Localization of notches with Lamb waves
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A time—frequency representatigifFR) is used to analyze the interaction of a multimode and
dispersive Lamb wave with a notch, and then serves as the basis for a correlation technique to locate
the notch. The experimental procedure uses a laser source and a dual-probe laser interferometer to
generate and detect Lamb waves in a notched plate. The high fidelity, broad-bandwidth, point-like
and noncontact nature of laser ultrasonics are critical to the success of this study, making it possible
to experimentally measure transient Lamb waves without any frequency biases. A specific TFR, the
reassigned spectrogram, is used to resolve the dispersion curves of the individual modes of the plate,
and then the slowness-frequency representd86iR of the plate is calculated from this reassigned
spectrogram. By considering the notch to be an additidgeatond source, the reflected and
transmitted contributions of each Lamb mode are automatically identified using the SFRs. These
results are then used to develop a quantitative understanding of the interaction of an incident Lamb
wave with a notch, helping to identify mode conversion. Finally, two complementary, automated
localization techniques are developed based on this understanding of scattering of Lamb waves.
© 2003 Acoustical Society of AmericdDOI: 10.1121/1.1593058

PACS numbers: 43.20.Mv, 43.35.C¢HB]

I. INTRODUCTION the perfect and notched plajeme compared, and modes are
o i automatically classified into different cases, depending on
Our objective in this research is to develop an automateghoir jnteraction with the notch. These results are used to

lﬂevelop a quantitative understanding of the interaction of an

waves to locate a notch. The experimental procedure usesiﬁ‘cident Lamb wave with a notch, helping to identify mode

laser source and a dual-probe laser interferometer to generate .
conversion.

and detect Lamb waves in both notched and perfect plates.”  _ o
Finally, two complementary, automated localization

The high fidelity, broad-bandwidth, point-like, and noncon- hni develoned based on thi derstandi f th
tact nature of laser ultrasonics are critical to the success &FC niques are developed based on this understanding ot the

this study, making it possible to measure transient Lamiscattering of Lamb waves. One technique isolates the contri-

waves without any frequency biases. Experimentally meaputions of the signal reflected from the notch by performing
sured time—domain Lamb waves are first transformed int& correlation of a series of SFR spectra, each calculated with

the time—frequency domain by calculating the reassigne&"ﬁer‘?”t' assumed propagatiqn distances. This correlgtion
spectrogram, a time—frequency representatioRR); this  teéchnique uses an understanding of Lamb wave scattering—
TFR resolves the individual modes of the plate and generatd§" example, the knowledge such as which modes are re-
its dispersion curves. The reassigned spectrogram is thdlgcted, but not mode convert¢and through which frequen-
normalized with respect to propagation distance by convertcies helps refine the proposed correlation localization
ing it to a slowness-frequency representatiSffR—this is ~ procedure. The second technique uses a goodness-of-fit met-
a quick and simple calculation. ric when allocating(identifying) the transmitted, and mode
A procedure is then developed to identify the reflectedconverted wave field to determine the notch location. These
and transmitted contributions of each Lamb mode by considtwo complementary techniques can be combined to provide
ering the notch to be an addition&econd source. The two independent predictiorignd thus increase accuracer
SFRs from each of the interferometric prob@sd in both can be used separately. Considering the arbitrary nature of
the geometric relationship between the notch, the source, and
dAuthor to whom correspondence should be addressed. Electronic maiﬁach of the receivers in a real application, this robustness is
laurence.jacobs@ce.gatech.edu especially important; the effectiveness of the proposed local-
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ization procedure is not dependent on the notch being locater Source Probe 1 Probe 2
between the laser source and the receivers. ds
Previous researchers have used Lamb waves for materic
characterization(see Chimenti for detail9, but a Lamb
wave’s multimode and dispersive nature makes an interpre d do ds
tation of time—domain signals difficult. In contrast, TFRs
operate on time—domain signals, are capable of resolving th
individual modes of a plate, and naturally lead to the

ds

slowness-frequency representation. TFRs are well known ir§ g%—rj

the signal processing communitsee Cohehfor a review of 115

TFRS. Previous research has shown that TFRs based on th 305 :

short-time Fourier transform{STFT)—spectrogram, reas-

signed spectrogratr-and the (pseudd Wigner—Ville FIG. 1. Experimental setuimensions in mm

