in radiographic images.
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1.2 Comparative inspection of the EB weld in CAN 1

The radiographs of the EB weld in copper block CAN 1 are shown Fig. 1.3 in which (a) and (b) are
the side and top views of the weld, respectively. The contrast and brightness of the figure have been
adjusted to get the best illustration of the artificial defects (the side- and bottom-drilled holes). From
the images all nine pairs of holes can be seen. The side-view image (Fig. 1.3(a)) shows the side-drilled
holes (SDH #1-3, #10-12) with high contrast and the bottom drilled holes with low contrast. The
situation observed at the top-view image (Fig. 1.3(b)) is reversed, the bottom-drilled holes (FBH #4-6,
#13-15, and RBH #7-9, #16-18) are characterized by high contrast and the SDHs by low contrast. The
reason for that is simple, the contrast observed at the radiographic image increases with void size in
the beam direction. At the edge (e.g., the edge on the right hand side in Fig. 1.3(b)) the SDHs look
smooth in the radiograph. In the top-view image we can see an arc going in the middle, which is the
interface between the canister wall and the lid. This interface can not be seen in the side-view image.
In both views only alittle information on the structure of EB welds can be captured, and the welded
and non-welded zones can not be distinguished from the radiograph.

The ultrasonic scans of the EB weld from the 2.26- and 4.83-MHz transducers are shown in the
form of C-scansin Figs. 1.4 and 1.5, respectively. The C-scans in the figures are all in top-view and
they were obtained using the time gates set at different times (or depths). The C-scans are flipped |€eft
to right to facilitate the comparison with the radiographs. Appropriate gate adjustment for extracting
C-scans is very important for the effective exploitation of information characterizing the inspected
material, especially for EB welds that are layered media with large attenuation. Quite a detailed
investigation of this problem has been donein our earlier work, cf. [2]. The C-scansin pand (@) of the
figures are extracted using a gate that covers the fusion zone (FZ) of the EB weld. Since the SDHs and
the tops of the bottom-drilled holes are located at 60 mm beneath the canister's surface, the depth
where the FZ of the weld islocated, the images of all the holes in the specimen are well pronounced in
the C-scans in panel (a). The C-scansin panel (b), showing the interface between the wall and the lid,
was constructed with the gate set deeper than the gate in panel (a) which means that the gate covered
the interface between the back heat-affected zone (HAZ) and the host materiad. The interface might
not be seen if the gate was not set properly because the scattering from the interface, although being
stronger in the properly gated layer, can be weaker than the scattering from the grainsin the FZ.

The C-scansin panels (a) and (b) in Figs. 1.4 and 1.5 jointly provide information on the weld that is
similar to that obtained from the radiograph (Fig. 1.3(b)); that is, the nine pairs of the holes and the
wall/lid interface are well pronounced. A comparison of Fig. 1.4 with Fig. 1.5 demonstrates that the
image from the 2.26-MHz transducer has a better spatial resolution than that obtained using the 4.83-
MHz transducer and the wall/lid interface shows a higher contrast. This is because the 2.26-MHz
transducer, although having a lower center frequency, has a larger aperture than the 4.83-MHz
transducer, and the lower frequency band results in less attenuated echoes. The resolution of the 2.26-
MHz is comparable with that in the radiograph. From ultrasonic images the information on the
structure of EB welds can be captured; for example, the layered structure and the grain difference in
the layers are ditinguishable. This is an advantage of the ultrasonic technique over the radiography.
At the same time it is a disadvantage since scattering from the structure appears as grain noise that
often masks flaws and hence makes the flaw more difficult to be detected.

Unlike in the radiographs, mapping of the SDHs in the ultrasonic images at the edge of the block is
not perfect. Thisis because the block edge isinspected using only a part of the transducer aperture.
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Fig. 1.3. Radiographs of Canl. (a) Side view, and (b) top view.
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Ultrasonic inspection of CAN 1 using the 2.26-MHz tansducer.

(a) C-scan of the EB weld (middle layer).
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(b) C-scan of the EB weld (back layer).
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Fig. 1.4. Ultrasonic inspection of copper block CAN 1 using the 2.26 transducer. C-scans of copper block

CAN 1 with the gates located over (a) the middle layer (the FZ) and (b) the back layer (the back HAZ),
respectively.
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Ultrasonic inspection of CAN 1 using the 4.83-MHz tansducer.
(a) C-scan of the EB weld (middle layer).

(b) C-scan of the EB weld (back layer).
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Fig. 1.5. Ultrasonic inspection of copper block CAN 1 using the 4.83 transducer. C-scans of copper block

CAN 1 with the gates located over (a) the middle layer (the FZ) and (b) the back layer (the back HAZ),
respectively.
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1.3 Comparative inspection of the EB weld in W123-3

The radiographs are shown Fig. 1.6 in which (@) and (b) are the side and top views of the EB weld.
The contrast and brightness in the figure are also adjusted to yield the best illustration of flaw
indications. In the side-view image (Fig. 1.6(a)) five indications #1~5 and one reference indication
#R1 can be seen. But in the top-view image (Fig. 1.6(b)) only the four (#1~4) of the five indications
and another reference indication #R2 can be seen. Reference hole #R1 was a shallow hole drilled from
the side at the EB weld, and reference hole #R2 was a top-drilled shallow hole. Indication #5 is
shallow hole drilled from the outer side of the copper canister, and thus it can be distinguished at the
side view (Fig. 1.6(a)) but not at the top view (Fig. 1.6(b)). The wall/lid interface is also clearly shown
in the middle of the top-view image. The interface looks thicker than the one of CAN 1.

The ultrasonic images of the EB weld from the 2.26- and 4.83-MHz transducers are shown in Figs.
1.7 and 1.8, respectively. These C-scans were obtained using gate settings different from the previous
case. The C-scansin panels (a) and (b) of the figures are all in top-view and they were obtained using
the time gates set across the upper boundary (HAZ/FZ) and the lower boundary (FZ/HAZ) of the EB
weld, respectively. The C-scans are aso flipped left-to-right so that they look similar to the
radiographs. The C-scans images of the wall/lid interface are not shown here for the sake of limiting
the report size. However, they provide information similar to that found in the radiographic images.

It is worth noting that the indications #1, #3 and #4 can be seen in the C-scans in panels (a) of the
figures, and the indications #2 and #5 are seen in panel (b). This means that indications #1, #3 and #4
are located deeper than indications #2 and #5. In addition to these five indications, some other
indications labeled with ?1 and ?2 are seen in panel (@) of both figures, but they are not present in the
radiograph.

Comparing Figs. 1.7 and 1.8, we can see that indications # 3 and #4 result in a higher contrast for
the 2.26-MHz transducer and indication #5 has clearer shape and higher contrast. The spatial
resolution for the 2.26-MHz transducer also looks better than for the 4.83-MHz transducer. This may
reveal that the responses of some flaws and defects to ultrasonic waves with different frequency bands
may be quite different and inspections of EB welds using different frequency bands can be
complementary.

The advantages and disadvantages of the ultrasonic technique compared to the radiographic one are
similar as in the previous case. The contrast of the indications in ultrasonic images is high (and thus
better) than in the radiographs. Moreover, the indications ?1 and ?2 are seen in ultrasonic images but
not in radiographic inspection. Only destructive inspection of the W123-3 can give an answer whether
they correspond to real defects.
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@

Fig. 1.6. Radiographs of W123-3. (a) Side
view, and (b) top view.
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Ultrasonic inspection of CAN 1 using the 2.26-MHz tansducer.
(a) C-scan of the EB weld (upper FZ).

(b) C-scan of the EB weld (lower FZ).
71
501 * # 1 501
L] L 3 #2
L]
100+ - 100+
E E
E 150} 1 Lot
X X
200t - 200+
B w
ot #
2507 - 250+ -
20 40 60 80 20 40 60 80
y [mm] y [mm]

Fig. 1.7. Ultrasonic inspection of copper block W123-3 using the 2.26 transducer. C-scans of copper block

W123-3 with the gates located across (a) the upper boundary (HAZ/FZ) and (b) the lower boundary
(HAZ/FZ) of the EB weld, respectively.
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Ultrasonic inspection of CAN 1 using the 4.83-MHz tansducer.

(a) C-scan of the EB weld (upper FZ).
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(b) C-scan of the EB weld (lower FZ).
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Fig. 1.8. Ultrasonic inspection of copper block W123-3 using the 4.83 transducer. C-scans of copper block

W123-3 with the gates located across (a) the upper boundary (HAZ/FZ) and (b) the lower boundary
(HAZ/FZ) of the EB weld, respectively.
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1.4 Conclusions

Ultrasonic and radiographic inspections of EB welds have been made on two copper specimens,
and the inspected results have been compared. The comparison demonstrates that both techniques
complement each other very well.

The radiographic technique on the whole gives relatively better spatial resolution but low contrast
in the radiographs. This technique can reliably detect voids in EB and the weld structure does not
affect results which means that the radiographic inspection cannot provide information about material
structure in the EB weld. It should be noted however, that there is a considerable difference in setup
between the above presented radiographic inspection and that performed on rea canisters. Although
the same source and detector were used as for the full-scale inspection, two different views could be
obtained for relatively small blocks. Thisisimpossible for the real EB weld and therefore weld image
is taken using beams incident at the weld plane at avery small angle, resulting in an unfavorable weld
projection.

Ultrasonic technigque provides information about flaw locations and shapes similar to that obtained
from radiography. Moreover, it can easily distinguish welded and non-welded zones and it can be used
to study both macrostructure and microstructure of an EB weld. Structure of EB welds has been
studied in our early work [2] and further study has been done recently (see Chapter 2 of this report).
Compared to the radiographs, the flaws and defects in ultrasonic images often show high contrast, and
some indications may be seen in ultrasonic inspection but not in radiographs, e.g., in the case of
specimen W123-3. Small flaws, however, result in indications with amplitudes often close to grain
noise pattern, and are, thus, hard to distinguish from the grain noise. This is why the suppression of
ultrasonic grain noise is one of our important tasks.

Comparisons of ultrasonic images from two different frequency bands have shown that the images
may complement each other because the responses of flaws depend on frequency. The images
obtained using larger aperture and lower frequency have shown better spatial resolution than those
from the smaller aperture and higher frequency. For an array, this implies that more array elements
should be used to form a larger aperture to obtain better spatial resolution. A detail research on the
resolution of ALLIN array has been done and reported in [1].
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2 Electron Beam Weld Evaluation

2.1 Introduction

Evaluation of electron beam (EB) welds is of great importance for developing ultrasonic methods
capable of detecting flaws in the weld. A number of contributions to this task have been presented
during the past years [1-4]. Research presented here addresses the following issues:

(i) ultrasonic properties of EB weld, like sound velacity, scattering and attenuation,

(ii) harmonic imaging of EB welds,

(iii) grain noise suppression and flaw detection enhancement.

Motivation for the above listed issues results from the following needs:

(i) to gain deeper insight into generation of elastic waves (backscattering) from welds and flaws in
order to investigate features significant for the welds and flaws from the viewpoint of physical
acoustics,

(if) to extend the ultrasonic imaging technology used in nondestructive evaluation (NDE) with
nonlinear methods,

(iii) to further investigate methods capable of suppressing backscattering from weld zone resulting in
increasing the probability of detecting flaws.

A comprehensive review of our research dealing with EB weld evaluation until 1998 was given in
the last year’ s report [4]. During the year of 1998/1999 an extensive, systematical investigation of EB
welds had been made, concerned with analyzing the microstructure of EB welds, examining ultrasonic
interactions with the welds from ultrasonic data, and ultrasonic imaging of the welds [4]. The relevant
ultrasonic properties of EB welds, including reflection and scattering from the EB weld, have been
studied. ALLIN ultrasonic array has been extensively used in this research mainly for investigating the
feasibility of ultrasonic array technique for detecting defects and flaws in EB welds and developing
various methods for improving defects detectability. From ultrasonic imaging of an EB welded copper
canister, alayered structure of the weld could be seen consisting of afusion zone (FZ) surrounded by a
heat-affected zone (HAZ). In each zone (the HAZ, the FZ and the host material zone) a different grain
noise pattern could be observed, which indicates difference in their microstructure. In the present work
ultrasonic properties of EB welds and host material, such as, ultrasonic velocity, attenuation and
reflectivity have been further investigated in order to gain deeper insight into the mechanism of
formation of ultrasonic signals from the welds and defects. Result of this study will be presented in
Sect. 2.2.

To extend the area of the existing ultrasonic imaging in NDE, we have developed two harmonic
imaging techniques. The first undertakes imaging using harmonic components due to higher order
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resonant modes of an ultrasonic transducer excited with a broadband pulse. The second one realizes
imaging by means of nonlinear propagation of finite-amplitude waves. Preliminary results concerning
both techniques are presented in Sect. 2.3.

Grain noise is till one of the main barriers to detection of flaws. The development of techniques
for grain noise suppression, which has been done using various methods these past years [1-4], is
further conducted by exploiting signal processing methods, such as, matched filters and deconvolution.
Flaw detection can aso be improved by using directly those flaw features that are different from
features of grain noise and structural noise of EB welds. These issues will be addressed in Sect. 2.4.

2.2 Ultrasonic properties of EB welds

Electron beam (EB) welding is a fusion welding process using energy of a beam of high-speed
electrons on the metal to weld metals [5,6]. Because of the high power and heat concentration of an
EB, the fused zone of an EB weld is narrow and the heat-affected zone is very small, and thus both
metallurgical damage and distortion are low [5,7]. An EB weld, in general, consists of a fusion zone
(FZ) and a heat-affected zone (HAZ) (see Fig. 2.1). The microstructure (e.g., grain size and elasticity)
in the fusion and heat-affected zones are differ depending on the amount of heat developed. Therefore,
a copper canister with an EB weld is alayered medium in which the EB weld is an embedded multiple
layer. This multiple layered structure can be seen by means of ultrasonic imaging when an EB weld is
inspected using an ultrasonic beam whose axis is perpendicular to the weld axis (see Fig. 2.1) [4]. The
ultrasonic grain noise patterns in the FZ, HAZ and the host material are shown to be different because
different grain sizes in the layers result in different scattering effects. The variation of grain size with
depth in a copper canister is schematically shown in Fig. 2.2. In the present work we will study other

ultrasonic properties of EB welds, namely, scattering, velocity and attenuation.
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Fig. 2.2. Schematic plot showing the variation of grain size as afunction of depth in a copper canister with an
EB weld.

2.2.1 Experimental setup and measurements

The experimental setup used for this study is the same as presented in the previous chapter (Fig.
1.2), that is, the two-element annular transducer array is used with the ALLIN ultrasonic array system.
The copper block inspected was CAN 1 (see Fig. 1.1). The conditions used for the measurements are
almost the same as in the previous chapter. The difference in the present study is in the inspected
regions of interest. Referring to Fig. 1.1, the horizontal and vertical directions are assumed to be the x
and y directions, respectively. The region of interest selected and mechanically scanned is an area of
40x65 mm including flat bottom holes (FBH) #5 and #14 that are in and out of the EB weld zone,
respectively (see Fig. 1.1). The scanning intervals in the x and y directions are 1.0 and 0.5 mm,
respectively. Under these measurement conditions, 3-dimentional data were acquired. From these data
C-scans were extracted by taking the absol ute maximum values of echoes in the properly selected time
gates, and the B- and A-scans of interest can be located from the C-scans. Note that the B- and A-
scans in this report are displayed in such a way that the vertical axisisy (one scanning direction) and
the horizontal is z (the depth). This implies that the transducers are positioned on the left-hand side of
images. For examining ultrasonic scattering from EB weld, described in the next section (Sect. 2.2.2),
we used the two-element annular array transducer, and aso the third one, Panametrics V315. The
latter one had nominal center frequency of 10 MHz, but a measured center frequency of 8.65 MHz and
the measured —6 dB bandwidth of 82%.

Since C-scans provide an overdl, top view of an inspected sample, the above selected regions of
interest can be seen from the C-scans. The ultrasonic images of CAN 1 using the 2.26- and 4.83-MHz
transducers are shown in Figs. 2.3 and 2.4, respectively, in the form of C-scans. The C-scansin panels

(@, (b) and (c) of these two figures show the specimen front surface, the EB weld, and the back
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surface, respectively. Note that different gains (see Table 2.1) were used to make these measurements

from which the C-scans are constructed.

Table 2.1. Gains (dB) used in the measurements for the front surface, EB weld, and back surface.

Gains (dB) used for
Front surface EB weld back surface
2.26 MHz transducer 0 13 22
4.83 MHz transducer 0 10 25

2.2.2 Ultrasonic scattering of EB welds and their imaging

In our previous work [4], ultrasonic scattering from EB welds had been investigated using the
ALLIN array having a 3.1-MHz center frequency and a 58% bandwidth, and the investigation was
undertaken within this limited frequency range. Inspection of EB welds over a wider frequency range
may enable obtaining more information on the welds. For example, attenuation in EB welds varies
with frequency and thus the investigation over a wider frequency range may supply more complete
picture of the attenuation. It is well known that an EB weld has HAZ and FZ zones and the grains in
each zone are different in size and elasticity (related to sound velocity). Usudly, fine grain structure is
difficult to see at low frequency but easier at high frequency. The grainsin the HAZ of an EB weld are
much smaller than in the FZ. Therefore, using high frequency ultrasound may result in better
ultrasonic imaging of the HAZ.

Since C-scans are obtained from the absolute maximum values of echoes in the properly selected
time gates, they reflect the dynamic range of echo strengths. Let us look more carefully at the C-scans
of the front surface, EB weld and back surface.

