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In this paper, we are interested in detecting and imaging defects in samples of cylindrical geometry
with large speckle noise due to the microstructure. The time reversal process is an appropriate
technique for detecting flaws in such heterogeneous media as titanium billets. Furthermore, time
reversal can be iterated to select the defect with the strongest reflectivity and to reduce the
contribution of speckle noise. The DORThe French acronym for Decomposition of the Time
Reversal Operatdmethod derives from the mathematical analysis of the time reversal process. This
detection technique allows the determination of a set of signals to be applied to the transducers in
order to focus on each defect separately. In this paper, we compare three immersion techniques on
a titanium sample, standard transmit/receive focusing, the time reversal fiiRdA), and the

DORT method. We compare the sensitivity of these three techniques, especially the sensitivity to a
poor alignment of the array with the front face of the sample. Then we show how images of the
sample can be obtained with the TRM and the DORT method using backpropagation algorithm.
© 2003 Acoustical Society of AmericdDOI: 10.1121/1.1548156

PACS numbers: 43.20.Gp, 43.20BEC]

I. INTRODUCTION and Focusing Technigues based on the coherent summa-
Most applications in nondestructive testing require thegzrr]ng];?gflttlfallidezﬁie?gtalonjgofr:gm the sample, from a large
focusing of ultrasonic waves inside the investigated medium However. all these thhni ue.s require some brior know
in order to detect minor defects. The detection of weak flaws ' d q P

is especially difficult when the inspected object is edge of the geometry and of the acoustics properties of the
solid sample.

heterogeneodsand has complex geometryThe weak echo 4 . din d : di . h
from the defect can be masked by the speckle due to thg ; ere, we areb_||Ttereste q n h etecting an _ |(;nag|ng t eh
microstructure and the complex geometry significantly de-%€ ectin titanium billets used in the aerospace industry. Suc

grades the propagation of ultrasound in the area of interestaMPles are heterogeneous media and the polycrystalline mi-
tructure yields a strong scattering ndisehich can hide

In many applications, the solid sample is immersed in watef"®S
and one or several transducers are moved to scan the area!Bf €cho from a defect.
interest. Different approaches have been extensively studied 10 SOlve the detection problems due to the heteroge-
in order to produce an ultrasonic focused beam through confl€0US structure and the geometry of the sample, another
plex liquid—solid interfaces. In the simplest approach, the€chnique has been developed in our laboratory. Relying on
beam focusing is achieved with one transducer whose geoni® time reversal invariance of the acoustic propagation, this
etry is matched to the liquid—solid interface and the desiredechnique uses a time reversal mifrd(TRM). Such a TRM
focal point? Thus, the focusing process is improved allowing ¢&n convert a divergent wave, scattered by a defect, into a
a better signal-to-noise ratio and also a greater resolutiofonvergent wave focused on the defect, by emitting a time
assisting the separation of close defects and flaw sizing€versed version of the received wave field. It is a self-
However, the inspection of thick samples requires the use dPcusing techniqué that compensates for distortions of the
several transducers of different geometries in order to scaHltrasonic wave due to the geometry of the liquid—solid in-
through the whole sample. This step-by-step scanning is aldérface and to the microstructure of the sanple.
extremely time consuming. Last but not least, a misadjust- When the sample contains only one defect, after a time
ment of the focused transducer significantly degrades the déeversalTR) process, an optimal focusing is obtained on the
tection quality. This bad positioning is frequently observed flaw, without the need for any assumptions concerning the
especially for large samples when the focused transducer geometry of the sample and the ultrasonic celerity. In the
translated over a long distance. presence of speckle noise, the iteration of the TR operation
A second technique based on the use of multielemenallows the separation of the echo of a weak, deep defect from
transducer arrays gives a greater flexibifitfransducer ar- the speckle nois¥ If the sample contains several defects,
rays are connected to a set of electronic time delays whosgeveral iterations of the TR process leads to focusing on the
values are adapted to focus in both the transmit and receiv&rongest flaw?*?
modes. The combination of transmit and receive focusing Parallel to the implementation of a detection procedure
allows the achievement of high resolution. using time reversal mirrors, we have developed another de-
Another technique, called SAPT (Synthetic Aperture tection technique called the DORThe French acronym for
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Decomposition of the Time Reversal Operatoethod. This
method is based on the decomposition of the time reversal
operator that was introduced to describe the iterative time
reversal procesS Similar to the time reversal process only
rough assumptions need to be made on the ultrasound veloc-
ity and the geometry of the medium.