distributiorf are particularly well suited for representing

Lamb waves. The spectrogram Is effective in thls'appllcatlo cs). Laser detection of these waves is accomplished with a
because of its constant time—frequency resolution over al

times and frequenciésLemistre et al5 and Wilcox et al® ual-probe, heterodyne laser interferometer originally devel-
used the TFRg of Lamb waves for t.he damage detec.tion ioped by Bruttomesset al,” and extended by Hurlebais

ite plat hile Vallet al’ dti f?‘l' ht in th be a dual-probe receiver. This instrument uses the Doppler
composite piates, while vallet al. used ime-o-mgntintor— sp;¢ 15 simultaneously measure out-of-plane surface velocity
mation calculated from a reassigned spectrogram to loc

a . . ;

. . article velocity at two points on the surface of the plate.

notches in cylinders. Hurlebaust al® used the TFRs of t-ff)he Nd:YAG Igser fires?at t=0) and generates a LF;mb
Lamb waves and a correlation of the reflected contribution tQNave af the source locatiofablation source This Lamb

localize n_otches in pIate;, but their resea_rch does not reqm(ﬁave is independently measured by each of the interferomet-
(nor was it developed wibhan understanding of the scatter- fic probes(as a transient, time—domain signafliscretized

g ?Df a I'_amb wave b%/ a n(;]tch. died the i . L#sing a digital oscilloscope with a sampling frequency of 100
revious researchers have studied the interaction NHz, low-passed filtere¢a linear phase analog Bessel fijter

guided Lamb waves with a crack. Liet al® investigated at 10 MHz, and averaged over 60 Nd:YAG shitsincrease
transient scattering of Lamb waves by a sun‘ace-breakinghe signal—,to-noise ratjo

crack, while Cho and Rostapplied the boundary element Two different plate specimens are considered in this re-

”.‘eth"d to determine the trgnsm|SS|on and reflectlo_q C()e‘cf'éearch. One plate specimen has no defects and is identified as
cients from a surface breaking defect. Lowe and Diligént

4 Diligent et al 2 ined th teri fthe | ,t the “perfect plate,” while the second has a single milled
and Drligentet al.— examined the scattering of the IoWest 0y anq is referred to as the “notched plate”—the plates

fsymmetr:ic (502] rr?oge frorrr: Iboth a regta?gular nptch,lsand are identical otherwise, made of 3003 aluminum, with di-
rom a through thickness hole, respectively. Castaetgs. mensions of 305 mx 610 mmx 0.99 mm. The notch has a

used modal decomposition and an air-coupled ultrasonic "&lepth of 0.5-0.1 mm, a widthw, of 1.6+0.1 mm, a length
ceiver to model the interaction of Lamb waves with a crack; f 305 mm(full plate width) and is located on the centerline

this study used the noncontact and high fidelity nature o 0 610 mm dimension of the plate. The relatively large
a|r-coupled_ u_Itrasound, and ger?era'_ced s_electe_d_ mOd‘?ﬁate size (305 mm610 mm) is needed to minimize the
(through a limited frequency bandwidtivith an interdigital- interference of reflections from the plate edges and all mea-

like (IEL)] ttransm|tt(::r. Th'; IS :jnb cogtrastlttp thde cIiJrregt ' surements are made in the center of the plate. Figure 1 shows
sezrfh a I_genera es al roadband, muitimo ed am twavﬁ’!e notched plate specimen, together with the location of the
and then refies on signa _process(mge reassigned Speclio- ,ser source and each of the two interferometric probes—the
gram to resolve the individual modes of the plate. Note that

; . ) . ~source and probe 1 are always on one side of the notch,
an alternative approach is to use the two-dimensional Fou”%hile probe 2 is on the opposite side of the notch. Note that

14,15 H H
transform(2D-FT) to develop the dispersion curves. The the source and both receiving probes are on the same face of

2D-ET is robust, but has the disadvantage that it require§ne plate, while the notch is on the oppositeaccessible
multiple, equally spaced waveforms. In contrast, the currenﬁ,jme'd1 is the distance from source to probe ds is the

approach only requires a single waveform, while the ProcesSyistance from probe 1 to the centerline of the notch, dyis
ing involved in transforming this single time—domain Lamb '