Figs. 2.3(a) and 2.4(a) show the C-scans of the front surface of CAN 1 from the 2.26- and 4.83-
MHz transducers, respectively. From the figures it can be seen in both cases that the echoes from the

front surface vary in small ranges, namely 91~114 (or 103.3"1%¢) and 96~118 (or 107.6'5%, ). The C-

scans containing the EB weld zone are shown in Figs. 2.3(b) and 2.4(b). Since the strong echoes from
FBH #15 are displayed in full, unsaturated waveform the weld zone is only weakly pronounced in the
upper parts of the figures. The C-scans of the back surface (in Figs. 2.3(c) and 2.4(c)) show that the
echoes coming through the weld (the upper partsin light blue) are much weaker than those not coming
across the weld (the lower partsin red). This can be more easily demonstrated using the profiles of the
C-scans aong the y-direction. An example is shown in Fig. 2.5 in which the normalized profiles are
displayed at x= 6 mm of the C-scansin Figs. 2.3(c) and 2.4(c). Note that in Fig. 2.5 the vertical axisis

the y-axis and the horizontal axisisthe amplitude.
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C-scans of copper block CAN 1 from 2.26 MHz transducer:

(a) front surface, (b) EB weld with FBH #5 & #14, (c) bottom surface.
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Fig. 2.3. C-scans of copper block CAN 1 by means of 2.26 MHz annular transducer with spherical focus
(radius of curvature of 210 mm). (a) Front surface, (b) EB weld, and (c) back surface.

C-scans of copper block CAN 1 from 4.83 MHz transducer:

(a) front surface, (b) EB weld with FBH #5 & #14, (c) bottom surface.
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Fig. 2.4. C-scans of copper block CAN 1 by means of 4.83 MHz circular transducer with spherical focus
(radius of curvature of 210 mm). (a) Front surface, (b) EB weld, and (c) back surface.
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Normalized profiles of the C—scans at x=6 mm in (a) Fig. 1.4(c) and (b) Fig. 1.5(c)
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Fig. 2.5. The normalized profiles of the C-scans at x=6 mmin (a) Fig. 2.3(c) and (b) Fig. 2.4(c).

The big difference of the echoes coming through and not coming across the weld results from both the
reflection and attenuation loss of the EB weld. Comparison of the normalized profiles in Figs. 2.5(a)
and (b) also shows that the back surface echoes are less attenuated for the 2.26-MHz transducer than
for the 4.83-MHz transducer. More discussion on attenuation will be given below. From images of the
FBHs in Figs. 2.3(b) and 2.4(b) it can be seen that in the EB weld zone the spatial resolution for the
2.26-MHz element is better than for the 4.83-MHz element. This is because the aperture dimension of
the former element, although having a lower center frequency, is much larger than the latter one. This
implies that for a better spatial resolution a larger aperture is needed, as observed in Chap. 1 of the
report.

As we have seen, C-scans yield an overal, top view of an EB weld and the dynamic range of
scattered echoes. To examine the structure of an EB weld, the cross-sectional view that is shown in B-
scan is helpful. To the purpose, we used the three transducers with center frequencies of 2.26, 4.83 and
8.65 MHz. The first two transducers are the separate elements of the two-element annular array
transducer used in the previous section, and the third one used is Panametrics V315 with a measured
center frequency of 8.65 MHz. The transducers were used with the ALLIN system in the similar way
as shown in Fig. 1.2. The B-scans from those three transducers are shown in Fig. 2.6(a), (b) and (c),

respectively. Vertical axisin Fig. 2.6 is the scanning position y and the horizontal axis is z- z, (where
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z, isthe path length of the water layer), the depth in the copper block. Note that logarithmic scale of
the signal envelope in these images used to highlight the weak scattering from the HAZ.

B—scans of the EB weld in CAN 1 from the transducers of center frequencies:
(a) 2.26 MHz

(b) 4.83 MHz
o

10

20

= 30
£
>

40

50
60

40 50 60 70 40 50 60 70 40 50

z-z, [mm] z-z, [mm]

60 70
z—zo[mm]

Fig. 2.6. B-scans of the EB weld in CAN 1 form the transducers with three different center frequencies: (a)

2.26 MHz, (b) 4-83 MHz, and (c) 8.65 MHz. Here Z, is the water path length. The scans are located at x=6
mm in Figs. 2.3 (b) and 2.4 (b).

From these B-scans we can examine the cross-section of the EB weld. The tip of the weld is located
around y=42 mm, z- z, =60. In each image a strip-like strong echo zone is seen that indicates the FZ
within the region of y=0~42 mm, z- z, =56~64 mm. In the B-scan from the 2.26-MHz transducer the

HAZ is very difficult to see. But the HAZ is easy to see in the B-scan from the 4.83-MHz transducer
as well as the 8.65-MHz transducers (however, for the 8.65-MHz transducers the grain noise from the
host material is more apparent and the electronic noise becomes larger as well). The reason for thisis
that the fine grains (in the HAZ) result in less scattering to the low frequency ultrasound than to the
higher frequency one. In other words, the higher frequency ultrasound is more sensitive to fine grains.
From Fig. 2.6(b), the thickness of the HAZ can be measured to be around 8 mm (from 48~56 mm in
the z direction) in front of the EB weld. Therefore, to inspect the HAZ of an EB weld, a transducer

with higher frequency, e.g., 5 MHz, may be a good choice (if the EB welding process is made under
normal conditions). To inspect the FZ, the transducer with lower frequency, e.g., 2~3 MHz (from the
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present and the early research [4]), can be a better choice. Combination of the inspections in the two

frequency bands will give us more information on EB welds.

2.2.3 Sound velocity

Sound velacity in an EB weld is ultrasonic parameter related with its elastic constants. Since an EB
weld is a layered medium consisting of the HAZ and the FZ and embedded in its host material, the
sound velocities in the HAZ and FZ are different. It is difficult to estimate the velocity in each zone.
But it is possible to estimate the average velocity over the whole weld. To this purpose, B-scans as
well as A-scans in the B-scans are used. The B-scans come from the measurements presented in Sect.
2.2.1. To facilitate the velocity estimation, the B-scans of the block front surface and the
corresponding back surface are selected, and shown respectively in panels (a) and (b) in Fig. 2.7 (from
the 2.26 MHz transducer) and Fig. 2.8 (from the 4.83 MHz transducer). For the sake of easy
observation, the B-scans are shown only in negative half wave. The B-scans of the front surface in
Figs. 2.7(a) and 2.8(a) is used as a reference. The straight stripes in the scans reveal that the echoes
from the front surface at al scanning positions have amost the same phase fronts and the same
frequency bands. Looking at the B-scans from the back surface (Figs. 2.7(b) and 2.8(b)), we can see
two different regions. In the upper part (y=0~30 mm) where the EB weld is located, the stripes look
rather straight and paralel. This may demonstrate that the back surface echoes coming back through
the EB weld have quite similar phase fronts, in other words, the sound speed in the weld zone is
almost position independent. In contrast, in the lower part (y=35~65 mm) that is out of the weld zone,
the stripes become bent towards the right hand side (the later times). This means that the phase fronts
of the echoes coming back through the non-welded zone vary with position, namely, the farther away
from the weld (the larger the y coordinate) the later the echoes come back. In other words, the sound
speed seems to vary with position and the farther away from the weld (the larger the y coordinate) the
lower the sound speed. The reason for this might be the gradient variation of heat effect of EB welding
on a host material, which in turn results in different microstructure (e.g., grain size and dasticity) in
the host material. Asfar aswe could see this effect cannot be explained by a variable block hight.

Comparing an A-scan coming back through the weld with an A-scan in the non-welded zone, e.g.,
at x=6 mm and y=66 mm, we may find that their time difference is -0.16 microsecond for the 2.26-
MHz transducer case and -0.19 microsecond for the 4.83-MHz transducer case, respectively. This may
be explained by the fact that the sound speed in the EB weld is higher than in the parent material, and
that there exists a speed variation in the non-welded zone. From the measured thickness of the HAZ
(approximately 8 mm on one side) and of FZ (approximately 8 mm), we may have the approximate
thickness of 24 mm for the whole EB weld including the two side HAZ and the FZ. Assuming that
parent material, used both for lock and walls of the copper canister has a sound velacity of 4596 m/s
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B-scans (negative half wave) of CAN 1 at x=6 mm from 2.26 MHz transducer:
(a) front surface, (b) back surface.
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Fig. 2.7. B-scans of copper block CAN 1 from 2.26 MHz annular transducer with spherical focus (radius of

curvature of 210 mm). (a) Front and (b) back surface at x=6 mmin Fig. 2.2.

B-scans (negative half wave) of CAN 1 at x=6 mm from 4.83 MHz transducer:

(a) front surface, (b) back surface.
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Fig. 2.8. B-scans of copper block CAN 1 from 4.83 MHz circular transducer with spherical focus (radius of

curvature of 210 mm). (8) Front and (b) back surface at x=6 mmin Fig. 2.3.
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and taking the average time difference of -0.175 microsecond, we obtain the average sound velocity in
the EB weld approx. 4674 m/s, which is 1.7% higher than that of its host material. The velocity is

obtained from the following relation,

v, =y/HL - A
c 2DW

where V,, and V, are the sound velocities in the weld and the copper block without welding, D,, is

the weld thickness, and At is the time difference between the two same copper blocks, one being
welded and the other being not.

From Figs. 2.7 and 2.8 appears that the sound velocity in the non-welded zone at a position closer
to the EB weld (closer to HAZ, e.g., at y=50 mm) will differ less. Difference and variation of sound
velocities result in beam deflection. The greater difference of the sound velacities between the HAZ
and the FZ results in better-pronounced beam refraction as well as reflection at the boundary between
theHAZ and FZ.

2.2.4 Sound attenuation

Higher attenuation of ultrasound by an EB weld has been observed in the previous section (Sect.
2.2.2). Examining the separations of the stripes in the B-scansin Fig. 2.7(b) and 2.8(b), we can see that
the separations in the lower part are smaller than in the upper part (especialy in the case of the 4.83-
MHz transducer, c.f., Fig. 2.8(b)). It means that the echoes coming back through the non-welded zone
are of higher frequency than those being back through the EB weld. In other words, the EB weld is
more attenuative.

To quantitatively estimate the attenuation of EB weld is not an easy task. The microstructures in
the HAZ and FZ are different and inhomogeneous so that the ultrasonic properties (including sound
speed) may be different, and the boundaries between the host material and HAZ and between the HAZ
and FZ are not clearly defined (see Fig. 2.2). For example, grain size in an EB-welded copper canister
may vary with positions in the host material, the HAZ and the FZ. Thus the thickness of each zone is
difficult to accurately measure.

However, it is possible to observe and estimate the excess attenuation of EB weld by looking at the
center frequency difference of the spectra of two echoes, one coming back through the EB weld and
the other through the non-welded zone. Figs. 2.10 and 2.11 show such a comparison for the 2.26- and
4.83-MHz transducers, respectively. The center frequency differences for two cases are 0.44 and 2.33
MHz, respectively, that correspond to 19% and 48% relative to the center frequency of the

transducers, respectively. Obviously, the excess attenuation for the 4.83-MHz transducer is much
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larger. More accurate estimation of the excess attenuation can be made using the log spectra
difference method. Taking the difference of the natural logarithms of the amplitude spectra of two
back echoesin Figs. 2.10(a) and 2.11(a), respectively, (shown in Figs. 2.10(c) and 2.11(c)), we can see
for each case aregion (1 to 4.5 MHz in Fig. 2.10(c) and 1 to 6.5 MHz in Fig. 2.11(c)) in which the
amplitude vary with frequency quite linearly. For each case, we find a fitting line over the linear

variation region, that is, Ad,, =0.92f —0.9 for the 2.26-MHz transducer and Ad,, =0.92f —0.95 for

the 4.83-MHz transducer. Both lines have the same slope 0.92 that will be used for attenuation
estimation.

Denoting a, and a,, to be the attenuation coefficients of the copper block without and with an
EB weld, respectively, and a,, the attenuation of the EB weld including the reflection loss, and D is

the block thickness, D,, the EB weld thickness, we may have the following approximate relation
a, 2D=a,2D,+a,2(D-D,)

that holds for the plane wave case, and from this equation, we can find the relation for calculuating the

excess attenuation of EB weld,
Aa=a,-a. =(a, -a.)D/D,.

Here a,, —a, can be found from the slopes of the fitting lines for the log spectral differences, that is,
ay, —a.=0.92/(2D) in the unit of Np/(MHzmm). Considering the present case where the block
thickness, D=79 mm, and the EB weld thickness, approximately D,,=10 mm (c.f., [8]), the excess
attenuation of EB weld can be found,

Aa =a,, —a, =0.0458 Np/(MHz [imm) = 0.3997 dB/(MHz [imm) .

For example, at 5 MHz, the excess attenuation is 1.9985 dB/mm, which can be more ten times larger
than that of a pure copper block with fine grains (e.g., 0.15 dB/mm at 5 MHz).

Ultrasonic Inspection of Copper Canisters 2-11



(a) Back echoes from 2.26-MHz transducer

100

Echo amplitude

— Through the non-welded
— - Through the EB weld

-100
0

Normalized amplitude

Logarithmic amplitude

o

Fig. 2.10.

»

N

N

Time t [us]

(b) The normalized spectra

4 6 8 10
Fregeuncy f [MHZz]

(c) Difference of the log spectra of (a)

Fitting line (-.-): Adln:0.92f—0.95

Fregeuncy f [MHZz]
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2.2.5. Ultrasonic properties- Summary

The ultrasound generated by the 2.26-MHz transducer has relatively long wavelength (2 mm at the
center frequency for longitudina wave) resulting in the fact that not much scattering is observed from
afine grain material in HAZ but scattering from fusion zone with coarse grainsis clearly visible. Thus,
the HAZ shows low contrast and the fusion zone (FZ) shows high contrast in the ultrasonic image so
that the FZ structure is highlighted and the layered structure from its front and back surfaces is
possible to recognize. The ultrasound from the 4.83-MHz transducer (wavelength nearly 1 mm at the
center frequency for longitudina wave) yields significantly high contrast for HAZ above the FZ
although not so high as that observed for the FZ. Therefore, the structure of the HAZ in this case
becomes apparent and easier to measure, but the back surface of the FZ becomes difficult to recognize.
In both cases, however, the HAZ behind the FZ is immersed in the grain noise from the FZ. The
wavelength of 8.65-MHz transducer is relatively short (0.53 mm) and results in a significantly large
grain noise from the host material obscuring the HAZ. This implies that the 8.65-MHz ultrasound is
too high in frequency to be used for EB weldsimaging.

The results from the study of sound velocity in a copper canister with an EB weld have shown that
the sound velocity in an EB weld can be 1.7% larger than the same materia as the copper canister
without welding effect. The sound velocity in the non-welded zone shows a variation with the distance
to the EB weld, that is, the closer it becomes to the EB weld's velocity the nearer the position to the
weld. The difference of sound velocities in the EB weld and the host material will cause scattering,
reflection, and refraction.

The study on ultrasonic attenuation in EB welds revedls that attenuation in an EB weld is much
higher than its host material and can be more ten times larger for such copper materials that copper
canisters are made of. The studies on scattering and attenuation may suggest that a suitable ultrasound

frequency band for evaluating EB welds should be less than 5 MHz.

2.3 Harmonic imaging of EB welds

The harmonic imaging technology has emerged as a major imaging trend in medical ultrasound
over the recent years, and resulted in significant improvement in image quality in medical ultrasonic
imaging. This technology was initially developed for contrast harmonic imaging (also called contrast
agent harmonic imaging) and later for tissue harmonic imaging (also called native tissue harmonic
imaging). The contrast harmonic imaging is based on the fact that small contrast micro-bubbles radiate
significant energy at multiples of the interrogation frequency. The tissue harmonic imaging, on the
other hand, exploits the nonlinearities of ultrasound propagation that gradually change the shape of the
wave as it passes through tissue, and thus result in the harmonic components. It dramatically reduces

near field and side lobe artifacts. Over the past decade, a large amount of work on contrast harmonic
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imaging [9-13] and tissue harmonic imaging [14-19] has been done in the medical ultrasonic imaging
area. Up to now, this technology has already been equipped in the commercial medical ultrasound
systems.

In nondestructive testing, however, this technology has not been applied, athough some attempts
focused on investigating the nonlinear propagation in water of waves from NDT ultrasonic systems
have been made recently, cf. [20-22].

In addition to the two sources above mentioned, there is another source from which harmonic
components originate [23]. It is common in ultrasonic NDE that a broadband pulse is applied to excite
atransducer having a limited frequency bandwidth. The broadband excitation causes the transducer to
vibrate not only in its fundamental resonant mode but also in high order resonant modes. When the
transducer is used in pulse-echo mode, the fundamental resonant component in a received signa
remains strong but the harmonic components due to the high order resonant modes are filtered out. It
means that much information contained in the signals (in higher harmonic components) sent out by a
transmitter is lost in pulse-echo mode. If a wide band receiver is employed, the high harmonic
components can be captured. These harmonics will be called transducer harmonicsin the sequel.

It is known from medical ultrasonic imaging that the high harmonics due to the nonlinear
propagation of waves can be combined to enhance the signal to noise ratio and the resolution in B-scan
images [16]. Using the similar idea we make an attempt to apply such technique to the NDE for
improving the quality of ultrasound B-scans acquired in immersion inspection of copper. In addition to
the improvement, each of the harmonic components is separated and processed by means of some
signal processing method in order to exploit more information on EB welds from received signals.

In our present case where copper canisters are inspected, the second source of harmonics, namely,
nonlinear radiation from micro-bubbles, does not exist. Therefore, the harmonics from the other two
sources have been dealt with. Especialy, the harmonics from the nonlinear propagation of waves in
materials has been studied more systematically. By analogy to tissue harmonics, these harmonics will
be called material harmonicsin the sequel.