The DORT method has been used to separate the re-
sponses from different scatterers in a wave gdfdérough
inhomogeneous medid,and also in thin plates using Lamb
waves'® It has also been applied to the separation and char-
acterization of Lamb waves circumnavigating a shéll.

The goal of this paper is to show that the DORT method
can be efficiently applied in nondestructive testing. In par-

ticular, we show that the DORT method can be used to en- >
hance and separate the echo of a weak scatterer from speckle 103 mm x-axis
noise. In order to evaluate the potentials of this technique,

we compare it to classical focusing and to the time reversal FIG. 1. Geometry of the transducer array.
process.

The DORT method and the time reversal process aré40 mm inside the material is 3.3 mm a6 dB. Thus, the
then combined with numerical backpropagation of the datalefects are well resolved and can be considered as points.
in order to reconstruct an image of the medium. This back-
propagation is calculated using the simulation code PASS

that takes into account the geometry of the transducers d4- THE TIME REVERSAL MIRROR AND THE DORT
well as the solid—liquid interfac® Thus, it requires some METHOD PRINCIPLE

prior knowledge of the sample. The time reversal process and the DORT method which
have been presented in several papéfsare briefly re-
Il. EXPERIMENTAL SETUP viewed in this section.

The three detection techniques have been compared ué- “Conventional” time reversal
ing the same setup: a cylindrical titanium sample with de- A time reversal process allows the conversion of a di-

f‘TCtS' and a trans_dulcedr_ array connectﬁld to a multichanngh, ent wave emerging from a source into a wave focusing
electronic system including programmable transmitters. 4, tha source. In our case, the source is a flat bottom hole

A. The transducer array and the electronic prototype whose position is unknown. The time reversal process is an
adaptive focusing technique that requires the following three

Experiments are realized with a “Fermat surface” trans- steps:
steps:

ducer array whose geometry is adapted to make all th

propagation times equal from the transducer surface to él) Transmission of a short widely divergent wave by sev-

point at 140 mm depth in the inspected sample, thus provid- eral elements of the array; for this particular application,

ing optimum focusing at this point. The array of transducers it was established that 25 central transducers was a good

is prefocused at 140 mm in the titanium billet of 250 mm compromise.

diameter with a 55 mm deep water column. This array is

made of 121 transducers working at 5 MHz, with a band- v

width equal to 70%. The transducer elements, having the

same area, are distributed according to a six annuli structure 7z

of, respectively, 1, 8, 16, 24, 32, and 40 elemdfig. 1). 150 mm
The 121 elements are connected to an electronic system

allowing transmission and acquisition of the experimental

data for the three detection tests at a sampling rate of 40

MHz. The transmission module is made of 121 program-

mable transmitters. This enables us to emit and to record any

kind of temporal signal on each transducer of the array.

0.8 mm

0.4 mm

B. The inspected solid sample 120 mm

The inspected medium is a Ti6-4 titanium alloy cylindri-
cal sample(Fig. 2), immersed in water, that contains three
flat bottom holegFBH). These defects of diameters 0.8, 0.4,
and 0.5 mm are located at a depth of 140 mm and spaced 15
mm apart. The longitudinal wavelength in the titanium
sample is 1.2 mm at 5 MHz and the transverse resolution at FIG. 2. The titanium sample.

0.5 mm
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FIG. 3. Time reversal and DORT window.

FIG. 4. Translation of the array along theaxis.