) . , the distance from the centerline of the notch to probe 2.
wave tp a SFR is computationally straightforward, and Calhefine da=dy+dg, dg=da+d,, andds=d;+2d,. Lamb
be easily automated. waves are measured at a variety of propagation distdfmes
comparison and verification purpo$ds/ holdingd, andd,
fixed (30 mm each, which is approximately 30 plate thick-
nessekgfor all experiments, and varyind, from 50 to 85
The experimental procedure makes high fidelity,mm (in 5 mm increments
resonance-free, point-like noncontact measurements of Lamb A time—domain Lamb wave signal is transformed into
waves over a wide frequency ran¢B00 kHz to 10 MHz.  the time—frequency domain using the STFT, essentially
Broadband Lamb waves are generated with an Nd:YAG lasethopping the signal into a series of small overlapping pieces.
source(see Scruby and Draififor details on laser ultrason- Each of these pieces is windowed and then individually Fou-

Il. EXPERIMENTAL PROCEDURE, TIME-FREQUENCY
AND SLOWNESS-FREQUENCY REPRESENTATIONS
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rier transformed. The STFT of a time—domain signai(t), 800

is defined as
700

1 (= )
S(a),t):ZjiweileS(T)h(T—t)dT, (1) 600

where h(t) is the window function and» is angular fre-
guency. The energy density spectrum of a STFT is defined a:®

sle [£]

Slowness

Eq(w,)=S(w,1)|?, )

and is called a spectrogram.

TFRs such as the spectrogram suffer from the Heisen-
berg uncertainty principle, making it impossible to simulta-
neously have perfect resolution in both time and frequéncy. : : :
The resolutions in time and frequency are related to eact | . i . i . j i i i
other, and limited by the inequglityrfa&v%O.ZS, whereo, ¢ 1 2 3 Fr:quem;f [Mgz] T8 9w
and o, are the standard deviations for time and frequency,
respectively. The equality holds for a Gaussian window FIG. 2. SFR of perfect plate.

[h(t) in Eqg. (1)]; the current research uses a Hanning win-

dow to compute the STFT because it allows for relatively,oss o) Transformation nonlinearities are avoided by se-

small S|gna! dlstg)rtlon,. while ensuring smoqthness of th%cting the SFR to represent the experimentally measured
windowed signat® The time—frequency resolution of a spec- time—domain Lamb wave signals

trogram is solely controlled by the window size and type,

and is independent of frequency. Choosing a narrow window
provides for good resolution in time, but poor resolution in IIl. EXPERIMENTAL INTERACTION OF A LAMB WAVE

frequency, whereas a wide window leads to better frequenc;V/WTH A NOTCH

resolution and worse time resolution. This study uses a 384-  Figure 2 shows the square rodor better visibility) of
point window for the time—domain signals measured at a 10@he energy density spectrum of the SFdbtained from the
MHz sampling frequencysee Niethammeet al® for de-  reassigned spectrograrmeasured in the perfect plate for a
tails). propagation distance of 70 mm, together with the theoretical
An improvement in the time—frequency resolution of a Rayleigh—Lamb solutio® presented as solid lines and iden-
spectrogram is achieved by applying the reassignmentfied as either symmetrics;, or antisymmetrica;, modes.
method, developed by Auger and FlandiiiThe reassign- There is excellent definition of seven experimentally mea-
ment method reduces the time—frequency spread of a spesured modess,—s, anda,—a3) and all these experimental
trogram by relocating “energy” from its old position, coor- modes match the theoretical solutiogimo experimental
dinates(t, w), to new, reassigned coordinates, ). modes are unaccounted fointerference during the reas-
The reassigned spectrogram transforms an experimeisignment procedure causes some “fuzziness” in the vicinity
tally measured time—domain Lamb wave signal into theof the intersection of modesNote that Fig. 2 is also a rep-
time—frequency domain. This transformation enables a moreesentation of the propensity of a particular mode to be ex-
quantitative interpretation of the Lamb waVvéut it is still  cited by the laser sourc@nd noting that the laser interfer-
difficult to compare reassigned spectrograms of measuremeter used in this study only measures out-of-plane
ments made with different propagation distances. This diffinotion), meaning that not all portions of a mode.g., a;
culty is due to the fact that arrival time is a function of below 2 MH2 can be considered in this study. However, Fig.
propagation distance, which causes different time shifts foR can be thought of as the SFR of the Lamb wave that is
different propagation distances. It is possible to normalizencident on the notcliin the notched plate specimen
these Lamb waves with respect to propagation distance by Now consider SFRs for the notched plate. Note that the
considering either the group velocity—frequency representaaotch location is now assumed to kieownin order to study
tion, or the slowness-frequency representatf®RR). Define  the scattering phenomena; this knowledge will then be used
group velocitycy, for any propagation distance, and time,  to determine an unknown notch location in Sec. IV. Figures
t (for each frequengyas cy=d/t, while (energy slowness, 3(a)—(b) show the SFRs for propagation distances of 70 mm
sly, is defined asl,=t/d. (d;) and 130 mm @,)—simultaneously measured by probes
The calculation of group velocity from a TFfRke the 1 and 2, respectively—together with the theoretical solution
reassigned spectrograwith a fixed propagation distanae  for the perfect plate presented as solid lines. Modes above a
is a nonlinear operation in that transforms an equally slowness of about 65@s/m in Fig. 3b) that do not match
spaced time grid to an unequally spaced grid in group velocany theoretical mode lines are due to reflections from the
ity, cq. This is in contrast to the slowness transformation,plate edges, are spurious, and are not included in the follow-
which is a linear operation i—the equally spaced time grid ing discussions. A comparison of SFRs of the perfect plate
is transformed to an equally spaced grid(emergy slow-  and the notched plate shows that a significant portion of the

