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Abstract.

Anisotropic materials are being used increasinglyigh performance industrial applications, pattdy in the
aeronautical and nuclear industries. Some impogzaimples of these materials are composites, songial and
heavy-grained metals. Ultrasonic array imagincghise materials requires exact knowledge of thetnjsc
material properties. Without this information, iheages can be adversely affected, causing a reduictidefect
detection and characterization performance.

The imaging operation can be formulated in two esnsive and reciprocal focusing steps, i.e., faumshe
sources and then focusing the receivers. Applyisggne of these focusing steps yields an intengsti
intermediate domain. The resulting common focusipgéther (CFP-gather) can be interpreted to déterthe
propagation operator. After focusing the sourdes,dbserved travel-time in the CFP-gather descthees
propagation from the focus point to the receivirthe correct propagation operator is used, thasueed travel-
times should be the same as the time-reversedif@caperator due to reciprocity. This makes it jjassto
iteratively update the focusing operator usingdh only and allows the material to be imaged auitlexplicit
knowledge of the anisotropic material parameteustiiermore, the determined propagation operatoatsmbe
used to invert for the anisotropic medium paranseter

This paper details the proposed technique and dstnades its use on simulated array data from airseecof
Inconel single-crystal alloy commonly used in tieeamautical and nuclear industries.
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1. Introduction

Phased array imaging is becoming an increasinglyepiol tool for characterizing the interiors
of objects. Additionally phased array systems aeoinming more common in use. To construct
a high quality image, detailed information abou¢ thactual velocity field in a medium is
required. Using an incorrect velocity yields a bdak image and may produce significant
artifacts, which can lead to erroneous interpretatihis is particularly the case in anisotropic
media. Anisotropic materials are being used inénghgs in high performance industrial
applications, particularly in the aeronautical anatlear industries. Some important examples
of these materials are composites, single-crysi@gleeavy-grained metals.

In this paper we introduce a generalized concegt #iows the extraction of the imaging
operators directly from the data, without the néednake any prior assumptions about the
medium. We demonstrate the concept based on mofieieddifference data using a strongly
anisotropic single crystal steel.

2. Common focal point method

The forward modeling procedure is conceptually axm@d in Figure 1, using a wave field

operator formulation [1]. In Figure IS(ZO) is the emitted wave field from a wedge transducer
at the steel-wedge interface. This operator induglastic transmission effects from the wedge

into the steel. The wave field propagation operé{\ér(zm’ZO), extrapolates the wave field
from the top surface to the back wall. Note thatmay vary with the lateral coordinate.



The wave field is reflected from the back wall, \nehg{ (Zm) describes the angle dependent

reflection from the backwall. The upward propagatimperatorw_(zo'zm) propagates the
waves to the outer surface at z0, again zO may leseyally. Part of the wave field is detected

by a wedge transducer, described 'BQZO) and another part is reflected back, described by

R_(ZO). Each pass through the feedback loop yields andtigther order skip. The wave field
description is in the temporal frequency domain.

The inversion model is parameterized with™ ZO(X) and “m = Zm(x), where x is the lateral
coordinate. The data matrix for primary reflections., ignoring multiple reflections can be
written as:

P(20) = D(2)W (2, 2, )R " (20 )W " (20, %0)S(2, ). (9
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Figure 1 Schematic illustration of that describeal/& propagation in elastic, anisotropic
media, The wave field is being generated by artrarlyisource array (S) that both
describes the directivity and the signature. Theengeld propagates down (W gets
reflected (R), where the reflection operator describes gersrgle dependent
reflectivity. The second propagation (M back to the surface and the detector response
is expressed by D. Multiple reflections are gereztdtty the feedback loop.

+

Imaging can be formulated in terms of two conseeufiocusing steps [2,3], focusing the
sources and then focusing the receivers. The fogugperator for the sources is defined as:

W (2, 2)8(2)F (20, 2) = 3 (7). (2)
and for the receivers:

R (200 2)D(2)W (2, 2,,) = 3 () (3)
The bold symbols indicate matrices, while the ndrfoat with a subscript indicates a vector.

The vector 9 (Zm) indicates a band limited delta function, with edgsdly one non-zero
element at location j. These focusing operators aateally vectors, where the symbol ‘T’
indicates that the vector is a row vector. Applyihig to the data matrix yields:

R (200 20 )P(20)F (20, 2) = F 7 (20, 2)D(2)W (2, 20 )R ()W (7, 2,)S(2)F, (25, 20)

L (9
= I:%'(Zm)



This procedure extracts one element from the redleanatrix. Normally confocal imaging is

used,ie.] =/,
If just one focusing step is applied, an interegtimtermediate domain is obtained. The result is
called the common focus point gather (CFP):

P.(2,2,) = P(%,)F; (2, 2,) = D(2,)W (2, 2,)R(2,,)3, (z.). (5)

The travel time of the common focus point respassgom the target point to the receiver
positions at the surface. While the focusing omerabntains the travel time for the source
locations at the surface to the target point. I filcusing operator, these travel times are the
delays that have to be applied to ensure that #nesvgenerated by the source arrive at the
same time at the target location. So comparingtiserved travel time with the time reversed
focusing operator allows us to perform a consistesteck. The differential time shift (DTS)
panel shows the travel time difference betweenQRB-gather and the focusing operator. The
observed difference can be used to update the ifacuperator. We will demonstrate this
concept using numerically modeled data.

3. Modeled data using anisotropic finite difference method

The technology outlined in the previous paragraghdemonstrated on numerically modeled
data. The model consists of a 64 element phaseg, avhere all elements are fired sequentially
(see Figure 2).
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Figure 2 The model geometry, consisting of a 6#hel& phased array and a strongly
anisotropic metal with three side-drilled holeseTropagation velocity in the @nd 90
direction is 90% of that in the a%lirection.