(2) The wave reflected by the defect is detected by the arra
and the echographic signals are recorded in the mem ) .
At a given frequency, theL XL transfer matrix K(w)

ries of the electronic system. K be calculated by the Fouri
(3) These signals are then time reversed and used to transrglt[ im(@)]1<1,m<L can be calculated by the Fourier trans-
i

a wave focusing on the flaw. The time reversal process orm of the responselgy,(t).

performed on a 0.@s time window corresponding to the The timg reversal operator, deﬁnedlﬁ’s(“’)“@’ can
depth of the defectFig. 3. be diagonalized. In general, the number of significant eigen-

values is equal to the number of well-resolved pointlike de-

In this paper, we Study the tempora' Signals recorded b>f,eCtS in the medium and each Signiﬁcant eigenvector of the
the TRM after two iterations. Let us describe two treatmentdime reversal operator is associated with one of the defects.
applied to these signals. Because of 16 defective channels di'e associated eigenvalue depends on the reflectivity of the
the electronic system, only 105 signals are exploited. Firstdefect and also on its position relative to the array. The first
we present the incoherent summation B&(*2 of the 105  €igenvector generally corresponds to the strongest reflector

linear signals] f(t)];=x=10s, determined according to the a@nd contains the signals that would be obtained after a large
summation number of time reversal iterations.

In practice, the diagonalization &* (w)K(w) is ob-

‘when the input of the element numbmiis a delta impulse.

105

_ tained from the calculation of the singular value decomposi-
|nC(t)—k21 fi(®), @ tion (SVD) of the transfer matriX (w) [Eqg. (3)],
wheref,(t)=Ry,(t) is the ultrasonic signal recorded on the ~ K(®)=U(0)S(0)'V*(w), ()]

transducerk at the second iteration. This process is Ca”edvvhereS(w) is a real diagonal matrix of singular values.
“incoherent summation”[Eq. (1)] because the individual U(w) and V(w) are unitary matrices. The eigenvalues of

data are not in phase. _ . K* (w)K(w) are the squares of the singular valueKgtv)
Another compact presentation of the time reversal proypq its eigenvectors are the columns\iv).
cess is the “iterative coherent summation” Ceh(Eq. (2)] In summary, the DORT method consists of the measure-
of the linear signalgf,(t) Ji<k=10s, determined according 0 ent of the interelement impulse response functiqpgét),
the summation the analysis of the singular values of the transfer matrix
105 K(w) and possibly the backpropagation of the eigenvectors
Col‘(t):kEl fl(t—70), (2 associated with the most significant singular values.

where the delayr, is the time when the signd,,(t) re-  |v. DETECTION IN A TITANIUM ALLOY SAMPLE
corded at the first iteration is the maximum. For a zone con- . .
taining a defect, this process will greatly enhance the signal This part concerns the detection of the flat bottom holes

from the defect, even if it is not at the array focus. Exampled" the titanium sample described above and illustrates the
of these two representations will be given in Sec. IV B. sensitivity of each technique to a bad positioning of the ar-
ray.
For each technique, the input signal is a sine wave at 5
MHz modulated by a Jus Gaussian function. This signal is
The DORT method has been described in severahpplied to one or several transdu&erdepending on the
papers:2~1%1718This method is derived from the theoretical technique.
analysis of time reversal mirrors. It is based on a matrix A first set of measurements is made to detect the three
formalism that describes a transmit—receive process peffaws. To this end, the array which is prefocused at the depth
formed with an array of transducers. Such an array insoni- of the defectgFig. 4), is translated parallel to theaxis in 1
fying a given medium is a linear and time invariant input— mm steps.
output system characterized lyx L interelement impulse A second set of measurements is made to test the robust-
responseg;,(t) defined as the output of the element numbermess of each technique to a misalignment of the probe, that is

B. The DORT method
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FIG. 5. Translation of the array along tleaxis.

to say when the probe is no longer aligned with the liquid—
solid interface. This is done for the 0.8 mm flaw by displace-
ment of the array along the axis (Fig. 5. The defect is
initially at the array focus corresponding ¥o=0 mm. The

FIG. 7. Detection of the three defects with the focusing in transmit—receive
mode at the depth of the defects on an 800 ns time window.