100 - o : EUUUPTOTR R SO PO ST
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800 would highlight the reflected modé%.The reflected(and

nonconvertefl modes in this SFR would coincide with the
theoretical modes. This “reflected” SFR would also contain
modes that do not fit the theoretical solution—referred to as
extraneous modeswhich will be discussed in detail later.

Now, compare the probe 2 signal for the notched plate
[Fig. 3(b)] with the perfect platé€Fig. 2). The probe 2 SFR
only contains the transmitted portion of the signal, and Fig.
3(b) shows modes that do not fit the theoretical solution.
These modese.g., between 300-50@s/m, 2—4 MH32 are
also identified as extraneous modes, and are due to the inter-
action of the incident Lamb wave with the notch.

An explanation of extraneous modes is based on a hy-
pothesis that treats the notch as an additi¢eetond source
‘ v : ‘ that “creates” the reflected and transmitted modes. In addi-
o ; ; : ; ; ; ; ; ; tion, this development recognizes that these reflected and
0 1 2 3 4 5 6 7 8 9 10 transmitted modes all propagate within the same plate, so
they should all be able to be represented as the theoretical
modes of the perfect plate—all modes must satisfy the
Rayleigh—Lamb equations of the perfect plate. These extra-
neous modes violate this requiremétitey do not fall on a
theoretical mode linebecause the SFRs are calculated under
the (possibly incorregt assumption that the same mode
propagates from the laser source to the notch, and then from
the notch to the receiveeither probe 1 or probe)2If this
were truly the case, then there would be no extraneous
modes present.

The scattering of Lamb waves by a notch is a compli-
cated process, with mode conversion, and a humber of other
phenomena possible. Mode conversion in this context means
that the energy propagates with madeuring the propaga-
tion from the laser source to the notch, and with a different
mode,j, during the propagation from notch to receiver. In-
ternal reflections (within the notch,*! nonpropagating

o 1 2 3 4« 5 6 7 s 5 10 modes'® and local frequencyor phasg shifts are additional
(b) Frequency, f [MHz] phenomena that can also be part of this scattering process.
Instead of approaching this problem from an energy conser-
FIG. 3. (a). SFR of notched plate, Probe 1, source to receiver distaide ( vation approach, this research develops a systematic proce-
of 70 mm. (b) SFR of notched plate, Probe 2, source to receiver dlstancqjure to identify which modegand through which frequen-
(de) of 130 mm. cies are transmitted and reflected, with or without mode
conversion. Note that the proposed procedure does not con-
energy in the notched plate still corresponds to the theoretisider internal reflections or local frequency shifts, but the
cal solution of the perfect plate. However, the notched platsuccess of the proposed localization technifuresented in
SFRs show additional modes that are not present in the pefec. 1V) shows that these contributions are probably rela-
fect plate SFR, and these additional modes do not fit anyively small.
theoretical mode lines. Consider a nomenclature where signals measured in the