The overal purpose of the research on harmonic imaging is to expand the existing space of
ultrasonic imaging technology used in nondestructive evaluation (NDE) and to explore more
information on materials and defects that may be contained in harmonics. The goals of the present
work is rather general, firstly, to make the best use of information (including transducer harmonics)
contained in ultrasonic signals received by wide band receivers. Secondly, to investigate
experimentally the nonlinear phenomenon of elastic wave propagation in solids, and thirdly, to show
the possibility of applying the harmonic imaging technology to the NDT.
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2.3.1 Harmonic imaging using transducer harmonics

Let us begin with studying transducer harmonic imaging, named after the fact of employing
transducer harmonics, namely harmonic components from the high order resonant modes of
transducers, to construct images. This study had two particular aims: investigating the feasibility of
basic harmonic imaging technique, and developing a signal processing technique for improving the

signal to noise ratio.

2.3.1.1 Experimental study

ALLIN Utirasonic Array System

< Computer and
+— Elechonic system

]

4

Y
Transmitter F’H_I Receiver
LU
\ f Fig. 2.12. Experimental setup for transducer harmonic
Copper block imaging.
Water tank

The experimental setup used for this study is shown in Fig. 2.12. The transmitter used was a
broadband, spherically focused transducer (PANAMETRICS V392) that had a 0.85-MHz center
frequency (measured), an 87% —6-dB bandwidth (although relative bandwidth was broad, the absolute
bandwidth was not due to the low center frequency), a 38-mm diameter, and a 190-mm focal length.
The receivers respectively used with the transmitter were four broadband planar transducers
(PANAMETRICS V325, V383, V326 and V327) that had nominal center frequencies of 2.25, 3.5, 5,
and 10 MHz, respectively, and the measured frequencies were 2.25, 3.4, 4.7, and 7 MHz, respectively.
The transmitter/receiver pairs used in the experiments will be denoted 1/2.25, 1/3.5, 1/5 and 1/7 MHz,
respectively. Copper block CAN 1, containing an EB weld, and a set of side-drilled holes (SDH) and
bottom-drilled holes (SDH) (see Fig. 1.1) has been inspected with each of the above mentioned
transmitter/receiver pair. 3-dimensiona RF data that can be used to create the A-, B- and C- scans of
the copper block has been acquired has been acquired for each pair. An example is shown in Fig. 2.13
in which the C-, B- and A-scan come from the measurement made on copper block CAN 1 using the
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1-MHz focused transmitter and the 7-MHz planar receiver (1/7 pair). The C-scan in (@) was obtained
using the gate selecting the whole EB weld. The B-scan in (b) shows the cross-sectional view at y=72

mm in the C-scan. The A-scan in (C) is at x=56 mm in the B-scan, and the echo comes from the side-
drilled hole, SDH No. 11.

(a) C-scan

50 100 150 200
0 (b) B-scan X [mm]
9
= 5
@
£
'_
10
0 50 100 150 200
(c) A-scan x [mm]

Fig. 213. C-, B- and A-scan from the
measurement made on the copper block using the
1-MHz focused transmitter and 7-MHz planar
receiver. () C-scan, (b) B-scan at y=72 mm, and
(c) A-scan at x=56 mm and y=72 mm that comes
from the side-drilled hole, SDH #11.

Amplitude

0 2 4 6 8 10 12
Time t [us]

To investigate transducer harmonics, let
us examine the echoes from SDH #11 for all the transmitter/receiver pairs, and their spectra, which are
shown in Fig. 2.14. In this figure we can see that for the 1/2.25, 1/3.5, 1/5, and 1/7-MHz pairs the
harmonic components are visible up to the 2nd, 3rd, 4th, and 4th, respectively. This demonstrates that

the frequency range of areceived signal is much wider than that when the transmitter is used in pulse
echo mode.
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Fig. 2.14. Pulse echoes (a) — (d) from the side-drilled hole, SDH No. 11, obtained using the transmitter and receiver
pairs (T/R): 1/2.25 MHz, 1/3.5 MHz 1/5 MHz, and 1/7 MHz, respectively, and their corresponding spectra () — (d).

It is worth noting that although the captured harmonic components may contain some material
harmonics, the latter ones are small in this case, which will be explained in Sect. 2.3.2. Using Hanning
window for filtering the spectra, each harmonic component can be extracted. The four harmonics
extracted for 1/7-MHz pair are shown in the form of A-, B- and C-scan, respectively in Figs. 2.15-
2.17. The four waves in the A-scan form (Fig. 2.15) would have similar time duration if the noise

could be removed. The observation shows that the fundamental component has the largest signal-to-
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noise ratio (SNR), whereas the fourth harmonic has the lowest SNR. From the harmonic B- and C-
scans in Figs. 2.16 and 2.17, we can see that the higher order the harmonic the better the spatial
resolution, but the larger the e ectronic noise. Note that A-scan envelopes are shown in B-scans. If the
four harmonic B-, or C-scans are compounded (averaged), the grain noise can be reduced in the way

similar to the frequency diversity method (c.f. [3, 4]).

(a) Fundamental harmonic (b) 2nd harmonic
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Fig. 2.15. A-scans (8)— (d) constructed from the fundamental to the forth components, respectively, in the case of
using the transmitter and receiver pair, T/R: 1/7 MHz.
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Fig. 2.16. B-scans (a)— (d) constructed from the fundamental to the forth components, respectively, in the case of
using the transmitter and receiver pair, T/R: 1/7 MHz.
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Fig. 2.17. C-scans (a)— (d) constructed from the fundamental to the forth components, respectively, in the case of
using the transmitter and receiver pair, T/R: 1/7 MHz.
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2.3.1.2 Signal processing using 2-D matched filter

Below the C-scans obtained from different harmonic components before and after 2-D matching
filtering are compared (see aso Section 2.4.4). The harmonic extraction was performed by filtering A-
scansin frequency domain using rectangular windows.

The envelope of A-scan calculated using Hilbert transform was used for C-scan extraction. The 2-D
matching filtering was performed for all B-scans used for the extraction of C-scans. The extracted C-
scans from the full frequency data for whole block CAN1 are presented in Fig. 2.18. In this figure the
C-scan presented in the left column was obtained from the A-scans processed by the described above
band-pass filters, while the C-scan shown on the right column was extracted from the data processed
by 2-D matched filter.

20 ‘ U
40
50

60

80

100 150 200 50 100 150 200

0 50 100 150 200 250 0 50 100 150 200 250
X [mm] X [mm]

Fig. 2.18. C-scan of the specimen CANL1. Left — extracted from the unprocessed B-scan data. Right — extracted from B-scans
processed by 2-D matched filter. Upper row shows C-scans extracted from raw data and the vertical (y) and horizontal (x)
axes are in mm. Lower row shows normalized profile of line 62 mm in the C-scans (the largest pesks correspond to the side-
drilled holes).
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Fig. 2.19. C-scans of the right part of the specimen (bottom holes only). Left column — extracted from the
unprocessed B-scan data. Right column — extracted from B-scans processed by 2-D matched filter. Sequential
rows from the top show C-scans extracted from full frequency raw data, first, second, and third harmonic,

respectively. All the vertical (y) and horizontal (x) axes arein mm.
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Fig. 2.20. Normalized profiles of a y=62 mm in the C-scans of the whole specimen (the largest pesks

correspond to the side-drilled holes). Left column — extracted from the unprocessed B-scan data. Right

column — extracted from B-scans processed by 2-D matched filter. Sequentia rows from the top show lines

extracted from full frequency raw data, first, second, and third harmonic, respectively.

Ultrasonic Inspection of Copper Canisters

2-22



0 50 100 150 0 50 100 150

0 50 100 150 0 50 100 150

150 0 50 100 150

0 50 100 150 0 50 100 150
X [mm] X [mm]
Fig. 2.21. Normalized profiles at y=10 mm in the C-scans of the right side of specimen (from the right peaks
corresponding to the holes # 4, 5, and 6, respectively). Left column — extracted from the unprocessed B-scan
data. Right column — extracted from B-scans processed by 2-D matched filter. Sequential rows from the top
show lines extracted from full frequency raw data, first, second, and third harmonic, respectively.
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The C-scans extracted from the full frequency data and from the first three harmonics in the region
containing bottom-drilled holes are presented in Fig. 2.19. From the first row to the fourth are the C-
sans from the full frequency spectrum data and the successive first three harmonics, respectively. The
matched filter has averaged the weld scattering without affecting the spatial resolution, which is more
easily seen from some profile lines, e.g., in Fig. 2.20 in which the profile lines presented are for y=62
mm. It has to be remembered that the spatial processing of the 2-D matched filter results in processing
along the horizonta lines in Fig. 2.19. Strong backscattering from the welded area of the specimen is
visible in the upper part of each C-scan. The lower bottom-drilled holes (#13 - #18) can easily be
distinguished while the upper ones are masked by backscattering from the EB weld.

The C-scan obtained from the second harmonic, shown in Fig. 2.19, seems to have optimal
resolution and signal to noise ratio measured for the bottom-drilled holes. This can be better seen from
the profile lines crossing the EB weld with the upper holes (#4 - #9) at y=10 mm (Fig. 2.21). All three
holes # 4, 5, and 6 can be distinguished at the processed C-scan extracted from the second harmonic
component. It is very interesting that both the resolution and the signal to noise ratio is better for the
second harmonic component than for the whole signal spectrum.

From the above examination and analysis it appears that the spatial resolution increases with the
order of harmonic component, i.e., the higher order harmonic gives the better spatial resolution. The
observed resolution improvement agrees with the theory since the higher harmonic components

correspond to the shorter wavelengths.
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2.3.2 Harmonic imaging of the copper material

Material harmonics, as defined earlier in the report, originate from the nonlinear propagation of
ultrasonic waves in materials. Materia harmonic imaging makes use of such harmonics for
visualization of some material features. In contrary to the transducer harmonics material harmonics do
not stem from transducers but from nonlinear distortion of ultrasonic waves propagating in materials.
Therefore nonlinear properties of materials can be studied [24,25] and third-order elastic constants of
solids can be evaluated [26] using material harmonics. Material harmonics can aso be used for
enhancing some defects [27, 28] and for detecting some types of materia degradation (e.g. fatigue
micro-cracking) [29-31]. Unlike tissue harmonic imaging in medicine, material harmonic imaging has
not been yet exploited in ultrasonic NDE. In the present study, the nonlinear phenomenon of eastic
wave propagation in solids is experimentally investigated, and the possibility of applying the harmonic
imaging technology to the NDE is demonstrated. We do hope that this research will stimulate the
development of material harmonic imaging technique for the NDE applications, in the way similar to
the development of tissue harmonic imaging technique in medical ultrasound.

2.3.2.1 Experimental setup

For this study we have designed a transducer, a two-element array transducer, that has been
presented in Chap. 1. In the present case, the transducer is used in pitch-catch mode, that is, the outer
element with lower center frequency (2.26 MHZ) is used as transmitter, and the inner one with higher
center frequency (4.83 MHZz) is used as receiver. The experimental setup for the study is schematically
shown in Fig. 2.22.

From the previous section (Sect. 2.3.1), we know that transducer harmonics will appear when a
transmitter is broadband excited with a pulse. To avoid transducer harmonics and to get materia
harmonics, we excited the transmitter with a narrow band excitation, a tone burst, whose frequency
was close to the transmitter center frequency. In this case only the fundamental resonant mode of the
transmitter was excited, and thus the higher-order resonant modes were eliminated. The tone burst was
created by the tone burst card TB-1000 made by Matec (more details on the card is given below in
Sect. 2.3.2.2), and applied to the transmitter (the outer element). The receiver (the inner element) was
connected to the ALLIN system that implements signal amplification, mechanical scanning, and data
acquisition.

This study has been conducted systematically in the following steps: first of all the frequency
spectrum of the tone burst exciting the transmitter was selected so that only the fundamental resonant
mode was excited. Then, material harmonics were examined in water, in copper block with a set of
side-drilled holes at different depths (Cu 2), and finally, in copper canister block CAN 1. The two
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copper blocks were ingpected in immersion configuration, as shown in Fig. 2.22. The water path was

set to 30 mm so that the focal zone was located approximately at the depth of EB weld.

ALLIN Ultrasonic Array System
3 Matec TB-1000 Computer and
| | Toneburst generator " £ Electonic system

Step motors

y
[ / \
vyl Two-element
Annular array
Fig. 2.22. Experimental setup for materia
Copper block harmonic imaging.
Water tank
(a) Tone burst excitation without load. 1 (a”) Spectrum, fn =2.15, 6.44 MHz
2001
§ 0.8
100} %
(<)
5 % 0.6
[=3 ]
£ N L
=z 204
-100 | £
o
=Z 0.2
—-2001
0
0] 2 4 6 8 10 (0] 2 4 6 8 10 12
Time t [us] Frequency f [MHZz]
(b) Tone burst excitation with load. 1 (b") fn =2.15, 6.47, 8.57, 10.70 MHz
200+
2 0.8t
100} 2
8 E06f
= <
[=3 ]
£ N
< f_ﬁ 0.4
-100 | £
o
=Z 0.2
0
0] 2 4 6 8 10 (0] 2 4 6 8 10 12
Time t [us] Frequency f [MHZz]

Fig. 2.23. Tone burst excitations (8) when the transmitter is unloaded and (b) loaded, and their spectra shown
in (&) and (b). The spectra are normalized.
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2.3.2.2 Excitation to the transmitter -- Tone burst

The tone burst card TB-1000 generates tone bursts that are adjustable in pulse width (or duration),
frequency, and amplitude (output voltage). It also has a built-in amplifier that has adjustable gain and
14 high- and low-pass filters. Two output voltages can be chosen, low and high, but they vary with
transducers, and tone burst frequencies used. The tone burst frequency can be changed from 50 kHz to
20 MHz with aminimum step of 50 kHz. The filters allow various combinations to produce band-pass
filters of varying bandwidth. The 3-dB roll-off frequencies for both high- and low-pass filter selections
are NONE, 100 kHz, 250 kHz, 500 kHz, 1.00 MHz, 2.25 MHz, 5.00 MHz, and 10.0 MHz.

The output tone burst card of the TB-1000 was recorded in two cases, in unloaded condition and
loaded with the transmitter. Although the measured center frequencies of the outer and inner elements
are 2.26 and 4.83 M Hz, the maximum amplitude frequencies of the two elements are about 2.0 and 4.4
MHz, respectively. Therefore, the tone burst was tuned to 2.15 MHz, which seemed to give a
relatively larger output to the receiver receiving an echo from a point scatterer in water. With the
transmitter loaded at frequency of 2.15 MHz, the peak-peak amplitude was above 300 volts for the low
voltage output and approximately 400 volts for the high voltage output. Both low and high voltage

outputs were used in the measurements. The duration was almost 11 cycles, which makes 5.1 us. The

tone bursts and their spectra in the unloaded and loaded conditions with lower voltage output level are
shown in Fig. 2.23. From the spectra we can see that the tone burst in the unloaded condition had a
narrow band at fundamental frequency (2.15 MHz) and another band with small amplitude at the third
harmonic frequency (6.44 MHz), but not at the second harmonic frequency (4.30 MHz). When the
card was loaded, the tone burst still had a narrow band at fundamental frequency (2.15 MHz) and its
bandwidth was slightly increased. Small amplitude at the third harmonic frequency (6.44 MHz) was
observed, but the second harmonic frequency (4.30 MHz) was not present. Moreover, peaks at the
fourth, and sixth harmonic frequency (8.57, and 10.70 MHZz) appeared in the spectrum with small
amplitudes. This may demonstrate that the fundamental resonant mode of the transmitter is dominant,
the second resonant mode is almost not excited, and the energy of the higher-order resonant modes is
small compared to the fundamental mode.

From the above observation, we conclude that the fundamental resonant mode of the transmitter
under this tone burst excitation is dominant, and the higher-order resonant modes are small, especialy

the second one is almost unexcited.

2.3.2.3 Harmonic generation in water

Harmonic generation in water has been dealt with for severa decades and a large amount of
literature on nonlinear acoustic waves and harmonic generation is available [32-34]. Here, we have
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also examined nonlinear acoustic waves and harmonic generation from our system shown in Fig. 2.22.
This was made for reference before studying harmonic generation in solids, which will be presented in
the following sections (Sects. 2.3.2.4 and 2.3.2.5).

With the above tone burst (Fig. 2.23) exciting the transmitter with the lower frequency, the echoes
from a point scatterer were measured at different positions by the receiver with the higher frequency.
The measurements were made on the axis of the transducers at positions z=65, 74, 95, 115, 135, 155,
and 195 mm. The echoes and their spectra are shown in Fig. 2.24. The measurements were also made
off the axis at positions x=0, 1.2, 2, and 2.8 mm for z=195 mm. All the spectra are normalized so that
the higher harmonics are easy to compare to the fundamental component. Earlier results [32,33] have
shown that on the whole a fundamental field pattern of a nonlinear field is quite similar to that of a
corresponding linear field radiated by a transducer with the same frequency as the fundamental.
Therefore, it is reasonable use the fundamenta field as a reference for comparison. However, it must
be noted that the receiver had a limited bandwidth of 73% with a center frequency of 4.83, and thus it
had a much better sengitivity to the second harmonic than to the fundamental and to the higher
harmonics.

Looking at the on-axis results in Fig. 2.24, one can see that the high harmonics (e.g., 2nd — 5th
harmonics) increase with distance towards the focal point (210 mm). For example, the echo at z=65
mm (Fig. 2.24(a) and (a)) have small second and third harmonics. Whereas the echo at z=195 mm has
strong second and third harmonics that are both larger than the fundamental one. It adso has a
considerably large fourth harmonic and a small fifth harmonic.