. . . The functionA(y,t) is displayed in Fig. 6. The echoes from
data are acquired after translating the array alongtaeis, the 0.8 mm, 0.4 mm, and 0.5 mm defects are visible between

by 0.1 mm steps and for 3 mm=x<3 mm. - B
We first present the performance of the focusing tech—tz. a'?d :'“S forbthe p05|t|ort]r?/ _f.16’ 31t,hand 46 g']m] respec-t_
nigue in transmit—receive mode as if using a single Iarge've y- AS can be seen on the gure, the array displacement 1
focused transducer. not perfectly parallel to the bllle't axis. _
We then calculate the maximum #&f(y,t), defined as
M(y), for an 800 ns time window corresponding to the

A. Focusing in transmit—receive mode depth of the flaws and written as folloWEq. (5)]:

The measurements are realized with the transducer array M (y)=maxA(y,t)]. (5)
described in Sec. Il but in order to simulate a single IargeT

focused transducer, the elements are fired simultaneously t\’/}/{]j ;L;?ggtc; TjM (tyh) alss'dlr?glljg?r?oiz ';'3.'079: T:? tg?cg ctlso a;‘:] d
the same input signdfocusing in transmit mode Wi '9 : 10 equ T

9.5 dB for the 0.8, 0.5, and 0.4 mm flat bottom holes, respec-
1. Detection of the three defects with the geometrical tively. The drawback of this focusing technique is that, due
focusing (translation || y) to the focused transmitted signal, a defect is detected by the
transducer only when it is close to the focal point. Further-

receli:voer dasigllen p?sT)o n of thea?;rgoignc?ntgsizli’h;hnenel more, as shown in the next paragraph, a misalignment of the
gnalpS(y. 1) J1<i=105 transducer relative to the liquid—solid interface strongly de-

gzzgrg 4 us and summed to simulate a unique large trans'grades the focusing process.

105 2. Robustness of the geometrical focusin
A(y,t)=kZ,l Sy, ). @ (translation || x) I I

In this paragraph, we evaluate the detection quality of

0 the 0.8 mm flaw with focusing in transmit—receive mode,

after displacement of the array along theaxis (Fig. 5. The
elements are simultaneously fired by the same input signal as
before. The 105 signals are then acquired on an 800 ns time
window corresponding to the defect position. This measure-
ment is repeated after translating the array alongxthais.
The association of a time window to a particular depth is
possible because the array is prefocussed in the inspected
area, which of course requires some knowledge on the sam-
ple’s average acoustic properties.

We then calculate th® (x) term[Eqg. (5)], on an 800 ns
time window corresponding to the depth of the flaw, for the
61 positions of the transducéFig. 8. The decrease of the
detection level is equal to 11 dB after translating the array for
a 0.5 mm distance. Note that the degradation observed in
Fig. 8 is not perfectly symmetrical relative to the position

FIG. 6. Detection of the three defects with the focusing in transmit—receive= 0 MM, probably meaning a little asymmetry of the geom-
mode. etry.
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receive mode along the axis.
) . FIG. 10. Detection of the three defects with the incoherent and the coherent
B. The conventional time reversal process linear summations of the B-Scan measured with the TRM at the second

. . . . iteration along they axis.
The time reversal mirror has been described in the Sec.

[l A. For the first transmission, the 25 central transducers are

simultaneously fired by a short pulse. The time reversal prosummation generates three maxima wider and higher than

cess is performed on an 800 ns time window Correspondinﬁ'\ese obtained with the incoherent summation. For example,

to the depth of the defects and the ultrasonic sigriBls by applying the coherent summation, the 0.8 mm FBH is

Scan are taken from the second iteration. detected at 15 mm distance from the focus. This is a great
advantage of the self-adaptative property of the TRM pro-

1. Detection of the three defects with the TRM Cess.
(translation || y)

Figure 9 displays the B-Scan measured at the secon .
iteration when the 0.8 mm FBH is located 4 mm out of theg' Robustness of the TRM (translation 1| x)
array focus. The undulation of the wavefront reveals the out  As for classical focusing, we evaluate the sensitivity of

of focus position of the defect. The measurement of thehe time reversal process to a poor positioning of the trans-
B-Scan is done by translating the array along\ttexis by 1 ducer array relative to the titanium samgfég. 5). The peak
mm step(Fig. 4). in time of the Inck,t) and Cohg,t) terms[Egs.(1) and(2)]