First, compare the probe 1 signal of the notched plateotched plate with probe 1 are classified as case Pla, inci-
[Fig. 3(a@)] with the perfect plat€Fig. 2). The SFR of the dent; case P1b, reflected and non-mode-converted; and case
notched plate has additional modes for slownesses largétlc, reflected and mode converted. Signals measured in the
than 500us/m that are the contribution of the Lamb wave notched plate with probe 2 are classified as case P2b, trans-
that is reflected from the notch. The perfect plate SFR conmitted and non-mode-converted; and case P2c, transmitted
tains only the incident signal, while the probe 1 notched plateand mode converted.

SFR contains both the incident and reflectiedm the notch Since both the incident and the reflected signals are
signals. The reflected signal occurs at a later tifmgher  present in probe 1 measurements, case P1 is inherently more
slownesgbecause it has a longer propagation distance. If theomplicated, so examine case R2ansmitted only first.
probe 1 TFR was transformed with a propagation distatice, Consider a procedure that is used to accentuate the modes
that corresponds to the source to notch to receiver distancthat coincide with the theoretical solution. This procedure
ds, instead of the source to receiver distahde of 70 mm  entails multiplying a SFR with dheoretical mode matrix
used to calculate the SFR in Fig(aB|, the resulting SFR T(sl.,f )—this theoretical mode matrix is a three-

700

Slowness, sl. [£]

w
o
(=]

200 -

W00

200 F
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d4Sles— (dy—dg)sl
S|e3= 4°%e4 (d: 3) e2. (3)

Equation(3) relates theunknownslowness from source to
notch (sls3), to theknownslowness from source to receiver
(sls), and anassumedslowness from notch to receiver
(sls2). The unknown slownessl,; can be calculated for ev-
ery possible slowness-frequency combination through the
relevant slowness range and frequency bandwidth. Consider
only six modes—-ag, a1, a,, Sy, S1, ands,—these modes
carry most of the experimentally measured energy. Six new
SFRs are calculate@ne for each of these six modesach
assuming all of the energy propagates from the notch to
probe 2 with that particular mode. The slowness-frequency
v v , : , values for these modes are obtained from the theoretical
W 5 1 s & 7 s s 1w solutiorr* and go into Eq(3) as the assumesl,,. All dis-
tances andly, areknownand thus the slownesd,; can be
calculated for each frequency.

FIG. 4. SFR of modes belonging to case P2b, transmitted and non-mode- ~ An algorithm that follows this procedure is programmed
converted. into MATLAB to develop an automated and objective way to
(possibly allocate the extraneous modes into one of these six

_ _ ) _ _ possible transmitted modes. First, separate the modes that
dimensional representation of the Rayleigh—Lamb equationge|ong to case P2c, and then pick any point on the P2¢ SFR
that accounts for possible measurement uncertaintiegng do the following.

T(sl.f) equals unity on the set of slowness-frequency pairs (1) Computesly; for this point for each of the six pos-
that correspond to the solution of the Rayleigh—Lamb equasible modesa,—a, ands,—s,.
tions, and is smoothed out by Gaussian filtering in the slow-  (2) Next, compare the magnitude of the theoretical mode
ness and frequency directions. Each mode is filtered indimatrix, T(sl.g,f), at each of the six slowness-frequency
vidually, the respective maximéhe ridge valuesare set pairs calculated in step 1. Select the slowness-frequency pair
equal to unity, and the individual modes are combined bythat has the largest magnitude. This defines the mode type
taking the maximum over all modéthis guarantees a value propagating from laser source to notch. This is a modified
of unity at mode intersectionsTheinverse theoretical mode probabilistic approach that searches for the mode that is most
matrix—a value of zero at the theoretical mode valueslikely to be the match, sinc&(sles,f) is similar to a two-
(Gaussian curje unity everywhere else—is obtained by dimensional probability distribution function, although not in
subtracting the theoretical mode matrix from a matrix com-the strict mathematical sense.
pletely populated with ones. (3) The entire prop_agation path is now define(_j—from
Modes that belong to case P2b are comparatively easy {gser source to r_10tch with the slowness corresponding to the
identify; modes that lie close to the theoretical mode lines ifde selected in stef?), and then from the notch to the
the SFR of the probe 2 signal, calculated with propagatiof€c€iver(probe 3, by looking at the mode that it is mapped
distanced,, are not mode converted at the notch. Thus, th rom. . .
SFR of Fig. 3b) is multiplied by the theoretical mode ma- For example, Fig. @) shows the subset of the original

trix, and Fig. 4 shows the result—modes that are transmittegxtr"’meou.S m_odes, at the|_r new slqwness-frec_]uency coordi-
nates, which fit the theoretical solution, assuming that mode
and not mode converted.