Each harmonic has its beam pattern. The higher the harmonic the narrow the beam width [32-34],
which is afeature similar to case of linear acoustics. This feature can be roughly seen when examining
the off-axis results in Fig. 2.25. The spectra for the echoes at x=0, 1.2, and 2 (Fig. 2.25(a)-(c)) show
that the second to fourth harmonics become smaller relatively as the off-axis distance increases. After
increasing the distance to x=2.8 mm the second harmonic becomes larger than the fundamental again.
The reason is that at this position the side lobe of the second harmonic appears. Since the
measurements were made at sparse positions and limited distance, the harmonic beam patterns cannot
be figured out in a complete picture. However, much similar results can be found in the existing
literature (e.g., [32-34]). Our attention is focused on harmonic generation in solids, which is presented
below.
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Fig. 2.25. Pulse echoes from a point scatterer at different distances off the transducer axis: (a) x=0 mm, (b)
x=1.2 mm, (¢) x=2 mm, and (d) x=2.8 mm for z=195 mm.
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2.3.2.4 Harmonic generation in copper block CU 2

The solid material in which harmonics are to be generated is copper block CU 2 that has 18 side-
drilled holes (SDH) at different depths (Fig. 2.26). The experimental setup used has been shown in
Fig. 2.22. The two-element transducer was put over the copper block immersed in water and the water

path was 30 mm. The duration of the tone burst excitation was dightly increased to 5.6 s (12 cycles,

at frequency 2.15 MHZz). The receiving transducer was connected to the TB-1000's amplifier and then
to the ALLIN system. The transducer pair was scanned in the x direction (see Fig. 2.26). A series of
measurements were made on CU 2 using different voltages (both low and high) and different settings

of the high- and low-pass filters of the TB-1000 amplifier.

Side view
X
BE e
< | N
~ ~
-]
V4
Top view
18 holes with 1 mm diameter
< #1 #2 - - #17 #18
N~

‘&.(

.30

45

285
320

Hole#| 3| 4| 5| 6| 7| 8| 9| 10| 11| 12| 13| 14| 15| 16
z[mm] | 12| 16| 20| 24| 28| 32| 36| 40| 44| 48| 52| 56 | 60 | 64

Fig. 2.26. Geometry of copper block CU2.

To keep the report in areasonable size, we are only presenting some selected results measured with
high voltage output and two filter settings. First, we show the results for both high- and low-pass
filters set NONE (a kind of flat filter in the maximum frequency band), and second, for the high-pass
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filter set to 5 MHz and low-pass to NONE (just a 5-MHz high-pass filter). B-scan of CU 2 obtained
for the first filter setting is shown in Fig. 2.27(a), along with the profile of peak magnitude of the B-
scan as a function of x, shown in Fig. 2.27(b). The profile which is a good illustration of elastic field
propagation can be also used to pick out any echoes of interest. For instance, the echo from hole #10,
one of the largest, is picked out and shown in Fig. 2.28(a), together with its linear spectrum (b) and log
spectrum (c). In the linear spectrum plot (Fig. 2.28(b)) the fundamental at f,=2.15 MHz is apparently

strong and the 2nd harmonic can aso be seen a f,=4.31 MHz athough small. However, the 3rd
harmonic at f;=6.44 MHz is so small that it is hard to see. But these two high harmonics are easily
seenat f, and f; inthelog spectrum in Fig. 2.28(c). From the log spectrum, it can be seen that the
2nd harmonic is 22 dB smaller and the 3rd is 40 dB smaller than the fundamental .

To emphasize high harmonics (2nd or high order), we used two available filter settings on TB-
1000, namely, 2.5- and 5.00-MHz high-pass filters, and we found that the 5-MHz high-pass filter gave
a better enhancement to high harmonics. Therefore, the measured results using the 5-MHz high-pass
filter are presented here. The echoes from SDH #6 - #15 located at different distances (refer to the
table in Fig. 2.26) are presented in Fig. 2.29, respectively, in panels (8)-(j), the linear spectra of the
echoes are, respectively, in panels (&)-(j), and the log spectra are collected in Fig. 2.30. From Fig.
2.29(8)-(j), the growth of nonlinear distortion of waves propagating in the solid can be seen. This
nonlinear distortion results in harmonics in the frequency domain (c.f., the spectrain Fig. 2.29(¢") and
Fig. 2.30(€")). A comparison of the spectrain Fig. 2.28 with those in Fig. 2.29(e") and Fig. 2.30(€")
demonstrates that the 5-MHz high-pass filter makes the high harmonics (2nd, 3rd, and even 4th) much
more pronounced. In the linear spectra the 2nd and 3rd harmonics are clearly visible and in the log
spectra besides the 2nd and 3rd harmonics the 4th one is also shown up in panels (¢")-(j"). Observing
each harmonic in the spectrain Figs. 2.29 and 2.30, we may get a rough picture of the development of

each harmonic with propagation distance, e.g., the 2nd harmonic increases with depth.
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Fig. 2.27. (a) B-scan of CU2 and (b) its peak magnitude as a function of x.
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Fig. 2.29. Pulse echoes from SDHs #6 - #15, respectively, shown in (a) to (j), and their spectra, respectively,

shownin (&) to (j).
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(e) Pulse echo from SDH #10
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Fig. 2.29. Pulse echoes from SDHs #6 - #15, respectively, shown in (a) to (j), and their spectra, respectively,

shownin (&) to (j).
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(i) Pulse echo from SDH #14 (") Spectrum.
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Fig. 2.29. Pulse echoes from SDHs #6 - #15, respectively, shown in (a) to (j), and their spectra, respectively,
shownin (&) to (j).
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Fig. 2.30. Log spectra of the pulse echoes from SDHs #6 - #15, respectively, shownin (") to (j").
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2.3.2.5 Harmonic imaging of the EB weld in copper block CAN 1

In the previous section (Sect. 2.3.2.4) it has been shown that it is possible to generate high
harmonicsin copper block CU2 up to fourth order, however, they are much weaker than the harmonics
generated in water (Sect. 2.3.2.3). In this section, we employ the same experimental setup (Fig. 2.22)
to generate harmonics in a copper canister block CAN1 and then to construct the harmonic images of
the EB weld in the canister.

A series of measurements were made on CAN 1 using a similar procedure and conditions as that
described in Sect. 2.3.2.4. The transducer was scanned over the block in a dimension of 270x85 mm
with a step of 1 mm. The first measurement was made with high excitation voltage and the low- and
high-pass filter set to NONE on TB-1000. In this case, the fundamental component is dominant and
the higher harmonics are small, similarly to the case presented in Fig. 2.28 in the previous section
(Sect. 2.3.2.4). A C-scan was extracted from the acquired data using the gate covering the whole EB
weld, and it is shown in Fig. 2.31. From the C-scan we selected the following six positions of interest:
SDH #3 (x=77 mm, y=10 mm), FBH #6 (x=159 mm, y=10 mm), SDH #12 (x=82 mm, y=61 mm),
FBH #15 (x=154 mm, y=61 mm), and two EB weld spots (x=100 mm, y=27 mm) and (x=168 mm,
y=27 mm). A-scans acquired at these positions will be presented for the purpose of demonstrating
harmonics. These A-scans that come from another measurement made using the high voltage output
and the 5-MHz high-pass filter, and are shown in Fig. 2.32 together with their log spectra. When
observing the harmonics it is good to bear in mind that SDH #12 and FBH #15 are in the non-welded
zone, and the rest positions are in the welded zone.

Looking at the spectra of the echoes from SDH #12 and FBH #15 (Fig. 2.32(c) and (d")), we can
see the higher harmonics up to the fourth order. A comparison of the echoes (Fig. 2.32(c) and (d))
reveals that the nonlinear distortion of the echo (backscattering) from FBH #15 looks more
pronounced than from SDH #12. A comparison of the spectra demonstrates that all high harmonics of
the SDH #12 echo are larger than those of the FDH #15, and the second harmonic of the SDH #12
echo is even larger than that of the fundamental.

From the spectra of the SDH #3 and FBH #6 echoes (Fig. 2.32(a) and (b)) the second and third
harmonics are clearly visible, and the fourth in the SDH #3 spectrum is just recognizable and in the
FBH #6 spectrum does not appear. The nonlinear distortion of the FBH #6 echo (Fig. 2.32(b)) till
looks more pronounced than the SDH #3 (Fig. 2.32(a)). Compared to the SDH #12 and FBH #15
echoes, the SDH #3 and FBH #6 echoes exhibit less pronounced nonlinear distortions. The higher
attenuation in the EB weld and the reflection loss at the HAZ/FZ are among the reasons for this.

Moving to the echoes from two EB weld spots (Fig. 2.32(e) and (f)) and their spectra (Fig. 2.32(€)
and (")), we first can see that these two echoes are significantly smaller than those corresponding to
the four holes (SDH #3 and #12 and FBH #6 and #15). And secondly we see that the nonlinear
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distortion in this case is till apparent, the 2nd and 3rd harmonics are clearly there although smaller
than for the echoes from the four holes, however the fourth harmonic is not present.

The above presented observations and analysis we have confirmed that it is possible to generate
harmonics in an EB weld. This also reveals that harmonic imaging of EB welds is feasible. Now we
will extract the harmonics applying the Hanning widows with center frequencies being the same as the
harmonics to the spectra. After extracting harmonics, A-, B- and C-scans of each harmonic are
available. Here we only present the C-scans of the fundamental to the fourth harmonics (Fig. 2.33).
The fundamental C-scan of the EB weld, extracted from the measured data (when the low- and high-
pass filter was set to NONE) is shown in Fig. 2.33. Since the fundamental component is dominant, this
fundamenta C-scan looks very similar to the onein Fig. 2.31. The 2nd to 4th harmonic C-scansin Fig.
2.33(b)-(c) were obtained from the data measured with the 5-MHz high-pass filter (six A-scans used
for thes C-scan are displayed in Fig. 2.32). All the SDHs (#1-#3 and #12-#15) and the FBHs (#13-#18)
in the non-welded zone are seen both in the fundamental C-scans and in the 2nd and 3rd harmonic C-
scans. The SDHs #10-#12, the FBHs #14-#15 and parts of the SDHs #2-#3 are possibly recognized in
the fourth harmonic C-scan. The fourth harmonic C-scan can be further improved by adjusting the
amplitude scale.

Comparing the images of the holes in these four C-scans yields that the spatial resolution becomes
better for the higher-order harmonic image. Observation of the grain noise may allow usto say that the

grain noise pattern becomes finer for the higher-order harmonic.
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C-scan of the EB weld in CAN 1 from the raw data
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Fig. 2.31. C-scan of the EB weld in CAN 1 from the raw data.
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Fig. 2.32. A-scans at positions () x=77 mm, y=10 mm (SDH #3), (b) x=159 mm, y=10 mm (FBH #6), (c)
x=82 mm, y=61 mm (SDH #12), (d) x=154 mm, y=61 mm (FBH #15), (€) x=100 mm, y=27 mm (weld), and
(f) x=168 mm, y=27 mm (weld).
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00 (c) A-scan at x=82 mm, y=61 mm (SDH #12)
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Fig. 2.32. A-scans at positions (a) x=77 mm, y=10 mm (SDH #3), (b) x=159 mm, y=10 mm (SDH #6), (c)
x=82 mm, y=61 mm (SDH #12), (d) x=154 mm, y=61 mm (SDH #15), (e) x=100 mm, y=27 mm (weld), and
(f) x=168 mm, y=27 mm (weld).
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(a) C-scan of the EB weld from the fundamental
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Fig. 2.33. C-scans of the EB weld in CAN 1 from (&) the fundamental, (b) the second, (c) the third, and (d)
the fourth harmonic.
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2.4 Grain noise suppression and flaw detection enhancement

2.4.1 Introduction

In the previous research filter bank approaches (i.e., wavelets) was used for clutter suppression
using the phased linear array transducer for both transmission and reception [4]. In the present
research we have aso utilised the two-element transducer (annular array) and a pitch-catch set up with
two different transducers, both having different centre frequencies. This exploits the fact that there are
higher harmonics present in the transmitted signal, as described in Section 2.3, which results in amore
broadband system than using the linear array. Therefore, by using this technique more information
should be gained compared to the previous linear array measurements. In this section the signa
processing efforts, performed on the new measurements, are described. In Section 2.4.3 an attempt to
utilise the harmonic components are described, and in Section 2.4.5 the filter bank methods using
wavelets from the previous report are continued [4]. We have aso used traditional matched filters for
detection of the artificial defects in the CAN1 block, which is described in Section 2.4.4. Since the
weld clutter varies with depth it is reasonable to use afilter that also is depth dependent. This has also
been implemented and is described in Section 2.4.8. Additiona to clutter suppression/detection
deconvolution (Wiener filtering) has been implemented to improve the time resolution, which is
described in Section 2.4.9.

2.4.2 Ultrasonic Data

The investigations presented in this section have mainly been performed on US data from the
CANL1 block. The reason is that this block is well documented and that it is easier to evaluate results
from known defects, which are artificial flaws in the from of drilled holes in this case. Figure 2.34
shows a C-scan from a part of the CAN1 block containing flat bottom holes (FBH) and round bottom
holes (RBH).

20 40 60 80 100 120 140 160

Figure 2.34. Origina C-scan. The vertical (y) and horizontal (x) axes are both in mm.
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The horizontal lines indicates two profiles in the C-scan, one inside the weld zone and one outside

the weld zone, which is used later in this section when the different algorithms are eval uated.

2.4.3 Harmonic Filtering

The use of two transducers with different centre frequencies reveals that the transmitting transducer
is generating a substantial amount of harmonic components outside the fundamental frequency range
of the transducer. Thus, by using the measurement set up described in Section 2.2-2.3, a broad band
system is obtained. In this subsection an attempt to utilise the harmonic components is made. The
hypotheses is that the harmonic components contain the same information as the fundamental
frequency band but with different noise properties. Thus, by using more frequency bands in the
processing more information should be gained about the flaw signals resulting in an improved signal-
to-noiseratio (SNR).

Using the hypotheses that the spectrum is harmonic it is reasonable to use a filter with similar
characterigtics for optimising the SNR. Here, we have utilised a filter with a Gaussian amplitude

distribution in the frequency domain as a prototype and then ‘‘ multiplied” the filter to the second and

third harmonic. Thisfilter has two parameters to tune: the centre frequency f,and the bandwidth B of

the fundamental component. Figure 2.35 shows two examples of the Gaussian comb filter with
different band widths and centre frequencies.

14 14
100 | 1.2r
1 1r
0.8F 1 0.8
0.6r | 0.6
0.4f 1 04r
0.2r 4 0.2
O0 é 1‘0 1‘5 20 00 5 1‘0 1‘5 20
Frequency (MHz) Frequency (MHz)
(@ (b)

Figure 2.35. Two examples of the frequency response of the Gaussian comb filter.

Theideais then to tune the centre frequency and bandwidth to obtain processed data with an improved
SNR. The filter tuning has been performed manually and the parameters were chosen to give the best
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possible SNR. The result is shown in Figure 2.36 as a C-scan image and profiles selected as described

above.

20 40 60 80 100 120 140 160

(a) C-scan. The vertical (y) and horizonta (x) axes are both in mm.
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(b) Upper panel — outside the weld zone, lower panel — inside the weld zone.

Figure 2.36. (a) C-scan and (b) C-scan profiles from data filtered with a harmonic filter, blue — unprocessed, red — processed.

As one can see the performance gain, in terms of better SNR in the C-scan image, is rather limited.
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2.4.4Matched Filter Processing

If aknown signal isto be detected in white Gaussian noise the optimal detector is simply a correlation
between the known prototype S and the input vector X which is known as the matched filter [36,37].
If the noise (e.g. the weld clutter) is not white the matched filter can be generalised with the formula

S=C’'s (2.1)
where C isthe noise covariance matrix [36]. The effect of C™ isboth whitening of the coloured noise
and a compensation of the prototype Sfor the whitening. If the noise is white, that is, C = d?| the

matched filter becomes S =s/d? where J7is the noise variance. Note that if the noise variance is
increasing the matched filter will become more redtrictive (lower the gain) to avoid false alarms. The
prototypes used here are simply responses from flat and round-bottomed holes in the unwelded region.

The covariance matrix is estimated using the standard formula

. 1 N
C :m XnX:; (22)

where the X, are measurements from regions in the weld zone not showing the presence of any defects

(zero mean is assumed). The assumption that the prototype is known is somewhat unrealistic when
real defects are considered, but it is used here to investigate the performance of the optimal detector
when the defects are known (drilled holes). A more realistic assumption is to consider a family of
transients rather than a fixed one. This can, for example, be implemented as a filter bank of matched
filters.

Two experiments have been performed with the matched filter from data on the CAN1 bock, one
with noise compensation and one without noise compensation. The prototype used was a FBH from

the unwelded region. Figures 2.37 and 2.38 show the resulting C-scan images and profiles.
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(8) C-scan. The vertical (y) and horizontal (x) axes are both in mm.
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(b) Upper panel — outside the weld zone, lower panel —inside the weld zone.

Figure 2.37. (a) C-scan and (b) C-scan profiles from data filtered with the 1D uncompensated matched filter, blue—
unprocessed, red — processed.
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(a) C-scan. The vertical (y) and horizonta (x) axes are both in mm.
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(b) Upper panel — outside the weld zone, lower panel — inside the weld zone.
Figure 2.38. (a) C-scan and (b) C-scan profiles from data filtered with the 1D noise compensated (generalized) matched
filter, blue — unprocessed, red — processed.