The Incfy,t) and Cohy,t) terms[Eqgs.(1) and(2)] are  are calculated along the axis (Fig. 11). They reach the
calculated and we represe(ftig. 10 the peak of each sum- maximum forx=0 mm, when the 0.8 mm FBH is at the
mation for an 800 ns time window adapted to the depth ofocal point. Furthermore, the decrease of these incoherent
the defects. Three maxima are observedyferl6, 31, and and coherent summations is equal to 15 and 10 dB, respec-
46 mm, associated with the flaws of 0.8, 0.4, and 0.5 mntively, after a displacement of the array for a 0.5 mm dis-

diameter, respectively. The amplitude of each maximum is

related to the size of the corresponding defect. The coherent 10*
X
2 : incoherent
100 F — - coherent

> ' '
q_) [} .
s Y
E 60 1 R 1
5 7Y
= ! %
5 40 ; A
w ' B
§ 05} : \ 1
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FIG. 11. Detection of the 0.8 mm defect with the incoherent and the coher-

FIG. 9. Detection of the 0.8 mm defect located 4 mm from the array focusent linear summations of the B-Scan measured with the TRM at the second
with the TRM. iteration along thex axis.
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tance. These compact representations emphasize the great 2000
advantage of the coherent summation for flaw detection out
of the array focus.

These measurements were also made with nine transduc-
ers(the central transducer and the first crovwand one trans-
ducer (the central transduckfor the first transmission. We
wondered whether the sensitivity of the time reversal process
would be higher when the first transmission was less fo-
cused. In fact, for nine transducers, the results are similar to
those obtained with 25 transducers whereas for one single
transducer the energy transmitted is too weak and the defect
never detected.

15001

1000+

S00¢

Singular values amplitude (a. u.)

C. The DORT method 0 10 20 30 40 50

In order to evaluate the potentialities of the DORT y-axis (mm)

method _fOl’ flaw detect|on-, Itis -appl|ed N the titanium alloy FIG. 12. Detection of the three defects with the singular values amplitude
sample in the same configuration as befdfegs. 1 and 2 calculated at 5 MHz along the axis.
The first step of the technique is the measurement of the

interelement impulse responsieg(t). values are, respectively, associated with the 0.8 mm and the

1. Deteqtion of the three defects with DORT 0.4 mm defects while it is the contrary fge=28 mm.
(translation | y) The other singular values, called “noise” singular val-

Figure 3 illustrates the interelement impulse responséles, mostly result from the grain structure of titanium and
from element 10 to element 40 when the array is located ir¢lectronic noise. Note that these “noise” singular values
front of the 0.4 mm diameter FBH. The strong echoes comhave no significant fluctuation along tlyeaxis.
ing from the front and the back faces of the titanium sample
are gasily visible. The transducer array is translatec_j along thg Frequency analysis
y axis by 1 mm steps$Fig. 4) and the interelement impulse , )
responses (t) are acquired on a wide temporal window. Until now, the study of the singular values was madg at
As the array is prefocused at 140 mm in the titanium samplet,he central frequency of the transducers. However, the singu-

the choice of the temporal window corresponds to a slab d@ value decomposition may be done at any chosen fre-
the same depth for each transducer. quency in the bandwidth of the transducer. Thus, it is inter-

esting to observe the frequency dependence of the singular
values. In our case, the SVD of the transfer matrix is calcu-

] ] ] .. lated for the frequencies between 3.1 and 6.3 MHz at 0.16
The information corresponding to 140 mm depth insidey;, intervals.

the medium is selected and the transfer maiw) is cal- For example, the singular values are represented when

culated on an 800 ns time window. Working on such shortha 0 4 mm FBH is at the array focus and 5 mm out of focus,

signals. is necessary to get a reasonable si_gnal—to-noise rat'\%spectivel)(Figs. 13 and 14 For the first position, the first
otherwise the weak echo from the defect is drowned undegin gy iar value is well separated from the others for frequen-

the accumulation of the signal reflected by the grain struc
ture.

