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(57) Abstract: A phased array probe system and method for testing a spot- weld on a structure. The phased array probe includes a
plurality of transducers and may include a flexible delay Sine. The phased array probe is positioned at a first position on the structure
relative to the spot- weld. First ultrasonic signals are generated to and received from the spot-weld using at least one first transducer
of the phased array probe. The first received ultrasonic signals are processed to determine a second optimized position on the structure
relative to the spot-weld. Second ultrasonic signals are generated at the second optimized position to and received from the spot-
weld using second transducers of the phased array probe. The second received ultrasonic signals are processed to determine a feature
dimension of the spot-weld.
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PHASED ARRAY PROBE AND METHOD FOR TESTING A SPOT-WELD

CROSS-REFERENCE TO RELATED APPLICATION(S)
16601} This application claims priority to U.S. Provisional Patent Application Senial No.
62/470,598, filed March 13, 2017, entitled “METHOD AND APPARATUS FOR NON-
DESTRUCTIVE TESTING OF SPOT-WELDS” and U.S. Patent Application Serial No
15/916,510, filed March 9, 2018, entitled “PHASED ARRAY PROBE AND METHOD FOR
TESTING A SPOT-WELD”, which are hereby incorporated herein by reference in their

entireties.
TECHNICAL FIELD

16062} The subject maticr disclosed herein relates to the field of non-destructive testing,

and more particularly to ultrasonic systems used for non-destructive {esting of spot-welds.
BACKGROUND

{3003} Sheet metal joining processes are widely used i many indusinies including the
automotive industry. Among these processes, resistance spot welding is a very common
procedure used to join metal sheets, and laser spot or scam welding has also gained
acceptance. The guality control of such joiming processes has been recognized as a critical
tssue to manufactures. Currently, spot-welds are inspected gither by conventional single
clement probes or matrix phased-array systems. These ultrasonic inspection systems atiempt
to detect spot weld flaws like stick-welds, bumed spot-welds, bad-though welding and loose
spot-welds, as well as try o assess, directly or indirectly, that the spot weld nugget diameter
has a mimimal required diameter. For instance, inn spot welding, welding overlapped picces of
metal by application of laser or current leads to molten metal that guickly cools and soliditfies

nto a joint known as a nugget.

G001 One type of ultrasonic transducer — a phased array transducer — comprises a
plurality of clecirically and acoustically independent transducer elements that mcorporate
piczoeleciric ceramics. Durning operation, electrical waveform pulses are applied o the
electrodes of the phased array transducer elements of the probe causing a mechanical change
in the condition of the piezoelectric ceramics and generating ultrasonic signals (e.g. ultrasonic

heams) that can be transmitted through the material to which the probe is coupled. By



WO 2018/169962 PCT/US2018/022192

varymg the timing of the electrnical waveform pulses applied to the phased array transducer
elements, the phased array transducer can generate ulirasonic beams at different angles,
allowing the phased array transducer to steer the ultrasonic beam at different angles through
the test object to try 1o detect anomalies. When an ultrasonic beam reflected from the
material under inspection contacts the surface of the piezoclectric ceramic of a phased array
transducer clement, it genevates a voltage difference across the electrodes that is detected as a
receive signal by signal processing clectronics. As the ultrasonic beams pass through the
object, vanous pulse reflections called echoes occur as the ultrasonic beams mieract with
internal structures {¢.g., anomalies) within the test object. By tracking the time difference
between the transmission of the electrical pulse and the receipt of the electrical signal, and
measuring the amplitude of the reccived ultrasonic signal, various characternistics of the
material can be determined. These echoes allow the depth and size of anomalies within a

given test object to be deternined.