a, propagates from the notch to probe 2. The two circled

Modes not assigned to case P2b are considered to br gions show where significant energy matches the theoreti-

extraneous and portions of these modes are systematical | mode matrix—these regions propagate as nedeom
identified as belonging to case P2c. First, remove case Pq ser source to notch, and are converted at the notey to
modes from the signal measured by probe 2 by multiplying(and propagate as, from notch to probe 2 Figure §b)

the SFR in Fig. ) with the inverse theoretical mode ma- gpows the same modes as Figa)5 but at their original
trix. Define the propagation time from source to probe 2 aggwness-frequency coordinates. Note that the energy of the
time t4, and express this time as the sum of the time froMpcigents, mode below 1 MHz is much lower than the inci-
source to notchts, plus the time from notch to probe &,  gent energy in the, mode in the same frequency range, so
ort,=t3+1t,. The slowness associated with the propagationhis incidents, contribution is not obvious in Fig. 2. Figure 6
over distanceds, from source to notch, is defined ak;  is a summary of the contributions of all six possible modes,
=t3/d3, and the slowness associated with the propagatioand represents case P2c, with the circles specifying how the
from notch to probe 2 isl,=t,/d,. Finally, the slowness original incident Lamb wave is mode converted at the notch.

]

L8
m

Slowness, s, [

Frequency, f [MHz]

from source to probe 2 isl,,=t,/d,—this is the slowness Now consider the probe 1 measurements that contain the
shown in the SFR of Fig. (®). These slownesses are com- incident and reflected signals. The incident mogese P1a
bined, and, after some simple algebra, are the SFR of probe 1, normalized with propagation dis-
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Frequency, f [MHz]

FIG. 5. (a). Subset of extraneous modg@sansmittedl assuming mode con-

version to modea,, new coordinatesb) The subset of extraneous modes
(transmitted assuming mode conversion to moalg, original coordinates.

tanced; and shown in Fig. @&). The modes in Fig. &) that

are close to the theoretical mode lines can be accentuated k

multiplying this SFR with the theoretical mode matrix and
the resulting SFR is almost identical to Fig. 2, the SFR for
the perfect platé® The reflected and non-mode-converted
portion (case P1pof the probe 1 signal is identified by cal-
culating a SFR with the propagation distarttg and multi-
plying with the theoretical mode matrifto accentuate the
modes coinciding with the theoretical solutjoThese case
P1b modes are shown in Fig. 7.

In a procedure similar to case P2c, extraneous mode
that cannot be allocated to case Riteident modesor case
P1b (reflected, non-mode-converedre extracted by multi-
plying the SFR of the reflected signal with the inverse theo-
retical mode matrix. An automated algorithm similar to the
one used for case P2c is developed for case Plc, using
modified version of Eq(3). The SFR that shows the modes

600

500 {§

I

J=3
m

=
(=
<

@«
f=3
<

Slowness, sl |

200

4 6
Frequency, f [MHz]

FIG. 6. SFR of modes belonging to case P2c, transmitted and converted.

The non-mode-converted, transmitted, and reflected
SFRs(Figs. 4 and Y are very similar to each other and do
not appear to show any definite pattern that can be associated
with notch width or depth. There are subtle differences—
such as moda, from 2—3 MHz and mode, below 4 MHz
are reflected but not transmitted—but it is difficult to make a
quantitative interpretation as to how the incident Lamb wave
is scattered into reflected and transmitted portions without a
predictive theoretical model. However, this comparison is
not an objective of this research. More importantly, note that
the mode conversion at the notch for both the transmitted
and reflected cases are very similar to each other—compare
Figs. 6 and 8. This behavior validates the hypothesis that the
notch acts as an additional source. Finally, note that a vast
majority of the extraneous mode energy is identified with
mode conversiof® so the amount of incident signal energy
that is scattered at the notch as a local frequency shift or as
an internal reflection is probably small in comparison.