The singular values are calculated at 5 MHz for each
position of the array along thg axis (Fig. 12. The first
singular value varies with the position of the flaws relative to
the array focus. For example, the first singular value is asso-
ciated with the FBH of diameter 0.8 mm, 0.4 mm, and 0.5
mm for the positions of the following array: 1 msay
=25mm, 26 mney<36mm, 37 mn=y<49mm, respec-
tively. Furthermore, the differences between the three
maxima reveal the different effective reflectivities of the
flaws.

In particular, we can observe that the maximum associ-
ated with the 0.5 mm defect is smaller than the maximum
associated with the 0.4 mm defect. This probably results
from the fact that the 0.5 mm defect is not perfectly flat 0 " 4 45‘ 5 55 '6
bottomed. ) ’ '

Near y=28 mm, two defects are simultaneously de- Frequency (MHz)
tected and a crossing can be observed on the two main sig, 13. singular values amplitude when the 0.4 mm flaw is located at the
gular values. Foy<28 mm, the first and the second singular array focus.

2. Singular values at 5 MHz

cies above 4 MHz. The maximum is obtained at 5 MHz

1000

800[

6001

400y

200

Singular values amplitude (a. u.)
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FIG. 14. Singular values amplitude when the 0.4 mm flaw is located 5 mm

out of the array focus. FIG. 16. Detection of the three defects with the incoherent and coherent
summations of the first “temporal eigenvectar;(t) calculated along thg

which is the central frequency of the transducers. When th&x's:

defect is 5 mm out of focus, the first singular value associ-

ated with the defect, is closer to the other singular values. same process is also valid for the DORT method. Indeed, it

For the second position of the defect, the first eigenveceonsists of calculating the linear incoherent ¢} and co-

tor V() is calculated from 3.1 to 6.3 MHz with a fre- herent Cohy,t) summations of the first “temporal eigenvec-

guency spacing equal to 0.16 MHz. Thus, the first “temporaltor” v,(t) obtained for each position of the array, accord-

eigenvector”v,(t) (Fig. 15 is obtained by inverse Fourier ing to Egs.(1) and(2). In this casef(t)=a;x(y,t), where

transform ofV;(w). This “temporal eigenvector” represents a,,(y,t) is the temporal signalA-Scan extracted from

the response from the defect to the array which is by reciv,(t) on the transduceéc The delayr, introduced in Eq(2),

procity the set of signals that should be applied on eacltorresponds to the time when the sigaal(y,t) is at the

transducer in order to focus on the corresponding flaw. Al-maximum.

though the 0.4 mm FBH is 5 mm away from the focal point, We give an example of this process in Fig. 16 which

the temporal reconstruction of the first “temporal eigenvec-presents the peak of the Ingf) and Cohy,t) terms, calcu-

tor” v4(t) remains associated with this defect. Indeed, thdated for each position of the array along thaxis, by 1 mm

wavefront of this eigenvector shows undulating behaviorspacing. We observe on each curve, as for the first singular

which is explained by the out of focus position of the flaw. value (Fig. 12, three maxima for the positiong=16, 31,
and 45 mm associated with the 0.8, 0.4, and 0.5 mm flaws,

4. Linear incoherent and coherent summations of the respectively. As for time reversal, the incoherent summation

first temporal eigenvector v 4(t) produces three narrow peaks whereas the effect of the coher-

We have shown in Sec. Il A a compact presentation ofént summation is to widen the three lobes.
the time reversal process: the incoherent and coherent sum-

mations of the B-Scan acquired at the second iteration. Thg Robustness of the DORT method (translation || )

The performances of the focusing technique in
transmit—receive mode and of the TRM have been investi-
gated in Secs. IV Aand IV B when the array, initially in front

1

20 of the 0.8 mm flaw x=0 mm) is translated along theaxis
_a§ (Fig. 5. The DORT method is now applied to the same ex-
g 40 perimental procedure.
5 The interelement impulse responsgs(t) are measured
é 60 for the 61 positions of the transducer and stored for an 800
z ns time window corresponding to the depth of the defect.
E - The transfer matriX (w) is then calculated and decomposed

in singular values for frequencies between 3.1 and 6.3 MHz
with a frequency spacing equal to 0.16 MHz.
The singular values distribution is presented at 5 MHz in