G002} While conventional single clement probes can reliably detect flaws like stick-
welds, burmned spot-welds, bad-though welding and loose spot-welds a direct measurement of
the minimal nugget diameter cannat be achieved by conventional single element probes.
Currently available conventional matrix phased array svstems employ phased array probes
with either 64 or 121 elements and a hard rexolite delay line. The hard rexolite delay line
limuts the coupling to the arca of inferest, since these can have an indent and non-flat
coupling surface, due to the welding process. Although such systems can image the spot weld
diameter, the funited reproducible coupling leads to non-reproducible inspection results. fn
addition, it 1s questionabie how these systems can rehably wdentify stick welds, which are
usually identified by the remaining wall thickness of the plates. This is because such
measurements can be compromised if the probe cannot be coupled directly and
perpendicularly to the spot-weld, as it may be the case with hard delay lines. Currently
available systems may employ an amplitude C-scan of the spot-weld and interpolation
algonthms to determine the minimal valid nugget diameter. These inderpolation algorithms
lack the required reconstruction resolution (typically 0.2 mm) for reliably determining the
minimal spot weld diameter or the 2-dimensional arca of fusion. One available system
employs Synthetic Aperture Focusing Technigue (SAFT) algorithm to determine the nugget
diameter. For laser spot or seam welding it can be crucial to reconstruct the 2-dimensional

arca of fusion with high resolution since these joints may in principle take arbitrary shapes.
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SUMMARY

10683] Bisclosed herein, in one aspect, is 3 method for testing a spot-weld on a structure
using a phased array probe. For instance, the phased array probe is positioned on the
structure relative 1o the spot~weld. First generated ultrasonic signals are generated 1o and first
recetved ultrasonic signals are received from the spot-weld using at least one first transducer
of the phased array probe. The first received ultrasonic signals from the at least one first
transducer of the phased array probe are processed to determine a second, optimized position
and alignment of the phased-array probe to the spot weld. In addition, but not exclusively
these first received ulirasonic signals may be used to detected spot-weld defects such as stick-
welds, loose welds, burned welds or bad though welding. After this first generated ultrasonic
signals second generated ultrasonic signals are generated to and second received ulirasonmic
signals are received from the spot-weld using second transducers of the phased array probe at
the second optimized position. The second received ultrasonic signals from second
transducers of the phased array probe are processed to determine a feature dimension of the

spot-weld.

6604} in another aspect, a phased array probe system including a phased array probe and
a processor, 18 disclosed. The phased array probe includes a plurality of transducers and a
flexible delay line for coupling the phased array probe to the structure. The plurality of
transducers includes at feast one first transducer and sccond transducers. The at least one first
transducer generates first sencrated ultrasonic signals to and receives first received ultrasonic
signals from the spot-weld at a first position on the stracture relative to the spot-weld. First
generated ultrasonic signals are generated to and first received ultrasonic sigoals are received
from the spot-weld using at least one first transducer of the phased array probe. The second
transducers generate second generated ultrasonic signals to and receive second received
altrasonic signals from the spot-weld at a sccond optimized position on the structure relative
to the spot-weld. The processor is configured for processing the first and second received
ultrasonic signals. The first received ultrasonic signals from the at least ove first transducer of
the phased array probe are processed to determine the sccond optimal position and alignment
of the phased-array probe to the spot weld. In addition, but not exclusively these first
received ultrasonic signals may be used to detected spot-weld defects such as stick-welds,

loose welds, burned welds or bad though welding. Afler this first generated ultrasonic signals

3
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second generated ultrasonic signals are generated to and second received ultrasonic signals
are received from the spot-weld using second transducers of the phased array probe. The
second received ultrasonis signals from second transducers of the phased array probe are
processed to determine a feature dimension of the spot-weld.

[0605] An advantage that may be realized in the practice of some disclosed embodiments
of the method or apparatus is that the minimal spot-weld nugget diameter or 2-dimensional
area of fusion may be determined with high resolution at a reduced processing time, allowing

for a portable manual or n-line astomatized inspection unit.

6606} Additional features and aspects of the present invention will become apparent to
those skalled in the art upon readmg and understanding the following detailed description of

the exemplary embodiments.