600

Slowness, sl [£

100 L 1 1

10
Frequency, f [MHz]

belonging to case Plc, including their converted mode asgig. 7. SFR of modes belonging to case P1b, reflected and non-mode-

signment(notch to probe LLis shown in Fig. 8.
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FIG. 8. SFR of modes belonging to case Plc, reflected and converted.

FIG. 9. Correlation curves for the perfect plate, notched plate, and a division
of both curves, 0—10 MHz frequency bandwidth, reflected contribution.
IV. LOCALIZATION OF THE NOTCH

An automated Iocallza'uon. methodollogy IS now deve"Obvioust, this correlation reaches its maximum for a repre-
oped based on the understanding of the interaction of a Lamb

wave with a notch—note that the notch location is now as_sentatmn calculated witiddy=0 (the correlation of two

. identical signals but reflections(from both the notch and

sumed to be unknown. Previous resefriciimulated a cor- o S
relation technique that uses the non-mode-converted parts 8Py plate edge)swll'l |r1troduce local maX|m§ in the correla-
the reflected modes to locate a notch in a plate. This corrdiOn curve at certaildy’s. These local maxima occur when
lation procedure does not requiieor was it developed with the reflected moqles Wlthln the SER coincide with the inci-
an understanding of the scattering of a Lamb wave by gent modes—which, in turnl provides a measure of the re-
notch, and this procedure identifies the position where th&eiver to notch distance. Atd, equal to the exact receiver
non-mode-converted portion@nd only these portionsof  to notch distancédy=d,, the reflectedbut not mode con-
the reflected modes coincide with the incident modes. Theerted, case Plbcontribution matches the incident wave
current research uses an understanding of scattering to efield.
tend this technique, using, for example, a targeted frequency Figure 9 shows the correlation of the SFRs of the
bandwidth to help refine the localization procedure. notched platéthe dot—dashed lindor Ad, varying between

Up until this point, the current research has neglected) and 120 mm with an increment step of 0.2 mm. Each of
the width of the notclithe notch is treated as being infinitely these SFRecalculated with a propagation distande=d;
thin), and has defined the location of the notch by its center- 55 g ) are correlated with the same SFR, calculated with
line (see Fig. L _The prpposed_ localization techmque W|Il_be d=d,, as defined by Eq4). This procedure is repeated for
more accurate if the finite width of the notch is taken intohe perfect platdcorrelated with the incident modes of the
account. Introduce three new distancel,(l3,ds) that are  perfect plate and shown as the dashed line in Fig. 9. The
based on the near edge relation to the laser sourgefthe  solid line in Fig. 9 represents the ratio of the notched plate
notch:dy=dy—w/2, dg=d;—w/2, andds=ds—w, wherew  correlation curve divided by the perfect plate correlation
is the notch width. Note that there is no difference in thecurve. This ratio curve emphasizes the local maxima caused
visual appearancef a SFR that is calculated witlh instead by features that exist in the notched plate, but not in the
of d;—this small change in propagation distance has no visperfect plate; maxima in the perfect plate can only be caused
ible effect on the SFRs presented in Figs. 2—8. by the edges, while maxima in the notched plate can be

First, localize the notch with the reflected wave field by caused by the notch or the edges. As a result, the maximum
considering the probe 1 signal. Assume mﬂﬂo is the un-  Of the ratio curve represents the reflection frqm the notch—
known distance from probe 1 to the notch. By systematicallythe ratio curve has a single dominant peakiafy=29 mm

varying Aao (and the associated propagation distamte (the actual distance 'ﬁto= 29.2 mm). This correlation proce-
=d1+2Aao) SFRs are calculated for each distance. Nextdure calculates the receiver to notch distance with outstand-
correlate each of these SFRs with the incident mades N9 accuracy, and the err¢0.2 mm) is on the order of the
SFR calculated with distanad), or tolerance of the width of the notch.
' Further improvement in localization accuracy is
_ achieved using a frequency-limited bandwidsiuch as from
Cornd)= SFRsl,,f,d;) XSFRsl,,f,d), Vd. X
orr(d) g; Ef: Risk v Risk ) 0-2 MH2) of the SFRs for the correlations—the results are
(4) shown in Fig. 10. Note that the correlations in Fig. 9 use the
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FIG. 10. Correlation curves for the perfect plate, notched plate, and a divi-
sion of both curves, 0-2 MHz frequency bandwidth, reflected contribution.FIG. 11. Goodness-of-fitas a function of percent allocafedf the alloca-
tion of extraneous modes to case P2c, used to locate the notch with a trans-