0 125 25 375 5 6.25 F|_g. 17. The maximum of the first singular yalug as_sop!ated
with the defect is obtained for=0 mm, and is still signifi-
cantly higher than the noise level when the defect is far from
FIG. 15. First “temporal eigenvectord,(t) when the 0.4 mm flaw is lo- the array focus. For e>§ample, the first singular value de-
cated 5 mm out of the array focus. creases by 5 dB for a displacement of the array equal to 1.5

100

Time (us)
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FIG. 19. Synthetic image of the sample at 140 mm depth with the time
reversal mirror.
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waves in the titanium sample, allowing a better detection

-3 -1 0 1 2 3 than time reversal when the array is not perfectly aligned
y-axis (mm) with the sample.

FIG. 17. Detection of the 0.8 mm flaw with the singular values amplitude atV. IMAGING IN THE TITANIUM SAMPLE

> MHz calculated along the axts. The procedures described in Sec. IV were only aimed at
detecting the defects. Here, we want to make an image of the
mm. Thus we see that the DORT method allows us to detect, jnje To this end, we have to introduce some prior knowl-
the flaw even if the transducer array is no longer adapted tgdge of the sample shape and we use a numerical backpropa-
the geometry O,f the sample. gation algorithms to reconstruct the sources of the echoes.
The functions May(Inc(x,t)) and Max(Coh(x,t)) We propose to achieve defect localization using the
present a maximum fok=0.1 and 0.2 mm, respectively qjm jation code PASE (Phased Array Simulation Software
(Fig. 18. Furthermore, these two terms lose 8 and 2.5 dByg\e|oped in our laboratory by Didier Cassereau. This soft-
respectively, for a displacement of the array equal t0 0.5 MMy e calculates the acoustic field produced by large arrays of
The coherent summation af;(t) is a good way to break .on<qicers in complex media.
away from the loss of information when the array is no
longer adapted to the geometry of the sample. Thus, it wilA- Imaging with the time reversal process
be more interesting to analyze the coherent summation of  The time reversal process is exploited in order to pro-
vy(t) for a defect located out of the array axis. duce a synthetic image of the sample, at the depth of the
This robustness is explained by the fact that for theyree flaws. The B-Scans measured alongythgis after two
DORT method, each transducer is fired separately, whereggations (Fig. 9) are numerically backpropagated with the
the time reversal process simultaneously uses the 25 or Sass code for the 50 positions of the array. Then, the 50
central transducers for the first transmission. Consequentlya|ds calculated along the and y axis, are incoherently
the transmission is less focused with the DORT method tha@ummed, taking into account the 1 mm array pitch between
with the time reversal process. Furthermore, the DORT techgy g consecutive measuremenisg. 19. The image presents
nique takes advantage of a large angular diversity of incidenfyree maxima related to the reflectivity of each defect. Note
that the 0.4 mm defect is detected with a 7.5 dB signal-to-

noise ratio.
Y : incoheren
4000 [ Y O - coherent B. Imaging with the DORT method
Ay \
: % 1 The first “temporal eigenvector” obtained with DORT
| . % ] can be exploited as a B-Scan and thus numerically back-
8000 i % propagated. The first “temporal eigenvector” is backpropa-
o % 1 gated for the 50 positions of the array along jhaxis, at a
’ Y depth of 140 mm. The incoherent combination of the indi-
2000t Pl N 1
/ \
/' \\ | -10
/ \
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FIG. 18. Detection of the 0.8 mm flaw with the incoherent and coherent
summations of the first “temporal eigenvectari(t) calculated along the FIG. 20. Synthetic image of the sample at 140 mm depth obtained with the
axis. DORT method.
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FIG. 21. Maximum of the projection of the two images along thaxis FIG. 23. Acoustic field versus andy axis, obtained by backpropagation of
(dB). the first “temporal eigenvector” at the depth af=132 mm for the array

positiony=33 mm.