One can see that the uncompensated matched filter has a similar performance as the harmoninc
filter in the previous subsection, that is the SNR is rather unaffected by the filtering. The noise
compensated matched filter has, though, lower gain in weld region (see the profiles in Figure 2.38(b)).
The SNR in the weld region is, however, similar before and after the filtering. That is, both the clutter
response and the FBH/RBH responses have been attenuated by the same amount in the weld region.

The rather poor performance of the matched filter can have several explanations. First, the

prototype signal and the clutter signa may be too similar to be distinguished, and second, the
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scattering in the weld zone acts as afilter that will change the response from defects in the weld zone.
Since the weld is not a homogeneous medium the scattering effect is very difficult to compensate for.

The matched filter described above takes only temporal correlations into account. One can also
extend the matched filter including spatial correlations as well to obtain a two or three dimensional
matched filter in this way. The advantage of using higher dimensional matched filters is that, by also
including spatial information, the detection performance can be improved. One drawback is that more
filters are needed to take defects of different sizesinto account.

A simple 2-D matched filter, was proposed for the filtering ultrasonic data in both temporal and
spatial frequency domains simultaneoudly [23]. This means that the filter acts both as a band-pass
filter (BP filter) extracting the respective harmonic component and also as a spatial filter suppressing
the ultrasonic responses in directions other than those of the ones defined in the prototype. The
matched 2-D filter requires a prototype, a small matrix that is used as a finite impulse response (FIR)
2-D filter. In our case this matrix is chosen by manually selecting a part of B-scan that is representing
the interesting echoes. A B-scan from the block CAN1 was selected to illustrate performance of 2-D
matched filter. A rectangular B-scan section corresponding to the response of the hole #11 (SDH) was
used as a prototype for the filter (see Fig. 2.39). This matrix was first inverted with 180° and than
convoluted with the processed B-scan using a 2-D convolution operation. To avoid artifacts the
prototype can be windowed by an appropriate windowing function. The result of filtering isillustrated
in Fig. 2.39. It is easy to see that the filter has suppressed the verticd lines and limited the spectrum

(corresponding to the first harmonic in this case).

B-scan before filtering B-scan after filtering
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180 180
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200 400 600 800 200 400 600 800

Figure 2.39. B-scan of the upper holes before (left panel) and after (right panel) 2-D matched filtering. The
vertical axisisin mm, and the horizontal axisisin samples.
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2.4.5 Wavelet Filtering

The wavelet filter, which previously was applied to data from the phased linear array, has also been
applied to the new data from the two-element transducer. Preliminary, this filter showed a promising
ability to suppress clutter in presence of (at least) strong scatterers using linear array data. The wavelet
filter issimply alinear phase, FIR, band-pass filter shown in Figure 2.40.

-0.01f

-0.02

50 100 150 200 1 2 3 4 5 6 7

Time Frequency [MHz]
(8) Sombrero wavelet filter (b) Amplitude Spectrum

Figure 2.40. The wavelet filter.

The center frequency has been increased slightly comparing to the filter used on the linear array
datain the previous report [4]. The scale (i.e. bandwidth) of the wavelet filter was chosen manually in
a similar manner as the parameters for the harmonic filter. The performance is also similar to the
harmonic filter with the difference that the gain for scattering in the weld zone is higher than for the
harmonic filter (this depends of course of the chosen scale). The resulting SNR is however similar (see
Fig 2.41).
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(a) C-scan image. The verticd (y) and horizonta (x) axes are both in mm.
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Figure 2.41. (a) C-scan and (b) C-scan profiles from data filtered with the wavel et filter, blue — unprocessed, red — processed.

2.4.6 Summary of Filtering Experiments

The filters discussed above al showed a similar performance. The gain in SNR is not substantial
for any of the filters. All C-scans look rather similar to the original unprocessed C-scan shown in
Figure 2.34. There may be severa explanations for this behavior. Consider the following, our
objective is to detect ultrasonic signals coming from defects in additive noise. Since defects vary in
shape it does not seem feasible to assume a fixed prototype. However, it is reasonable to assume that
the defects signals have common features, that is, they belong to the same family. The task is then to
detect signals from the defect family in presence of noise, or clutter, which belongs to another signal
family. Detection performance will, of course, be poor if the clutter family and the defect family
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coincide or overlap. Another problem in this particular application is that the weld will change the
response from defects in the weld zone due to scattering effects, that is the response from a FBH will
to some extent look different in the weld compared to FBH:s outside the weld. The task becomes even
more complicated since the scattering from the weld varies with both spatial position and depth. From
our experiments appears that the matched filters with prototypes from SBH:s and FBH:s also respond
strongly to weld clutter which indicates that the clutter and the artificial defect families may overlap.

2.4.7Weld Clutter Properties

The theoretical results for the matched filter above are valid only if the clutter amplitude
probability density is Gaussian. Gaussian nature of disturbances is usually assumed when little is
known about the noise properties, and a matched filter is applied even though it may be sub-optimal.
In order to examine the properties of the weld clutter further, histograms where taken at various depths
in the weld from an ensemble of approximately 4000 A-scans. The mean back-scattered energy from
the weld (i.e. the variance of the weld clutter histograms) is plotted in Figure 2.42 as a function of
depth.

35
301
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[

45 50 55 60 65 70 75
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Figure 2.42. Mean back-scattered energy variance (variance) from the weld in the CAN1 block as afunction of depth z

Clearly, the back-scattered energy is non-stationary and very much dependent on depth. The five
vertical linesin Figure 2.42 indicate the depths where the histograms, shown in Figure 2.43, are taken.
The first lineis in the heat affected zone (HAZ), the second in the top of the weld, the third isin its
centre, the fourth is at the bottom of the weld, and finally, the last one corresponds to scattering from

the wall-lid interface.
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Figure 2.43. Histograms of weld clutter at different depths. Overlaid are also Gaussian bell functions with mean and variance
estimated from the same data as the histogram. (a) HAZ, (b) top of the fusion zone (FZ), (c) centre of the FZ, (d) bottom of
FZ, (e) HAZ, and (f) wall-lid interface. The horizontal axisis the amplitude and the vertical is the number of occurrences.

For reference Gaussian bell functions are overlaid in the histograms with mean and variances
estimated from the same data as the histograms. Thus, if the histogram and the Gaussian bell functions

match well the weld clutter fits a Gaussian distribution well, otherwise, the clutter belongs to some
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other distribution. It can be seen the Gaussian assumption is a reasonable approximation in the heat
affected zones and perhaps in the lover parts of the weld, but not in the upper parts. An explanation for
this is that the grains in the fusion zone are relatively large and by using focused transducers we get
very little averaging of scattering from different grains. The distributions in the lower parts of the weld

are more Gaussian-like due to multiple scattering effects.

2.4.8 Non-stationary filtering

Since the distribution of the weld clutter varies strongly with depth it is reasonable to use different
filters at different depths. One simple method of to accomplish this is to modify the (generalised)
matched filter (2.1) by using a covariance matrix C,which is afunction of depth. This filter will till

be sub-optimal since the clutter is not strictly Gaussian, but it should suppress the grain noise better
than the corresponding stationary filter. Figure 2.44a shows atime frequency plot of the non-stationary
matched filter impulse response. In Fig. 2.44b filter gain for four different frequenciesis also shown as
afunction of depth (time). Note how the filter gain decreases in the fusion zone of the weld. That is,
the filter becomes more “restrictive” in the fusion zone both for weld clutter and the prototype signal.
The reason for this strong attenuation is probably that both the clutter and the prototype have very
similar characteristics. Even though, this approach is optimal in a sense that the probability of
detection is maximised subject to a fixed probability of false alarm, it is not suitable for our
application. Since our main concern is detecting defects (voids) in the fusion zone it does not seem
reasonable to attenuate al information there. One interpretation of the results is that the information in
the 1D A-scan measurements is probably insufficient to distinguish between the two types of
scatterers. This hypothesisis, however, not completely confirmed at this stage of the research.
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Figure 2.44. Frequency response of the non-stationary matched filter as a function of depth. Fig. (a) shows the depth (time)-

frequency plot and Fig. (b) shows the energy distribution as a function of depth in the upper plot and the filter gain for five

different frequenciesin the lower plot.
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2.4.9 Enhancing temporal resolution

As can be seen from the results above the ultrasonic properties of the weld clutter and the
properties of the artificia defects (FBH:s and RBH:s) seems very similar, a least if only one
dimensional processing is considered. Due to this, for example, matched filters give similar output for
clutter and artificial defects. Another problem, which also makes ultrasonic examination more
difficult, is that the measurement system (e.g. the transducer transfer function) smears out the
ultrasonic responses. This can, however, be aleviated by means of inverse filtering of the ultrasonic
datato remove, or at least decrease, the influence of the measurement system. The classical method for
inverse filtering, or deconvolution, is the Wiener filter [35]. The following model is assumed for the

measurements
X=Hr +n. (2.3)

The matrix H is a Toeplitz matrix containing the system impulse responses, r is the so-called
material signature (or material impulse response), and nis the measurement noise, which is assumed

Gaussian. The minimum mean square estimator (MM SE) of r, also known asthe Wiener filter, is
f=C,H'(HC H' +C)™*x (2.4

where, C, isthe covariance matrix of the material signature, and C | is the covariance matrix of the
measurement noise [35]. Both r and n are considered white, that is, the covariance matrices can be
expressed as C, =971 and C_, = 71 . Three measurement combinations has been performed with

the two-element transducer: the 2.26 MHz element was used as both transmitter and receiver, the 4.83
MHz element was used as both transmitter and receiver, and the 2.26 MHz element was used as a
transmitter and the 4.83 MHz element as areceiver. Thus, the three measurements differ in both centre
frequency and bandwidth.? Figure 2.45 shows one A-scan before (upper panel) and after Wiener
filtering (lower panel) containing weld clutter only, where the responses from a FBH has been used as
the impulse responsesin Eq. (2.3). The three A-scans have been taken as close to the same position as
possible (which is determined by the mechanical tolerances of the ALLIN scanner). The

corresponding impul se responses are shown in Figure 2.46.

1 The clutter considered is from experimental data from the CAN1 block. We have considered the clutter to
contain no real defects (voids). The radiographic examination did not reveal any such defects besides the
artificial ones (see Section 1 in this report). However, radiographic examination is only sensitive to defects,
which are aligned along the ray paths. *‘Flat defects” which are orientated perpendicular to the ray paths would
not be seen in the radiograms. Hence, the strong reflections from the weld in the CAN1 block may, though not so
probable, arise from flat voids aligned along the weld (perpendicular to the ray paths).

2 Note also that the 2.26 MHz element has larger aperture than the 4.83 MHz element and is thus better focused.
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Figure 2.45. A-scans from weld clutter using the two-element transducer taken at the same position in the CAN1 block.
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Figure 2.46. Responses from a FBH used as system
impulse responses in the Wiener filter.
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(8) 2.26 MHz Transmitter and Receiver (b) 226 T & R Wiener filtered
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Figure. 2.47 B-scan images from the CAN1 block before (Ieft column) and after Wiener filtering (right column). Note that
the B-scans are taken perpendicul ar of the to the onesin Figure 2.6 (dlong the y-axis instead of the x-axis).
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Note that the 2.26-4.83 MHz combination has the longest impulse response and, thus has the
largest difference before and after processing with the Wiener filter. Examples of B-scan images of
Wiener filtering are also shown in Figure 2.47.

The B-scans in Figure 2.47 also come from the CAN1 and they show mostly reflections from the
weld structure. The response from one SDH is visible in the left part of the B-scans at approx. x =25,
z=58 mm).

As can be seen from Figures 2.45 and 2.47 the resolution has been increased after Wiener filtering
and different layers in the weld appears rather clearly. The 2.26-4.83 MHz pair results in the highest
bandwidth which yields a “richer” frequency content also after deconvolution (i.e. sharper images),
see Figure 2.45(c). The increased sharpness can be utilized, for example, in C-scan imaging. That is,
after sharpening the US data by means of Wiener filtering, C-scans can be extracted at more distinct
depths in the weld (i.e., resolution of the gate used for C-scan extraction can be increased) yielding
more precise information about the location of scatterers. An illustration of the effect of Wiener
filtering is shown in Figure 2.48. Here the mean energy of the A-scansis plotted as afunction of depth
both before and after processing.

0.8 0.8 0.8r

0.6 0.6 0.67

0.4r 0.4r 0.4r

0.2r 0.2r 0.2f

0

50 55 60 65 70 0 50 55 60 65 70 0 50 55 60 65 70
z [mm] z [mm] z [mm]

(8) 2.26 MHZ R&T (b) 4.83 MHz R&T (c) 226R& 4837

1—

1— 1—

0.8 0.8 0.81

0.6 0.6 0.67

0.4f 0.4f 0.4}

0.2 0.2 0.2

o= ; ; ; n o= ; ; ; ; o= ; ; ; ;
50 55 60 65 70 50 55 60 65 70 50 55 60 65 70
z [mm] z [mm] z [mm]

(d) 2.26 MHz R&T Wiener (€) 4.83 MHz R&T Wiener (f) 2.26 R & 4.83 T Wiener

Figure 2.48. Mean A-scan energy (variance) as afunction of depth. Responses from weld clutter from the CAN1 block, were
used for averaging (the artificial defects has been excluded).
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From Fig. 2.48 is clear that the largest energy difference is observed for the 2.26-4.83 MHz pair,
and as it can be seen, the boundaries of the weld can be clearly distinguished as the two strong peaks
in Figure 2.48 (d)-(f). Thisis dueto the longest impul se response for this combination. The peaks from
the weld boundaries should be even more distinct after processing but there will be some spread due
mechanica errors (variations) both during welding and US inspection, as well as statistical variations
of the grains in boundary zones of the weld.? This can be seen in the B-scans in Figure 2.47 above,
where the “boundary lines’ are not really straight horizontal lines (they are dlightly curved). However,
the boundaries are much better pronounced and easier to detect after Wiener filtering. One can aso
think of using an adaptive estimator to estimate the weld boundaries after Wiener filtering and use this
information for setting adaptive gates when generating C-scans.

% The peak corresponding to the lower weld boundary will have some additionally spread due to multiple
scattering as well.
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(b) C-scans from the middle part of the weld.
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(c) C-scan from bottom of the weld.
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(d) C-scan from the wall-lid interface parts of the weld.
Figure 2.49. C-scans examples from the different parts of the weld before and after Wiener filtering in the CAN1
block using the 2.36-4.83 combination (upper panels — unprocessed, lower panels Wiener filtered). The vertica (y)
and horizontal (X) axes are both in mm.
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Four examples of C-scans are shown in Fig. 2.49. The same time-gates have been used for both the
Wiener filtered and the unprocessed C-scans. Since the resolution has increased the weld clutter has
decreased in some time-gates, which is perhaps most easily seen for the middle part of the fusion zone
in Fig. 2.49(b).

The general conclusion from signal processing investigations is that it seems difficult to increase
the SNR in C-scan imaging by means of filtering since the defect- and clutter responses seem very
similar. The quality of the C-scans can however be improved by increasing the resolution, by means of
Wiener filtering. By using this technique, more precise determination of the flaw depth is possible

which isvita information for flaw characterization.

2.5 Conclusions

In this chapter, evaluation of EB welds has been presented. The evaluation was focused on three
different aspects: ultrasonic properties of EB welds (such as scattering, sound velocity and
attenuation), harmonic imaging of EB welds, and grain noise suppression aimed at flaw detection
enhancement.

Scattering from EB weld has been investigated using three broadband, spherically focused
transducers with different center frequencies, 2.26, 4.83, and 8.65 MHz. The study have shown that
using transducers covering different successive frequency bands provides richer information on
scattering and attenuation and thus yields better ultrasonic characterization of EB welds. The results
indicate that the best frequency range for characterizing weld structure is between 2 and 5 MHz.

Two types of harmonic imaging of EB welds have been considered using different sources of
harmonics. The first source, referred to as transducer harmonics, originates from the high-order
resonant modes of transmitters excited by a broadband pulse. The second source, material harmonics,
stems from the nonlinear distortion of waves propagating in materials.

In the study of transducer harmonic imaging, a broadband transducer with a higher center
frequency received harmonics from a transducer with a low center frequency. The transducer
harmonic imaging technique exploits additional information due to transducer harmonics. The results
from the study show that the spatial resolution increases with the order of harmonic component, i.e.,
the higher order harmonic gives the better spatial resolution. The observed resolution improvement
agrees with the theory since the higher harmonic components correspond to the shorter wavelengths.

The material harmonic imaging has been conducted in a systematical way. The tone burst for
exciting the transmitter was first appropriately adjusted to guarantee that the fundamental resonant
mode was excited and the higher resonant modes’ excitations were limited to a very small level. Then
harmonic generation has been made in water. Strong nonlinear waves in water have been observed and
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the harmonics up to fifth order showed up. The experiments conducted in copper block have shown
presence of harmonics up to fourth order. Finally, the harmonic generation was made in a copper
canister CAN 1 with an EB weld. The harmonics up to third order from the EB weld have been clearly
seen, and the fourth harmonic from some artificia defects were also visible. The ultrasonic images (C-
scans) of the fundamental, and the higher harmonics have been extracted. From this preliminary
experimental study, we can conclude that the spatial resolution becomes better and the grain noise
pattern becomes finer for the higher-order harmonic image. Further exploration of nonlinear elastic
waves and advancing the materials harmonic imaging technique for ultrasonic NDE seem be
promising and stimulating, similarly as the tissue harmonic imaging technique in medica
ultrasonography has resulted in significant improvement in image quality.