(G007} The above embodiments are exemplary only. Other embodiments are within the

scope of the disclosed subject matter.
BRIEF DESCRIPTION OF THE DRAWINGS

[0608] 8o that the manner i which the features of the ivention can be understood, a
detailed descrption of the invention may be had by reference to certain embodiments, some
of which are illustrated in the accompanying drawings. It is to be noted, however, that the
drawings illustrate only certain embodiments of this invention and are therefore not to be
considered limiting of #ts scope, for the scope of the disclosed subject matter encompasses
other embodiments as well. The drawings are not necessarily to scale, emphasis generally
being placed upon illustrating the features of certain embodiments of the invention. In the
drawings, ke numerals are used to indicate like parts throughout the various views,

(G009} FIGS. 1-4 depict possible features detected by atest system having a single
transducer;

6610} FIGS. 5-6 depict spot~weld features detected by an embodiment of a phased array
probe, 1n accordance with one or more aspects set forth herein;

6611} FIG. 7TA depicts an ultrasonic matrix phased amray system with four central active
transducers for testing an object or surface, in accordance with one or more aspects set forth

heren;
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0612} FIG. 7B depicts the ultrasonic matrix phased array syvstem of FIG. 7A with all
transducers active for testing an ohiect or surface, 1n accordance with one or more aspects set
forth herein;

661 3] FIGS. 8-9 depict ultrasonic segmented annular phased array systems, in

accordance with one or more aspects set forth herein;

3014} FIG. 10 1s a block diagram showing the primary components of an ulirasonic

phased array spot weld inspection, in accordance with one or more aspects set forth herein;

6015} FIGS. 11A and 118 depict non-destructive inspection and detection of features, in

accordance with one or more aspects sct forth herein;

{6016} FIG. 12 depicts apparatuses for non-destructive testing, in accordance with one or

more aspects set forth herein; and

[6617] FIG. 13 depicts a method for non-destructive testing, in accordance with one or

more aspects set forth herein.
DETAILED DESCRIPTION

[G018] Embodiments of the disclosed subject matter provide techniques for non-

destructive testing. Other embodiments are within the scope of the disclosed subject matter.

6619} The present disclosure relates to a technigue for reliably determining a minimal
spot-weld diameter with high resolution and reproducibility of the inspection result. In
addition, the techmiqgue allows reliably entifying other spot-weld flaws tike stick-welds,
bumed spot-welds, bad-though welding and loose spot-welds hike conventional single
clement probe systeras. Further, the technique may can reconstruct the 2-dimensional area of

fusion with high resolution and reproducibility.

6620} in one example, a combination of matenials allows the probe to conform to the
contoured surface of a spot-weld while enabling sound energy to be transferred directly into
the spot-weld under test conditions. For instance, the combination of materials includes a
flexible membrane mounted on the end of the probe and a fluid filled chamber between the
membrane and the array or a flexible rubber delay line mounted directly in front of the array.
The probe may be configured to send and receive ultrasonic signals from the phased array

probe to examine an inspected object or surface. Only a subset of transducers may be used m
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emitting and receiving the signals, because of the algorithm emploved, and to optimize the
amount of time used in processing, as explained in further detail below. The apparatus
employs a subset of transducer elements to realize inspection. Other features mnclude displays
of a live color-coded ultrasonic C-Scan image of the spot weld under test, or displays of the
reconstructed image 1 a color-coded ultrasonic C-scan wmages of characterized spot-welds in
real ime. C-scan images further include mimimal diameter of the weld nugget and 2-
dimensional area of fusion. The probe may run an identification algorithm to annunciate a

pass/fail criteria, e.g., of a spot~weld.