. . . . itted ibution.
entire frequency bandwidth, 0—10 MHz. This part|cularmltte contribution

(limited-) frequency bandwidth is selected because the case ) "
P1b(reflected and non-mode-convert&FR in Fig. 7 shows slowness-frequency pairs specified by the extraneous P2c

significant energy in the frequency bandwidth from 0—pmodes being classified._ Dividing this vaIL_le by the number of_
MHz—the same is also true for the SER of the inCidentslowness-frequency pairs to be mapped is the go_odnes_s-of-flt
modes. The peak of the curve representing the ratio ofreasure. A value of 100% means perfect mapping, W'th al

notched/perfect plate in Fig. 10 is still at the same Iocationthe extraneous modes mapped perfectly to the theoretical so-

but it is now even sharper and its value is almost five time4ution. In reality, lower percentages will be obtained because
of experimental uncertainties and the possibility that an ex-

higher than in Fig. 9—the sharpness and value of the maxi- de | d b I f th
mum are measures of the preciseness of the results. The SI’%@.HGOUS mode is mapped to, but not exactly on top of the

nificance of this frequency bandwidto—2 MHz becomes eolgatlcal Iffylfllgh—Lsmb solution. ing th
more evident when correlation curves for the remaining Igure shows the curve representing the percentage

bandwidth (2—10 MH2 are considered, which results in a of energy that is allocated to the extraneous modes, as a

much wider peak, on the order of 8 mithNote that the function of source to notch distancAﬁg—there is a clear
correlation curves in Figs. 9 and 10 are more accurate anpgeak near the correct distancéd;=d;=99.2 mm. Note
definitive than the results presented in Hurlebaisal® that this technique does not require an experimental signal
These improvements are due to the use of the reassigné®dm the perfect plate, but it does need the theoretical solu-
spectrogram in this studfas opposed to the unreassignedtion of Lamb modes in a perfect plate. Additionally, the suc-
spectrogram in Hurlebaust al®) as the basis for the SFRs, cess of this technique validates the accuracy of the assign-
and the ability to identify a targeted frequency range thament of the extraneous modes into case P2c in Sec. Ill.
contains significant P1b enerdy.

Now, consider a second localization technique that usey. CONCLUSION

the transmitted wave field of probe 2. Unfortunately, a cor- hi h blishes the effecti ¢ bini
relation technique in terms of the case P2b transmitted, no This research establishes the effectiveness of combining

mode-converted modes is not possible, because the case ggﬁer ultrasonic techniques with a SFR to locate a notch in a
SFR is calculated with distanaky, which is independent of Plate. The high fidelity, broad-bandwidth, point-like, and

notch location. Instead, consider a technique based on tHéoncontact nature of laser ultrasonics are critical to the suc-

goodness-of-fit when allocating the extraneous modes to ca&&SS of this study. The dual-probe laser interferometer allows

. ~ for the simultaneous interrogation of both the reflected and
P2c, transmitted and mode cor'lverted. Assgrrle By is transmitted wave fields. The distance invariance of a SFR
the unknown source to notch distance; varyikd; can be

i i ' enables a quantitative interpretation of the scattering of a
used to define a measufas a function of distangef how  yrqadhand, incident Lamb wave by a notch. The systematic

well portions of theA extraneous modes can be allocated t?and unbiasedmode allocation procedure developed in this
case P2c. For eachd;, a modified version of the allocation research establishes which modes are transmitted and re-
algorithm for case P2fthat uses Eq(3) and is described in  flected by the notchand through which frequencigsand

the previous sectidnis performed on the transmitted signal. jgentifies which modes are mode converted.

Specifically, the goodness-of-fit for anyd, is given by Two automated localization methodologies are devel-
summing the maximum possible magnitudes of the theoretioped using this understanding of the scattering of Lamb
cal mode matrix,T(sl,,f), for the mapping of all the waves. One technique isolates the contributions of the signal
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