The signal processing investigations have been continued with the aim to refine ultrasonic imaging
and to perform better clutter suppression. Various filters have been designed to improve detectabilty of
defects in EB weld zones. Techniques such as standard matched filtering, wavelet filters and a special
harmonic filter that utilizes harmonic components in ultrasonic signals have been investigated. A
common requirement for success of these approaches is the presence of a significant difference in
ultrasonic responses from defects (voids) and weld clutter. This means that spectral and/or phase
difference between the signals due to detects and clutter should exist, otherwise detection is not
possible. The results from the filtering experiments indicate that this is actually not the case. That is, it
does not seem to be enough difference between the responses from artificial defects and welds to
construct a good clutter suppression/detection algorithm of the form used here, and the gain in terms of
signal-to-noise ratio is, therefore, not dramatic after processing. Note that this is specific to the
measurement setup that is used here. If the measurement setup is changed the possihilities for clutter
suppression may also change.

However, filtering had some positive effects, for example, applying 2-D matched filters to the
images removed the unwanted, low frequency oscillations coming from the transmitter and
smoothened the images. Even the C-scan image quality could be slightly improved without losing
spatial resolution.

The time resolution is another important issue in US evaluation of EB welds. Poor resolution
means that the US responses to different scatterers are smeared and, hence may overlap. This impairs
the quality of, for example, C-scan imaging. Therefore, classica Wiener filtering has been
implemented in order to remove, or a least decrease, the smearing that the measurement system
induces. The results, after processing (or deconvolving) the US data with a Wiener filter, show a
substantial improvement in temporal resolution. It is much easier to see the layered structure in the
weld after processing, which eases the interpretation of the measured data. The C-scans extracted from
the decovolved US data exhibit a significantly improved SNR. The improvement depends on the flaw
location, the best success is observed for flaws located in the upper part of EB weld, above the strong
scattering layer.
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3 Quantitative Evaluation of Attenuation in Copper

3.1 Introduction

Evaluation of attenuation is one of the important issues in materials characterization as well asin
weld evaluation. In our previous work [1, 2], a method for quantitative evaluation of attenuation in
solids had been developed for the ALLIN ultrasonic array. The quantitative evaluation was
accomplished by determining the effective geometrical parameters for the array [3] and then
correcting for the diffraction effects of the array. This procedure for quantitative evaluation of
attenuation is applicable to not only arrays but also to transducers with different geometries (curved
and planar), and, thus, it is rather general. The method used for calculating the diffraction was based
on the model, the extended angular spectrum method (ASA) that was developed in our early work [3]
and applicable to both curved and planar transducers. Due to the limited frequency bandwidth (nearly
60%) of the 3-MHz array, however, the frequency range of the attenuation evaluation was very
limited. In the present work, we have extended the frequency range of the attenuation evaluation by
using transducers with different center frequencies and covering different frequency ranges. To
achieve the quantitative evaluation, the transducers have been calibrated, and the diffraction effects
have been corrected. The whole work has been conducted in the following three tasks:

(i) characterization of spherically focused circular, and annular transducers,
(if) modeling elastic fields radiated by the focused transducers into immersed copper,

(ii1) evaluating attenuation in copper blocks using the transducers.

Y () , (©)

Concave Crystal Crystal| Acoustic Lens
/

Rise

Fig. 3.1. Two types of the commonly used structures of the spherically focused transducers.

Spherically focused transducers are among the most commonly used transducers for focusing
sound beams. Most often seen in practice are the structures of two types shown in Fig. 3.1. One is

made up of a concave crystal (see Fig. 3.1(a)), and the other consists of a plane crystal coupled with
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an plano-concave acoustic lens in front (see Fig. 3.1(b)). Originaly, we intended to use three
PANAMETRICS transducers (V392, V307 and V315) from our laboratory for the evauation of
attenuation. They have nominal center frequencies of 1, 5 and 10 MHz, and nominal diameters of 38,
25 and 19 mm, respectively. They are all spherically focused and the focal lengths, measured using
steel ball targets in water were found to be, respectively, 190.0, and 191.1, and 181.3 mm. The 5 and
10-MHz transducers are of the latter type, as in Fig. 3.1(b). Unfortunately, the structure and some
important transducer parameters necessary for our model (like sound speed and shape: spherical or
parabolic, and radius of curvature if it is spherical of the lenses) are proprietary, and thus not
available. Therefore, we used instead a spherically focused two-element transducer that had been
designed and used for material harmonic imaging (see Chap. 2 of this report). The outer and inner
elements have different center frequencies, namely, 2.26 and 4.83 MHz, respectively. This means that
the focused transducers of the first type are of our interest (Fig. 3.1(a)).

Various theories for calculating the radiations from spherically concave transducers have been
developed since 1940s [4, 5], and based on these theories a number of methods for characterizing
transducers from measurements have also been established. A large amount of literature is available
concerning the theories (see [4-10] and also the references in [2, 3]) but quite a few references is
concerned with the characterization methods [11-14, 3]. Comprehensive reviews of the literature on
the theories and methods have been made in our recent reports, [2] and [3]. However, since the
existing characterization methods (cf. [11-14]) are developed in frequency domain (for continuous
wave) their implementation requires optimization of experimental procedures (see [12-13]). In the
present work, we have proposed a new method for characterizing spherically focused transducers. The
characterizing method is based on the spatial impulse response method, and thus implemented in
pulse mode, i.e., in time domain. Although the method is proposed for the case of spherically focused
transducers, it is also applicable to other transducers of different geometries, both curved and planar,
such as cylindrically-concave, planar-circular, and planar-rectangular transducers. Simplicity is the
main advantage of the proposed method comparing to the others, known from literature.

After the transducer characterization, elastic waves in immersed solids have been cal culated based
on the extended angular spectrum approach in [3]. Since the transducers are axisymmetric, the fields
need be calculated in two dimensions only. However, the transducers are curved and the Hankel
transform does not apply (it is only usable for planar transducers with axisymmetry or for one-
dimensional transducers). The idea of the extended angular spectrum approach in [3] has been
employed in the present work, and a new algorithm with increased efficiency has been developed for
calculating angular spectra of such transducers. Elastic fields in copper block immersed in water were
computed using a procedure as proposed earlier in [3, 2].

Experimentally evaluated transducer parameters and simulated elastic fields in the immersed

copper block were used for calculating pulse echoes from the front and back surfaces of the solid.
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Finally, attenuation of the solid was evaluated with the log spectral difference method, presented in

our recent report [2].

3.2 Characterization of spherically focused transducers

It is well known that the geometric parameters, e.g., radius (or diameter) and foca length, of a
transducer given in a specification are just nominal, and they result in some error when they are used
in a theory of calculating acoustic fields [3, 11-15]. Therefore, determination of the effective
geometric parameters of a transducer, referred to as transducer characterization [14], is required for
obtaining accurate calculated results that fit the measured results. The number of geometric
parameters specifying a transducer varies with the transducer’ geometry. For a planar circular
transducer, one parameter, i.e., radius, needs to be characterized [15]. For a spherical circular
transducer, two parameters: radius and focal length (or radius of curvature) are to be characterized
[11-14]. For a spherical annular transducer, three parameters, inner and outer radii and focal length,
are to be characterized. A characterization method is established based on a certain theory of acoustic
calculation. The theory used in the present work is the spatial impulse response method, which is one
of the commonly-used theories for acoustic calculations [6-9, 20] and has been verified for curved

transducers both numerically [10] and experimentally [16-20].

Fig. 3.2. Geometry of the spherically focused transducer with

two concentric €l ements.

3.2.1 Characterization method and itstheory

We will characterize a two-element annular array transducer, shown in Fig. 3.2. It consists of two
concentric elements with radius of curvature of 210 mm (that is the focal length, denoted by F in the

figure). The inner element is spherically circular with a 10-mm radius (denoted by a,), and the outer
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is spherically annular with a 10-mm inner radius (represented by a,, with negligence of the gap
between the elements) and a 19-mm outer radius (represented by a, ). The outer and inner elements

have the center frequencies of 2.26 and 4.83 MHz, respectively.
The method for characterizing such transducers is established based on the spatial impulse
response method (SIRM). Pressure field p(r, t) at any point r is calculated using SIRM by convolving

the normal velocity v, (t) on a transducer surface with the derivative of the transducer’s spatial

impulse response (SIR) h(r, t) [20],
P = Po%y (O D0 =, ) T 1,0, (31)

where p, isthe density of the medium,

on(r,t)

= (3.2)

hp(r!t) :pO

which isusually referred to as the pressure spatial impul se response.
In pulse-echo mode (echo from a point scatterer) the output of a transducer can be calculated by
[20]

V(t) =VoV, (8) Th, (r,8) Th (r,1) =Vov,, (t) Thoo (1, t) (3.3)

where V,, isaproportional constant, and

hoe (1) =hy (r,t) Ohy (1) (3.4)

is called echo pressure SIR.

For both spherically circular [6-8] and spherically annular transducers [7], their SIRs are available
inanalytic form that is givenin Appendix 3-A.

To work out the characterization method for the spherically circular and annular transducers, we
first look at the procedure of the SIRM for calculating a pulse echo from a point scatterer for the
transducers of both types, respectively. For this study, the coordinates are arranged in such away that
the z-axis is just coincident with the transducer’s axis and the y-axis is in the radia direction of the

transducer (Fig. 3.2). The point scatter is positioned on the axis at z= 40 mm.
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In the case of a spherically circular transducer with a 4.83-MHz center frequency, we obtained a
normal velocity pulse v, (t) on the transducer surface from a measurement (Fig. 3.3(a)). The duration
of the pulseis 0.87 us. The SIR h(r, t) can be calculated analytically (see Appendix 3-A), and at the
position, y=0 and z=40 mm, and with the nominal radius (10 mm) and focal length (210 mm). The
calculated SIR is shown in Fig. 3.3(b). h(r, t) is rectangular, starting from t, (=26.936 us) and

ending at t, (=27.609 ws), which makes t,—t,=0.673 us.

(a) Normal velocity pulse, vn(t) (b) Spatial impulse response, h(r,t)
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Fig. 3.3. () The normal velocity pulse on the spherically circular transducer, (b) the spatial impul se response
(SIR) on the axis at z=40 mm, (c) the echo pressure SIR, and (d) the output of the transducer, the pul se-echo from

the point scatterer.

Thetimeinstants t, and t, are calculated in the following manner (see Appendix 3-A)

t, = z/c, (3.59)
t,=ya’ +(z-9? /e, (3.5b)
where
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e=F-yJF?-a?. (3.6).

At t, and t; where the derivatives of h(r, t) are two pulses (two J(t) functions) with the same
amplitude. In the forward field radiated by the transducer, the first one is positive and results in the
direct wave, and the second is negative (the inverted replica of the first) and results in the edge wave.
The echo pressure SIR h,,.(r,t) can be further obtained by convolution (Eg. (3.4)), as displayed in
Fig. 3.3(c). Unlike h(r, t), h.(r,t) hasthree spikes, three J(t) 's at time instants 2t,, t,+t; and 2t,,
which are separated by the time difference of (t,-t,). The first impulse J,(t) is the echo impulse of
the direct wave, the second 9, (t) with two times as large amplitude as J, (t) and atime delay (t;-t,)
is the inverted replica of the first one, and the third impulse J,(t) with the same amplitude as 9, (t)
and atime delay 2(t, -t,) isjust the replica of the first one. The output of the transducer, a pulse echo
from the point scatterer, is proportional to the result of convolution of the normal velocity pulse v, (t)
with the echo pressure SIR h . (r,t) (cf., Eq. (3.3)), and shown in Fig. 3.3(d). The three pulsesin the
received signal V(t) start at time instants 2t,, t,+t, and 2t,, respectively. Since t,—t,=0.673 us is
smaller than 0.87 us, the pulse duration of the normal velocity v, (t), the starting instants of the

second and third pul ses overlap with the ending instants of the second and third pulses. Therefore, the

two time instants, t,+t, and 2t; cannot be distinguished from this received signal V(t) of the

transducer. However, if al three time instants are measured with atime delay At (e.g., a the second
negative peaks of the first and third pulses and the second positive peak of the second pulse) then the
first and second pulses do not overlap with the second and third one, respectively, at the delayed
instants (t,+t, + At and 2t, + At ). Therefore, the time differences of the three successively measured
instants (2t, +At, t,+t, +At and 2t, + At ) are the same, that is t,-t, = At .

Based on the above analysis, we can now develop a method for characterizing spherically circular
transducers. Making a measurement in such a way that the transducer and the point scatterer are put

close enough and on the axis, we can, from the measurement, obtain a time difference At,, equal to

the time separations of the spikes of the echo pressure SIR h, (r,t) . Then from Eq. (3.5) we have

Atm:tl—tozﬁlaz+(z—e)2 —zﬁ/c. (3.7)
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Since two parameters, a and F, are to be determined, we need two measurements at two distances.
Assuming that the two time differences At,, and At are obtained from two measurements at z, and

z,, , then we can determine the effective radius and focal length,

8y =lath +2, f - (z -7, (39
Fur =(a§ff +e2)/2e, (3.9)
where

(cat), F - (cath F +2c(atlyz, - atlz, )

. 2(le ~Z ) .

(3.10)

Two approaches can be used to measure the time difference. The first approach consists in direct
measuring corresponding peaks of the pulses. For example, in Fig. 3.3, the second negative peaks of
the first and third pulses, and the second positive peak of the second pulse. The time difference
between the first and the second pulses and the one between the second and third pulses are identical,

i.e, t, +t,. The second approach is to shift the traces of the same pulse echo signal; when the first

pulse is completely overlapped with second one, we obtain the time difference between the first and
second pulse; and when the second is completely overlapped with the third, we get the time difference
between the second and third pulses. In comparison, the first approach is simple and straightforward
but vulnerable to noise, and the second approach needs a little more manipulation, but is more
accurate and much less sensitive to noise influence.

To characterize a spherically annular transducer, we have to determine three geometrical
parameters, inner and outer radii, and focal length. Using a similar way, we obtain procedure of the
SIRM for calculating a pulse echo from a point scatterer for the annular transducer, shown in Fig. 3.4.
The annular transducer has the lower center frequency and thus the fundamental frequency of its
normal velocity pulse 2.26 MHz (Fig. 3.4(a)). The pulse duration is 1.74 us. In the forward field

from an annular transducer there is no direct wave present but there are two edge waves from the
edges of the inner and outer circles, respectively. Thus, in the pulse-echo case, the echo pressure SIR,

shown in Fig. 3.4(c) , which looks similar to the one of the spherically circular transducer shown in

Fig. 3.3(c), has three spikes at different time instants determined by 2t™, t*+t®* and 2t2,

respectively. Here t and t2% are expressed by

2 =,/a +(z—el)2/c, (3.11a)
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t2? =\JaZ +(z-¢,)% /e, (3.11b)

where

e =F-F?-a7, (3.12a)
e,=F - F2-a2. (3.12b)

(b) Spatial impulse response, h(r,t)

(a) Normal velocity pulse, vn(t)
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(c) Echo pressure SIR, h (r,t)/p2
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Fig. 3.4. (a) The normal velocity pulse on the spherically annular transducer, (b) the spatial impulse response
(SIR) on the axis at z=40 mm, (c) the echo pressure SIR, and (d) the output of the transducer, the pulse-echo from

the point scatterer.

If using asimilar approach as for the spherically circular transducer, we have

At =t22 -t = g/ag +(z-e,)? —y/al +(z-¢)? . (3.13)

From three on-axis measurements at three different distances, z,, z, and z,, , we can find the

effective inner and outer radii, and the focal length. However, it is tedious and difficult to solve the
set of three equations Eq. (3.13). Therefore, we circumvent this difficulty using an alternative means,

that is, using the time differences between the corresponding time instants obtained from different
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measurements. For instance, from the measurements made at z,, z, and z,, , we can obtain the time

differences
= =B+ (2, )7 - o+ (2, ~e)? . 3149
AL =g _gatl :5/312 +(z, -&)° _\/a12 +(z -e)° Oe. (3.14b)

for the inner radius, and the time differences

A2 =ga2il_gaz =§/a§ +(z, - &,)? _\/ag +(z -&)? Oc. (3.159)

A2 = a2l _ya2i =5/a§ +(z, -8)° _\/a§ +(z -&)° O/c. (3.15b)

for the outer radius.

From Egs. (3.14) and (3.15), we can find the three effective geometrical parameters in the

following way,
e =B -(2, -8)?, (3.16)
Bour =yBL ~ (2 —&5)% (3.17)
Fur =(a12eff +e12)/2el ,or Fy =(a§eff +e§)/2e2 , (3.18)
where

- 22 -22-2z,-2)e - (CAtfll,ll,l )2

Ba , (3.19)
2cat!!
2 2 a2l |2
B., = zi -zt -2z, -2)e, - (C‘Atl ) (3.20)
a2 ZCAth'”" ! :
2 2
e = %Zﬁl - Z|2 - (CAtial’“l’l ) _ Zﬁ - Z|2 - (CAtlal'”’l ) % [(2(z,, -z) 2z -7 )S (3.21)
T cAt cAtE i cAt cAt
2 2
e = %Zﬁl - Z|2 - (CAtlaz’m'l ) _ Zﬁ - Z|2 - (CAtlaz’“’I ) % (2(z,, -z) 2z -7 )S (3.22)
2 T cALz2 I catz2h g cAtz2 catz2 N

Ultrasonic Inspection of Copper Canisters 39



Methods for characterizing both the spherically circular and annular transducers based on the
SIRM have been developed above. In sequel, these methods will be referred to as spatial impulse
response characterization methods (SIRCM).

3.2.2 Measurements and transducer characterizations

Transducer characterization requires some measurements of its field, for instance, the
measurement of field scattered from arigid point scatterer in pulse-echo mode. Since a point scatterer
is a theoretical concept, unavailable in practice, a small drill (0.3-mm in diameter) with a flat end
directed towards the transducer was used as its approximation.