The resulting wave field is recorded by all elensefihe medium is homogeneous, but strongly
anisotropic and contains three side drilled holEse left and right side of the model are
absorbing regions to avoid reflections from thegserularies. As reference, the same geometry
is used to generate an isotropic dataset.

Two snapshots of the propagating wave field aravehim Figure 3, on the left hand side for
the isotropic case and on the right hand sideHeranisotropic case. Comparison clearly shows
the effect of the material anisotropy. The wavenfrsavels much faster (about 10% velocity



difference) in the 45direction than in the Oand 90 direction. Therefore the response from
the side drilled holes gives strong non-hyperbelients.
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Figure 3 Snap shots of the vertical component @fwhve field, a) isotropic case, b)
anisotropic case

A full dataset was modeled by firing each elemesyiasately and recording the wave field
using all elements. Selecting only the pulse-echces from the full dataset, clearly shows the
difference between the data from the isotropic andotropic models. This is shown in

FIGURE 4.

FIGURE 4 Pulse-echo section from the full data(dietgonal elements from the data matrix),
a) isotropic case, b) anisotropic case.

4. Data-driven imaging

If a conventional imaging algorithm is applied totl datasets, making the assumption that the
medium is isotropic, the images shown in Figureé @btained. The isotropic image (Figure
5a) clearly indicates the three side drilled holes. reference the position of each side drilled
hole is indicated by ‘0’. Due to aperture limitat®the indication from the first and third side
drill hole are tilted. The side drilled hole on tledt hand side, is mainly illuminated from the
right. This explains the tilt of the indication. &same holds for the side drilled hole on the
right hand side, which is mainly illuminated frohetleft.



The image using the anisotropic data is quite pomntaining many artifacts. Additionally the
side drilled holes are not imaged at their coroectiiocations. Consequently, defects may be
missed in the presence of structural echoes.
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Figure 5 Images assuming a isotropic medium, @dpc dataset, b) anisotropic dataset. The
isotropic image is nearly perfect, while the isptooimage contains a lot of artifacts.

We demonstrate the approach outlined in this papethe anisotropic dataset. First a target
point on the back wall is selected (see Figure Ba)a first guess, a hyperbolic operator is
used, where the arrival time of the apex equalsthaltravel time of the pulse-echo signal. The
DTS-panel is shown in Figure 6b for the first iteya. Using an initial operator as explained,
part of the DTS panel will be at zero time, makingasy to identify the correct event to pick.
Clearly the operator is not correct as can be &®an the non-zero time difference. Half the
time difference is used to update the focusing atperand after a few iterations the result in
Figure 6¢ is obtained. In that case the event apdazero traveltime, which indicates that the
correct focusing operator has been found

The same procedure is repeated for other pointee@back wall and the response from the side
drilled holes. Figure 7 demonstrates the same agprbeing applied to the middle side drilled
hole. Again after just a few iterations a flat Djp&nels is obtained as illustrated in Figure 7c.
The method is very fast and can easily be apphexluser interactive fashion.

In the current example, the medium is laterallyaimant; this makes it fairly straightforward to
interpolate the focusing operators to a full sdtjolv can be used to generate an image. The
result of this procedure is shown in Figure 8b. Faderence the original image is shown in
Figure 8a. The result shows that we have succégsfuhged the three side drilled holes. The
resolution in the image is slightly lower comparexd the isotropic case because of the
anisotropy; this is due to the fast velocity in #&8 direction causing the diffraction signals to
have less curvature and hence vyield a lower rasolut
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Figure 6 lllustration of the focusing operator uialg procedure for a point on the backwall, a)
shows the initial image with the target point ireded by ‘x’, b) shows the initial DTS-panel
and c) shows the final DTS-panel after just a feaseitions.
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Figure 7 lllustration of the focusing operator ugpaig procedure on the middle side drilled
hole, a) shows the initial image, b) shows thaahDTS-panel and c¢) shows the final DTS-
panel after just a few iterations.
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Figure 8 Comparison of original image and the dot@ioed by applying the interpolated
focusing operators from the data.

5. Operator inversion

In more complicated media, for example an austenield, the operator interpolation

procedure is not straightforward. In that casenadgraphic inversion algorithm can be used to
invert for the medium properties using the deriogbrators. In general the location of the
focus point and the medium properties are unkndmwerting the focusing operators allows

one to estimate both. Figure 9a shows the invaateglar velocity in the medium. Based on
this, a focusing operator table can be calculagedh@awn in Figure 9b. The resulting image is
shown in Figure 9c. Comparison with Figure 8b shmassentially no difference in image

quality.
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Figure 9 lllustration of operator inversion progessfirst the velocity model is obtained by
using an appropriate inversion scheme, b) basdbeowelocity model a set of focusing
operators is calculated. These are then used &ircohan image (c).

6. Conclusions

This paper has demonstrated a new technique tontiet focusing operators from ultrasonic

data. The concept was successfully applied to aefedddataset for a strongly anisotropic

medium. Extracting the focusing operators is aigltborward process, which can be

performed interactively. For laterally invariant dme, the operators can be interpolated very
simply. For more complicated media, the operateednto be inverted. This yields a spatially
variant velocity field and the velocity model camemh be used to calculate the focusing
operators.

The proposed method does not make any assumpégasding the medium or the wave type.
This means it can also be applied to shear wavegiided waves. Moreover extension to 3D
data from 2D phased arrays is straightforward.
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