vidual images calculated for each position of the array pro-

vides a complete image of the sample. Figure 20 is the syrfect). This image also shows that a peak appears for several

thetic image of the sample at the depth of the flaws. Thenoise areas. In order to show the robustness of the DORT

three defects are detected with a good signal-to-noise ratiomethod, we now show that the peaks observed in noise areas
As shown in Fig. 21, the smallest flaw is detected 15 dBcannot effectively correspond to any defect.

above the noise. The numerical backpropagation of the ex- We numerically backpropagate the first eigenvector

perimental data shows the efficiency of the DORT method irv;(t) corresponding to a noise area for several positions of

nondestructive testing to detect and locate a 0.4 mm diametehe array. For instance, we choose to backpropagate

FBH in a noisy structure. This technique provides a syntheticalculated for four array positions along theaxis (y=32,

image of the sample at a depth of 140 mm where the defect33, 34, and 35 miand at the depth of=132mm (e.g.,

(including the 0.4 mm oneare well detected. corresponding to the first temporal windpwihe acoustic
This study confirms the ability of the DORT method and field obtained by backpropagation @f(t) for y=33 and 34

of the time reversal mirror to detect small defects in a com-mm is represented along tlxeandy axis (Figs. 23 and 24

plex medium with a satisfactory signal-to-noise ratio. Note that the geometrical focal point is at the center of the
image(e.g., forx=y=0 mm) for each backpropagation. For
VI. THE DORT METHOD IN A NOISE AREA each array position (32 msy<35mm), the field calcu-

. lated alongx=0 axis presents a maximum at the focal point
In Sec. IV C, we have applied the DORT method on 800 Fig. 25.

ns tempora_l Window_ correspo_nding to the dep_th of the three Thus, the behavior of the DORT method is completely
defects. This de:tec'uon techn_|que is also applied to a defeqiﬁerent in a high speckle zone than the zone around a de-
free zone. The interelement impulse responses are acquirgd For the last case, the field is focused on the defect
on a 4.2us temporal window, for 50 array positions ranging yssition. Consequently, when the array is translated for a 1
from 1 to 50 mm. For each position of the array, the transfef,, ., yistance along thg axis, the distance between the two
matrix is calculated on 18 temporal windows of 800 ns du-c,nsecutive peaks is also equal to 1 mm. Moreover, the
ration at 200 ns steps. This corresponds to depth ranging,ayimum associated with a defect coincides with the focal
from 132 to 144 mm. After decomposition of the 50 times 18
matrices, the behavior of the singular values is analyzed.

The first singular value is represented at 5 MHz along -10
the z andy axis, forming an image of the mediutkig. 22.
Three maxima associated with the defects of 0.8, 0.4, and 0.5
mm diameter appear around the depgth 140 mm for the —~
positions 6 mney<26mm, 28mnsy<33mm, and E
41 mm=sy=<49 mm, respectively. Note that each flaw is de- S 0
tected for several temporal windows for the 0.8 mm de- E
<
132 <
P 1 1600
£ |
S 138 : - - 10
; w0 -10 0 10
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FIG. 24. Acoustic field versus andy axis, obtained by backpropagation of
FIG. 22. Image of the medium with the first singular value calculated versughe first “temporal eigenvector” at the depth af=132 mm for the array
z andy axis. positiony =34 mm.
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«10° transmit/receive focusing technique do not require program-
mable generators which are necessary for the time reversal
process. The measurement of the interelement impulse re-
sponses for the DORT method provides information on the
whole depth of the sample, whereas the iterative TR process
requires an iteration for each short time windows. On the
other hand, the DORT method requitdsransmissions folN
transducers, while the time reversal process only requires
three transmissions. Therefore, further studies should focus
on minimizing the data volume, measurements and calcula-
tions times.

This work does not answer the difficult question “to
what degree of inhomogeneities will the method remain ef-
ficient?” Although some answer was given by Boreaal *°
in a theoretical and numerical analysis of a 2D fluid media,
we believe that an answer to this question in the context of
NDE should be the topic of further studies.

-10 0 +10
y-axis (mm)
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