Care must be taken when measuring some parameters, like sound velocity and distances of
transducer movements. The sound velocity in water was measured using a step-like steel plate with
each step hight 2-mm. Since the sound velocity in water varies with temperature and we do not have a
room with stabilized temperature for our measurement system, it had to be measured each time when
acoustic field measurements were conducted. The measured value of sound velocity was 1485 m/sin
the room temperature.

Another important thing is to find the transducer axis precisely. As mentioned above, the on-axis
SIR is needed for transducer characterization. If the axis is missed in a measurement, the off-axis SIR
is obtained, and this will cause some errors in transducer characterization. Smaller spatial sampling
intervals (small steps of the scanner step motor) yield smaller error and a more accurate
characterization. To achieve this, we tried different sampling intervals (e.g., 0.25, 0.1 and 0.05 mm)
and finally, a 0.05-mm sampling interval was chosen for the measurements. Fig. 3.5 shows two cross-
sectional images of fields from the small scatterer located at z = 35 and 40 mm, respectively. The
scanning area was only 2x2 mm. From such cross-sectional images we located the pulse echo signals

that were as close to the transducer axis as possible (the signals at the origins of the images). In this

case, the maximum possible displacement error was 0.05/ V2 mm if the transducer axis was just in

the middle of the two sampling positions in both the x- and y-directions.

(a) Cross-sectional field at z=35 mm (b) Cross-sectional field at z=40 mm

Fig. 3.5. Cross-sectional
images of pulse-echo field for
the spherical annular
transducer from the small
scatterer located at (a) z=35
mm and (b) z=40 mm.

For a sphericaly
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concave transducer, two geometrical parameters, radius and focal length, need to be determined. Two
measurements were made at two different distances z=35 and 40 mm, and the pulse-echo signals that
were closest to the transducer axis, are shown in Fig. 3.6(a) and (b), respectively. Time differences

obtained from Fig. 3.6 are: At,,=0.7759 and 0.6636 ws for z=35 and 40 mm, respectively. Inserting
these parameters into Egs. (3.8)-(3.10) resulted in a4 = 9.86 mm and Fy =223.5 mm. Inserting the
nominal parameters, a= 10 mm and F = 210 mm, yielded respective values: At,,=0.7889 for z=35 and

0.6734 us for 40 mm.

For a spherically annular transducer, three geometrical parameters, inner and outer radii and focal
length, had to be determined. We chose three measurements made at  z=33, 35 and 37 mm, and
selected the pulse-echo signals that were closest to the transducer axis (Fig. 3.7). The values obtained

from the figure and measuring the corresponding time instants in the way as shown in Fig. 3.4(d),

were respectively: At?"'=12838 s, At"!'=25740 pus, At2*'"'=11800 us, and
At2*"' =2.3755 us. Putting these data in Egs. (3.16) — (3.18) yields: a, =10.7 mm, a, =18.3

mm, and Fg =232 mm.

(a) Echo pulses from the scatterer at z= 35 mm
T

T T T T T T
100

50

Amplitude
o

-100 - n

(b) Echo pulses from the scatterer at z= 40 mm
T T T T T T T

100 m

50

Amplitude
o

53 53.5 54 54.5 55 55.5 56 56.5 57
t[ps]

Fig. 3.6. Echo pulses of the spherical circular transducer that come from the small scatterer located at (8) z=35

mm and (b) z=40 mm.
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(a) Echo pulses (z= 33 mm)
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o

45 46 47 48 49 50 51 52 53
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(b) Echo pulses (z= 35 mm)
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(c) Echo pulses (z= 37 mm)
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-100
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Fig. 3.7. Echo pulses of the spherical annular transducer that come from the small scatterer located at (a) z=33

mm, (b) z=35 mm, and (c) z=37 mm.

It should be pointed out that all the effective geometrical parameters were determined directly
from measurements using simple calculations; for example, by using the measured time difference
defined by Eq. (3.7) in Egs. (3.8) — (3.10) for the spherically circular transducer, and those defined by
Egs. (3.14) and (3.15) in Egs. (3.16) — (3.22) for the spherically annular transducer.

To verify the obtained effective geometrical parameters, we will put them into the SIRM-based
model, then calculate the respective pulse-echo fields and, finally, compare with the measured ones.

However, we need norma velocity pulse excitations v, (t) for the transducers of both types to

achieve this. We deconvolved the measured data with the calculated SIR at z=40 mm using the

method presented in our previous work [2,20] (smplified Wiener filter). However, we could not
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obtain satisfactory results since even atiny deviation of the measurement position from the position of
the calculated SIR may cause a large error that in turn results in the failure of the deconvolution. To
circumvent the problem we used acoustical knowledge concerning transducer radiation. Let us
conside as an example the measured data at z=40 mm for the spherically circular transducer (Fig.

3.5(b)) to show how the normal velocity pulse v, (t) was obtained. We take the part of the first pulse
from the starting instant to the instant of the second positive peak, then take the part of the third pulse

from its second positive peak, and connect these two parts in serial. As aresult we obtain the v, (t)
shown in Fig. 3.3(a). Similarly, we used the measured data at z=35mm and obtained the v, (t) for the

spherically annular transducer (Fig. 3.4(a)). ). Using the effective geometrical parameters to calculate
the SIR, and using the normal velocities, we have, from Eq. (3.3), calculated the pulse-echo fields for
both transducers. The calculated results for both transducers are shown Figs. 3.8 and 3.9, respectively,
together with the corresponding measurements. Comparison of the results in these figure demonstrates
that using the effective geometrical parameters obtained using the SIRCM in the SIRM-based model
provides a good prediction.

To depict the difference between the results calculated using the nominal geometrical parameters
with the measured results, we show comparison of the measured and calculated results for the
sphericaly circular and annular transducers in Figs. 3.10 and 3.11, respectively. For the spherically
circular transducer, a minor difference between the measured and calculated results appears (Fig.

3.10) but for the spherically annular transducer, the difference is quite large (see Fig. 3.11).
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(a) Echo pulses from the
T

scatterer at z= 35 mm
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(b) Echo pulses from the scatterer at z= 40 mm
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(c) Echo pulses from the scatterer at z= 50 mm
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(d) Echo pulses from the scatterer at z= 60 mm
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Fig. 3.8. Comparison of the measured and calculated results for the spherical circular transducer when the small
scatterer is located at (a) z=35 mm, (b) z=40 mm, (c) z=50, and (d) z=60. The effective radius and focal length are

used in the calculations.
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(a) Echo pulses from the scatterer at z= 33 mm
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(c) Echo pulses from the scatterer at z= 37 mm
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Fig. 3.9. Comparison of the measured and calculated results for the spherical annular transducer when the small
scatterer islocated at () z=33 mm, (b) z=35 mm, (¢) z=37, and (d) z=40. The effective inner and outer radii, and

focal length are used in the calculations.
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(a) Echo pulses from the scatterer at z= 35 mm
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(b) Echo pulses from the scatterer at z= 40 mm
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Fig. 3.10. Comparison of the measured and cal cul ated results for the spherical circular transducer when the small
scatterer islocated at () z=35 mm, (b) z=40 mm. The nominal radius, and focal length are used in the

calculations.
(a) Echo pulses from the scatterer at z= 33 mm
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(b) Echo pulses from the scatterer at z= 35 mm
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Fig. 3.11. Comparison of the measured and calculated results for the spherical annular transducer when the small

scatterer islocated at (@) z=33 mm, (b) z=35 mm. The nominal inner and outer radii, and focal length are used in
the calculations.
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3.3 Modeling of ultrasonic fields radiated by spherically focused transducers

It has been demonstrated in Sect. 3.2 that the acoustic fields radiated by spherically focused
circular and annular transducers into homogeneous fluid media can be calculated by the SIRM and the
transducers of the two types can be characterized by the SIRCM. Now, in this section we will
calculate the elastic fields radiated by the transducers into immersed solids. In this case, the SIRM is
not applicable. In our early work, we used the angular spectrum approach (ASA) to calculate elastic
fields from planar transducers and arrays [21,22], and developed the extended ASA for curved
transducers with the application to cylindrically curved arrays [3]. The extended ASA will be applied
here to the case of spherically focused transducers. Since spherically focused transducers are
axisymmetric the 2-D integral for calculating the angular spectra can be reduced to 1-D integral. For a
planar circular transducer, the integral is the well-known Hankel transform [23]. However, the Hankel
transform does not apply to a spherically circular or annular transducer. In this work, we have
developed a new algorithm to calculate the angular spectra for spherically focused transducers, and
applied it to modeling elastic fields in immersed solids. Full description of the new algorithm can be
found in Appendix 3-B. This section is focused on the modeling of the elastic fields in immersed
solids. The theories of the ASA for the case of axisymmetric transducers are presented in detail in
Appendix 3-C.

From Appendix 3-B (Eq. (3-B.22)) it follows that the angular spectrum (in the z=z, plane) of a

spherically focused (annular) transducer (with inner and outer radii, a, and a,, and focal length F) in

afluid can be calculated from

V(6,2,) = 2ncj pks'”e péﬁzi F+F2-p @(cosé?@odp (3.23)

A spherically circular transducer can be thought of as a special case of the annular transducer with

a,=0and a, =a.

The acoustic field in the fluid can be obtained by superimposing the decomposed plane waves in
Eq. (3-23),

ml2

p(po.2) :% ‘[v(e, 2,)3,(pksinB)sin@exp|j(z - z,)k cosdd6 . (3.24)
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The (longitudinal wave) LW elastic field radiated by the transducer into the immersed solid can be
constructed by superimposing all the decomposed plane waves in Eq. (3-23) that propagate into the
solid, in the following way (c.f., Egs. (3-C.4) and (3-C.7)),

2

AR IVL (6, 0,26

ml2
:% (T OV (ksing,2,)3,(pksinB) sinBexp|j(z,, - z,)kcosh+ (2~ z,,)k, cos6,[d6),
T

(z=2zg). (3-25)

Consider a specific case where a copper block is immersed in water with a 30-mm water path
length. The calculated acoustic fields (in water without the block) from the 4.83-MHz circular and
2.26-MHz annular transducers are shown in Figs. 3.12 and 3.13, respectively. The elastic fields from
both transducers in the block are shown in Figs. 3.14 and 3.15, respectively. Note that the elastic
fields start from z=30 mm because the water layer ranges from z=0~30 mm.

The upper panels of the figures show the fieldsin color scale and in the area of y=-16~16 mm and
z=10~270 mm for the circular transducer and of y= —25~25 mm and z=10~270 mm for the annular

transducer, and the lower ones show their on-axis fields.
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Acoustic field |p(p,z)|/poc from the 4.83-MHz spherically circular transducer.
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Fig. 3.12. Acoustic field from the 4.83-MHz spherically circular transducer.

Acoustic field |p(p,z)|/p0c from the 2.26—MHz spherically circular transducer.
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Fig. 3.13. Acoustic field from the 2.26-MHz spherically annular transducer.
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Elastic field |v(p,z)| from the 4.83—-MHz spherically circular transducer.
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Fig. 3.14. Elastic field from the 4.83-MHz spherically circular transducer.

Elastic field |v(p,z)| from the 2.26—MHz spherically circular transducer.
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Fig. 3.15. Elastic field from the 2.26-MHz spherically annular transducer.
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3.4 Evaluation of attenuation in copper blocks

Ultrasonic attenuation of a material is one of the important parameters related to the materia’s
macro- and microstructure. Thus quantitative evaluation of attenuation provides the information about
mechanical properties of the material. Quantitative evaluation of attenuation requires correction for
transducer diffraction effects. To achieve this we have developed the tools for calibrating the
transducers used for the evaluation (Sect. 3.2), and calculating their ultrasonic fields (Sect. 3.3,
Appendices 3-B and 3-C).

Attenuation evaluation is conducted in the immersion-pul se-echo scheme as shown in Fig. 3.16. In
this scheme the pulse echoes from the front and back surfaces of the copper plate are used. When the
plate is not thin, the diffraction effect cannot be neglected and it will cause significant error in the
evaluation, or in some situations it may even result in an unreasonable evaluation. This has been

demonstrated in our previous work [2].

Transducer
er prB
A
Zs P
y  Fuid p, ¢ Y Front surface
Solid Ps» €L Cs . ,
D Fig. 3.16. Immersion-pulse-echo scheme for
Back surface attenuation evaluation.

Assuming that the pulse-echoes from the front and back surfaces are (p, (t)) and (p,g(t)), and

their spectra (or the continuous wave component at frequency «) are (P, (w)) and (P,s(w)), the

LW attenuation coefficient is evaluated with diffraction correction in the manner [2],

1, [(Pee (@)/{Bore ()]

a (w)=——In

2D |< Ps (w)>/< Pors (w)>| ’

(3.26)
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where <50,q (a))> are the fields from the front (g=F) and back (gq=F) surfaces (usually calculated) with
a, =0. Asthe attenuation in afluid (usually water) is very small and neglected, the echoes from the

front surface are the same, i.e., (B¢ (w)) =(Por (@)) . We get asimpler alternative,

|< Pors (w)>|
a, (w)—ﬁl m. (3.27)

a, inEgs. (3.26) or (3.27) isin NP/m, and for dB/m, use the conversion, 1 NP = 8.686 dB. (B, (w))

are obtained from measurements, and <50rq (w)> from calculations. We will work out the calculating

Of (PBorg (@) below.
Using the work presented in Sect. 3.3 and Appendix 3-C, we can cal cul ate the reflected fields from
the front (g=F) and back (g=B) surfaces at frequency «w,

ml2

Bual(0,26) = ‘[ P, (6., 2,0)d6. (3.28)
JT

In pulse-echo mode, a transducer is used both as transmitter and receiver. The reflected fields are
measured by the same transducer as it is used for transmitting. For a spherically focused transducer

the measured pressures can be expressed as (c.f., [2])

a

(Bq@)) = I [Pute# ipapap= J’ Pu(p 212 (329
-p

1

where z=f(p)=F -/F?-p?, a <p<a, defines the surface of the sphericaly focused
transducer. It should be noted that, when Eq. (3.29) is numerically implemented for the case of

a, =0and a, =a, the axisymmetry makes its numerical form be,

Prq (@) __Dpr 0, f(0)w prban, (o, =mha), (3.30)
< . > Es«q( Aa Z I:prq pmif(pm ) E

SH VF? - o5 g
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where M is determined from Eq. (3-B.25) in Appendix 3-B so that the aliasing error can be
minimized.
The pulse-echoes from the front and back surfaces, namely, the pressures measured by the receiver

can be abtained by inverse Fourier transform of Eq. (3.29),

(P (®) =fm (Brq(@))e ™ dav. (3:31)

The evaluation of attenuation was made for copper canister CAN 1 using both the sphericaly
circular (4.83 MHz) and annular (2.26 MHZz) transducers (characterized above) in the experimental
setup shown in Fig. 3.16. The measured and calculated back surface echos were used for the
attenuation evaluation using Eg. (3.27).

The ultrasonic signal from the 4.83-MHz transducer is illustrated in Fig. 3.17, and the calcul ated
results, the front and back surface echoes corresponding to those in 3.17 (b) and (c), are shown in Fig.
3.18. The evaluated attenuation versus frequency is plotted in Fig. 3.19, in which a reference line
a, =0.025f (dashed) isgiven and the attenuation is in expressed dB/mm.

Similarly, , the ultrasonic signal measured for the 2.26-MHz transducer is shown in Fig. 3.20, and
the calculated results, the front and back surface echoes corresponding to those in 3.20 (b) and (c), are
presented in Fig. 3.21. The evaluated attenuation in function of frequency is shown in Fig. 3.22,

where a reference line o =0.017f - 0.018 was plotted and the attenuation was also expressed in

dB/mm.
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(a) Measured ultrasonic signal from CAN 1 (4.83—-MHz transducer)
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Fig. 3.17. Ultrasonic signal measured using the 4.83-MHz spherically circular transducer on copper
block CAN 1. The signal is from the non-welded zone. (a) The overal signal, (b) the front surface
echo, and (c) the back surface echo.

(a) Calculated front echo (b) Calculated back echo (nonattenuated)
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Fig. 3.18. Calculated ultrasonic signals corresponding to those shown in Fig. 3.17. (a) the front surface
echo, and (b) the back surface echo.
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3 Attenuation vs. frequency
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(a) Measured ultrasonic signal from CAN 1 (2.26—-MHz transducer)
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Fig. 3.20. Ultrasonic signal measured using the 2.26-MHz spherically annular transducer on copper
block CAN 1. The signa isfrom the non-welded zone. (a) The overall signal, (b) the front surface
echo, and (c) the back surface echo.
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(a) Calculated front echo (b) Calculated back echo (nonattenuated)
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Fig. 3.21. Calculated ultrasonic signals corresponding to those shown in Fig. 3.17. (a) the front surface
echo, and (b) the back surface echo.
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< 0.02} evaluated using the 2.26 -MHz transducer.
Measured and cal culated back surface
echoes shown in Figs. 3.17(c) and 3.18(b),

1 2 3 4 5 6 respectively, were used for the evaluation.
Frequency f [MHz]

3.4 Conclusions

Quantitative evaluation of attenuation has been performed in pulse-echo mode using two
spherically focused transducers with center frequencies of 2.26 and 4.83 MHz. Accurate attenuation
evaluation requires correction of transducer diffraction effects. The accurate correction required
effective transducer parameters. To achieve this a new method for determining effective geometrical
parameters of the transducers was developed. The characterization method is based on the spatial
impul se response method used for computing acoustical fields. It is easy to use and requires a simple
calculation only. Two transducers have been calibrated using this method so that their effective

geometrical parameters, radii and focal lengths, have been determined.
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Then a new algorithm, the & -space algorithm, for the ASA has been developed for axisymmetric
transducers. It is both efficient and accurate compared to the existing k-space algorithm used in the
ASA. Acoustic and elastic fields radiated by the spherically focused transducers have been calculated
using this algorithm and the effective geometrical parameters.

Attenuation evaluation was carried out in the immersion-pulse-echo scheme in which the pulse
echoes from the front and back surfaces were used. By further applying the 8 -space ASA, the pulse
echoes from the copper block CAN 1 immersed in water were calculated so that the diffraction effects
were corrected in the calculated results. Using the calculated and measured echoes for the two
spherically focused transducers the attenuation in CAN 1 was evaluated. The obtained results show
that the attenuation in copper canister is realtively small, its value is in the range of 0.1 dB/mm at 4
MHz.
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Appendix 3-A. Spatial impulse response of spherically circular and annular

transducers

The spatial impulse response of a spherically circular transducer, h(r, t), is given in the following

table.
h(r, t) Region | Region Il Region 111
0 t<t, t) <t t<t
cF to <t<t, t, <t<t, -
de
cF1 _hit)0O t, <t<t, t, <t<t, t, <t<t,
——C0S "G—-[J
de 77 x40ls
0 t, <t t<t, t, <t
y
e
a
0
z
Region | F Region Il
Region llI . .

Fig. 3-A.1. Geometry of a spherically focused
transducer and the regions specified for its spatial
impul se response.

In the table,
t, =(F -d;)/c, (3-A.1a)
td =(F+d.)/c, (3-A.1b)
t=y@a-y)?+(z-9°/c, (3A2)
t2=\/(a+ y)2+(z—e)2/c, (3-A.3)
de(v,2) =4y*+(F -2?, (3-A.4)
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e=F-JF?-a*,

F-e. 1 F?+d?-c*?0
n)=6;—+
siné tand 2d; 0

oft) = Ej: _EMHZSIZ,
g0 H

The three regions specified and some relevant notations are given in Fig. 3-A.1.

The SIR of a spherically focused annular transducer with an inner radius a, and an outer radius a,

can be easily found by

ha(rlt) :haZ(rlt) _hal(r1t)1

where h,, (r,t) and h,,(r,t) arethe SIRs of the spherically focused transducers with radii a, and a,,

respectively.
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Appendix 3-B. A new algorithm for implementing the angular spectrum
approach for axisymmetric transducers

3-B.1 General consideration

An acoustic field from a curved transducer with surface S represented by z= f(x,y) in terms of

pressure at frequency «w isexpressed by the Rayleigh integral in the following manner [20],
B(r) = —%J’Eﬂ (r ’)w ds, (3-B.1)

where V. (') is the norma velocity on the transducer surface, r =|r —r’|

=\/(x— X)2+(y-y)? + [z— f(x’,y’)]2 is the distance from source point r’ on surface Sto field
point r in the medium, p, is the density, c is the sound velocity, and k= w/c is the wave number.

The Rayleigh integral for the curved transducer can be solved by the extended ASA [3],

S . expljixk, + vk, +(z-z)k
B(X Y, 2) = prCJ' I Vik, k,iz=2,) olilek, + v, + (2-2) Z)]dkxdky, (z32,),

(2m)? k.
- (3B.2)
V(k,.kyiz=2) =J’L T x ’ZO’S;(X Y el joxk, + vk exelilz - 06,y )k Joxay,
(3-B.3)

where k, =kn,, k, =kn,, k, =k? ~k? -k? =k,[1-nZ -n2 are the spatial frequenciesin the x-,

y- and z-directions, respectively, S,, isthe area of the projection of the surface Sonto the x-y plane,

1
JE o) + (1, 000 +2

cosd, =

, (3-B.4)

where f,(x,y) and f (x,y) arethe partial derivatives with respect to x and y, respectively. In Eq.

(3-B.3), the condition z, > max[f (X, y’)] must be met in order to ensure that V(k,,k,;z=2) is
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dways finite for al k, and k,. Egs. (3-B.2) and (3-B.3) constitute the conventional algorithm of

implementing the ASA and the extended ASA.

In the polar coordinates, using the following relations of the coordinate transform,

X=pcos¢, y=psing, (3-B.5)
k, =k, cosy, k, =k,sny, (3-B.6)

the transducer surface equation is of theformof z= f (o, ¢), and Egs. (3-B.2) — (3-B.4) becomes,

blo.¢.2)= (kp°) [V (ko 2= 2) e, cosl - w>]exp[j(f<'zl)kz]kpdkpdw, (38.7)

VK, ,2=2,) = _[ _[ "(isfg(p D epl- ik, poosts ~w)]exelilz - 1 (p.4))k.] g
(3-B.8)

cosé, = ! , (3-B.9)

00 +(1,0.00f +1

where k, =kn,, k, =\/k? -k2 =k\1-n2, f,(p.¢) and f,(p.¢) arethe partial derivatives with

respect to p and ¢ , respectively.

3-B.2 Algorithmsfor implementing the ASA for axisymmetric transducers

For a transducer that is axisymmetric, the surface equation z=f(x,y) becomes

z=f(x* +y?)=f(p), and Egs. (3-B.7) — (3-B.9) becomes,

Blp.7) =2 ‘[V(kp,z=zl)Jo(ﬂ<p)eXp["(i' AL (3B.10)
V(k, z=2)= 271’ (Cosg(")) ok, p)exdli(z, - T () ]odp, (3-.11)
cosé =;, (3-B.12)
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where J,(x)= (j/zn)ﬁ”eixcose d@ isthe zeroth-order Bessel function. For a planar transducer located

in the plane of z=0, cosé@,=1, f(p)=0, and Egs. (3-B.11) and (3-B.10) become the zeroth-order
Hankel transform. Since this algorithm conducts the calculation of angular spectra and fields in the k-
space, it is called k-space algorithm.

Our early research [21,22,24-26] has shown that aliasing error exists because exp[j(z - zl)kz] in
Eqg. (3-B.10) is always undersampled. Thus some optima selection of numerical parameters is
necessary to minimize the aliasing error in calculations. Here we propose another method to reduce

the aliasing error and to improve the calculation accuracy.

By making a variable transformation of

k, =ksing, (3-B.13)

Eqg. (3-B.10) turns out to be

arcsin(ny,)

lim Iv(g, Zl)Jo(,Oksine) exp[i(Z— Zl)kcose]

k cos@

~ _ko,c

(o, 2) = > k sinék cos&d@

np_>oo

k2 Cljrlz
=X Fo E‘[V(B,zl)JO(pksinB)sinHexp[j(z—zl)kcose]dé?

21T
(3-B.14).

(<)

+.[V(,B, 2,)3,(k cosh B)cosh Bexp|- (z - z,)k sinh 6]dB

I

In Eq. (3-B.14), the following things have been considered. Since the integration limits to k, are
from O toinfinity, then n, = kp/k =sin@ goesfrom 0 to infinity. Therefore, 8 will be real valued for
n,<1and & becomesimaginary for n,>1. When & isredl, it ranges from O to n2/2, and in this

case, 6 isthe angle of the propagation direction of a plane wave with respect to the z-axis, and =0
for n,=0, and &=7/2for n,=1. When it isimaginary & will be replaced with jg . Obviously, in
Eqg. (3-B.14) the first term represents the homogeneous waves and the second represents the
inhomogeneous waves that attenuate very rapidly as z increases because of exp[— Zksinh 9] .InEq. (3-

B.14), it can be seen that in this case the singular point at the lower limit (8 =0) is eliminated.
The angular spectrum in Eg. (3-B.11) turns out to be
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00

V(8,2)= 27'1%Jo(ksiné’,o)exp[j(zl ~ f(p))kcosb]pdp . (3-B.15)

z

From the variable transformation in Eq. (3-B.13), it follows that, if & is sampled in equal angular

interval A6 =constant, then k, (or n,) is sampled in unequal interval. Since this algorithm conducts

the calculation of angular spectra and fields in the 8 -space, it is called 8 -space algorithm. This will

yield a good reduction of aliasing error, which will be shown in the following section.
It should be noted that the inhomogeneous parts, Ik°° (Qdk, , in Eq. (3-B.10) and, I(;” (DA, in Eq.

(3-B.14) attenuates very rapidly as z increases, and thus are neglected almost without loss of accuracy
when z is not extremely close to the transducer surface. In the present study, therefore, only the

homogeneous part will be used to construct the field.

3-B.3 A special case: spherically focused transducers

A spherically focused transducer is axisymmetric. Consider the transducer that has a uniform
normal velocity on its surface, has a geometry with radius a and focal length F, and is positioned in
such away as shown in Fig. 3.1. Mathematically, the normal velocity is expressed by

V(0. f(0)=1, (3-B.16)
the surface can be represented by the equation,

z=f(p)=F —[F2 - p? ,(p<a). (3-B.17)
Egs. (3-B.12) becomes

cos8, =+[F2-p? F . (3-B.18)

Egs. (3-B.10) and (3-B.11) (for the k-space algorithm) become

k

Blp, 2)= kZOTCIV(kp , zl)JO(pkp)eXp[j (i_ 2)k,] k,dk,,, (3-B.19)

z
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V(k, 2)= 271:{ expalﬁz1 F+F2- Z%Zgodp, (3-B.20)

in which the inhomogeneous waves are neglected.
Egs. (3-B.14) and (3-B.15) (for the 8 -space algorithm) become

ml2

‘[v(e, 2,)3,(pksinB)sin@exp|j(z - z,)k cosdd6 (3-B.21)

_ _k?p,c
plp.2) ==

V(6,2,) = 271:.[ pks'ng éﬁz _F4yF2- @(cosggodp, (3-B.22)

in which the inhomogeneous waves are neglected.

For a spherically annular transducer with inner and outer radii, a, and a,, the algorithm only

needs a small modification for the angular spectrum calculation, that is, replacing the lower limit O
and the upper a in Egs. (3-B.20) and (3-B.22) with a, and a,, respectively. Actually, a spherically

circular transducer can be thought of as a special case of the annular transducer with a, =0 and a, =a.

3-B.4 Efficiency and accuracy

The efficiency of the new algorithm (the @ -space algorithm), Egs. (3-B.21) and (3-B.22), will be
demonstrated by comparing with the k-space algorithm, Egs. (3-B.19) and (3-B.20), in the case of the
spherically circular transducer. The transducer is assumed to have a uniform normal velocity

(v, =constant) on the surface, a 9.86-mm radius and a 223.5-mm focal length.

To minimized the aliasing error, sampling frequency larger than or equal to Nyquist frequency
should be used. For the k-space algorithm, it is exp%(z— 2),/1- k2 Ethat should be sampled at a

sufficiently fine sampling interval (i.e., a sufficiently high rate) with respect to k,, but it is

undersampled in most cases, and thus some optimization is necessary [24-26]. For the @ -space

algorithm, it is exp[j(z -z)k cosB] that needs being sufficiently sampled. Since the "instantaneous

frequency" of exp[j(z— z,)k 0059] is[25]

f, (0 )———[(z 2,)kcosd] =% Zl) . (3-B.23)
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To eliminate the aliasing error the sampling frequency used needs to meet the Nyquist frequency

requirement, that is,

Fme 2(2; 2) Z(Z; 2) i =21, (6), (3-B.24)

where A is the wavelength in the medium. From the above equation it follows that the number of

sampling pointsfor 6=0~7/2 is

> 2(Zmax B 21)

N, > =22,

(3-B.25)

where z.. is the maximum dimension of the field to be calculated in the z-direction. The above

equation will be used in the following calculations.

To evaluate the accuracy and efficiency of the two algorithms, the on-axis acoustical fields of the
spherically focused transducer are calculated from the algorithms and compared with the analytical
solution [4,5],

- _pove g oy oo ) . !
p(p,z)-—l_Z/F éexp[sz] expé]k\/z +(1-z/F)aF sn%%, (3-B.26)

where a =arcsin(a/ F).
The angular spectra calculated by the k- and & -space algorithms are shown in Fig. 3-B.1(a) and (b),

respectively. The difference is the horizontal axis, the direction cosine n, in Fig. (a), whereas the

angle @ in Fig. (b). The sampling points used are 4500 for the k-space algorithm and only 1500 for
the @ -space agorithm. But the field constructed from the k-space agorithm shows large aliasing
error (Fig. 3-B.2(Q)), whereas the field from the @ -space algorithm has very small aliasing error (Fig.
3-B.2(b)). This demonstrates that the & -space algorithm is much better than the k-space algorithm,

both in efficiency and accuracy.
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Fig. 3-B.1. Angular spectra of the spherically circular transducer calculated from (&) the k-space method and (b)
the @ -spcae method.

(a) On-axis fields from the k—space algorithm (dotted) and the analytic (solid)
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(b) On-axis fields from the 6—space algorithm (dotted) and the analytic (solid)
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Fig. 3-B.2. Comparison of the on-axis fields of the spherically circular transducer calculated from the analytic
solution (solid) and from (&) the k-space algorithm (dotted), and (b) the & -space algorithm (dotted).
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Appendix 3-C. Theories of the ASA for modeling acoustic and elastic fields
from axisymmetric transducers

In this appendix, the theories of the ASA for modeling acoustic and elastic fields radiated by
axisymmetric transducers are presented. An acoustic field isthe field in a fluid, and an elastic field is
the one radiated by a transducer into a solid. In the present case, the doid is a plate with planar
surfaces and immersed in a fluid. Assuming that such a solid plate has a thickness of D and its two

interfaces are positioned at z=z,, and z=z,+D. At both interfaces, reflection and refraction will
occur. The reflected and refracted fields will be formulated below.

It is known that a time-harmonic field of the curved transducer with Vv, (x,y,zw) can be
represented by an angular spectrum of plane waves, V(k,,k,;z), in a plane a z=z. For a
axisymmetric transducer, the angular spectrum (in the z= z, plane) in afluid can be calculated by (Eq.

(3-B.15) in Appendix 3-B)

p _—
V(6.2,) =21 I % 3o(ksin@p)expl(z, - f () cosé] oo (3-C1)

Spherically focused (circular or annular) transducers are a special case of the axisymmetric
transducers. A spherically circular transducer can be thought of as a specia case of the annular

transducer with a, =0 and a, =a.

plar®

Flud — p, ¢

Solid s S,

Fig. 3-C.1. Propagation of aplanewavein
afluid and asolid plate immersed in the
z ‘ fluid.
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A pressure plane wave in the fluid at point ( p, z) can, thus, be expressed by

P(8; p,2) = p,ck?V(8,2,)3, (oksin) sin@ exp|j(z - z,)k cosb)]. (3-C.2)

The propagation of this plane wave in a fluid and a solid plate immersed in the fluid is shown in
Fig. 3-C.1. When this pressure plane wave in Eq. (3-C.2) propagates on the immersed solid plate it

will, at interface z=z,, (>z,), be partly reflected back into the fluid, and partly transmitted into the

solid in the modes of alongitudinal wave (LW), a shear wave (SW), or other wave modes. Here only
the LW is considered.

The reflected wave at the front interface (z= z,,) can be written, in terms of pressure, as

P (6; 0,2) = R (6)P(6; p, 2,5 exp|- [ (z— )k cosb]
= pock?V (6, 2,)3,(pksinB)sindexpl- j(z+2, -2z, )kcosf], (z5z4),  (3-C3)

where R (6) isthereflection coefficient at the fluid/solid interface.

The transmitted LW in terms of particle velocity can be written as

LK T OP@: p.2) explj(z- 2 )k, |

) koo ’

= [k KT (O)V (kSin@, ,)3, (oksin @) sin@explj (z;, - 2,)kcosd + j(z- 2, )k, cos, |
(zz2z), (3-C.9)

VL(Q! 101 Z)

where T (6) is the transmission coefficient at the fluid/solid interface, L= (psing, +Zcosd, ) isa

unit vector defining the propagation and polarization directions, k, =k coséd, , and §_ isthe LW

refraction angle determined from the incident angle 8 and the Snell’'slaw stating ksind=k, sing, .
At the back (solid/fluid) interface (z=z + D), the transmitted LW is reflected and the reflected

LW can be written as

Vo (6:0.2) =L Ry (B)V, (6; 9.2, + D) exp|- (2~ 2, ~ D)k, ]

=L,k kRy ()T (6)V(ksing,z)J,(oksind)sing

x exp[j(zfS - z)kcosf - j(z—-z; —2D)k, cosBL]
(z(sz=2,+D), (3-C.5)
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where Ry (€) is the reflection coefficient at the solid/fluid interface, and I:, =(psing, —zcosb,) .
At the front (solid/fluid) interface (z=z,), the reflected LW V| istransmitted, and the transmitted

LW in the fluid in terms of pressure again can be written as

_ kpoCTy (O, (6: p. 2o expl- (2= 2 )k,
K
= 0, 0k?T, ()R (O)T o (O (ksing, 2,)3, (pk snB)sing
xexp|- j(z-2z,, +2,)kcos@ + j2Dk, cosé, |
_T4 (O)Rs ()T (6)
R(6)

Ps(6;0,2)

exp[j 2Dk, cosB, [P (6, p,2), (z<zy). (3-C.6)

The reflection and refraction coefficients at the fluid/solid interface, Ry, and T, and those at the
solid/fluid interface, Ry and Ty , are given in [28]. Inserting the relations k, =k, + ja, into the

above equation, the LW attenuation of the solid plate can be explicitly expressed.

The acoustic (p, P, and p,g) and elastic fields (v, and V, ) due to the radiation by an
axisymmetric transducer can be obtained by superimposing the corresponding decomposed
components (P, P, Pg, V., and V, in Egs. (3-C.2), (3-C.3), (3-C.6), (3-C.4), and (3-C.5),

respectively) in the following general relation,

ml2

§(0.2) = ‘l' G(6,p,2)d6. 3C)
2
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