[6621] Generally stated, described herein, in one aspect is a method for testing a spot-
weld on a structure using a phased array probe. For instance, the phased array probe is
positioned at a first position on the structure relative to the spot-weld. First generated
ultrasonic signals are generated to and first received ultrasonic signals are received from the
spot-weld using at least one first transducer of the phased array probe. The first received
ultrasonic signals from the at least one first transducer of the phased array probe are
processed to determine the second optimal position and alignment of the phased-array probe
to the spot weld. In addition, but not exclusively these first received ultrasonic signals may be
used to detected spot-weld defects such as stick-welds, loose welds, bumed welds or bad
though welding. After this first generated ultrasonic signals second generated ultrasomic
signals are gencrated to and second received ultrasonic signals are received from the spot-
eld using all second transducers of the phased array probe. The second received ultrasonic
signals from second transducers of the phased array probe are processed to determine a

feature dimension of the spot-weld.

6022} In onc embodiment, the phased array probe includes a flexible delay bine, and
positioning and repositioning the phased array probe includes coupling the phased array
probe to the structure using the flexable delay hine. In another embodiment, processing the

second received slirasonic signals includes using an equation of the form A(F) =

s (th = of + ¢}, where A(P) is the signal amplitude at a point P; sy(t) is the

1=1i
1<
==

(NS
N

I/\ l'\

signal matrix of signals received from transducers, where j (1 <j <N) are transmitting and 7
(1<i<N} are receiving elements; and t'i (resp. t¥) ) is the time of flight between the recetver 7

{resp. transmutter /) and point P. In a further embodiment, the time of fhight between the
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transmitier j or receiver 7 and the point P is deternuned using an equation of the form

T L P R I C T LR U VY A T CR
vy v,

thxy) =

, where: x and v are

the coordinates of the surface impact point, while xx and yi are the coordinates of the
considered clements & where £ can be transmitting elements J or receiving clements 7, xp, yp
and zp are the coordinates of the reconstruction point, s(x.v) is the surface profile and viand

va2 are the sound velocities in the delay (1) and the tested matenal (2).

6623} in one example, the phased array probe is a rectangular array of the plurality of
transducers. In another example, the phased array probe 1s an annular array of the plurality of
transducers. In a further example, the plurality of transducers of the phased array probe

includes the at least one first transducer surrounded by the second transducers.

3624} In one configuration, the at least one first transducer is at least one first central
transducer and the second transducers are disposed concentrically to the at least one first
central transducer. In another configuration, the second transducers are a subset of the
plurality of transducers, with the second transducers selected to surround the spot weld. Ina
further configuration, generating the sccond generated ultrasonic signals 1s conducted at both
a first probe depth and a sccond probe depth, and the feature dimension is determined at both
the first probe depth and the second probe depth. In vet another configuration, the second
transducers compnise a subset of the plurality of transducers, and the ultrasonic sound field
second transducers are steered or focused at a certain point to enhance signal quality using

single clement delay law calculation during transmit and recetve of the nltrasonic signals.

[0625] In another aspect, a phased array probe system including a phased array probe and
a processor, 15 disclosed. The phased array probe includes a phurality of transducers and a
flexible delay line for coupling the phased array probe to the structure. The plurality of
transducers includes at least one first transducer and second transducers. The at least one first
transducer generates first generated slirasonic signals to and receives first received ultrasonic
signals from the spot-weld at a position on the structure relative to the spot-weld. First
generated ultrasonic signals are generated to and first received ultrasonic signals are received
from the spot-weld using at least one first transducer of the phased array probe. The second
transducers generate second gonerated ultrasonic signals to and receive second received

ultrasonic signals from the spot-weld at a second optimized position on the structure relative
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to the spot-weld.  The processor 1s contfigured for processing the first and second received
ultrasonic signals. The first received ultrasonic signals from the at least one first transducer of
the phased array probe are processed to determine the optimal position and aligament of the
phased-array probe to the spot weld. In addition, but not exclusively these first received
ultrasonic signals may be used to detected spot-weld defects such as stick-welds, loose welds,
bumed welds or bad though welding. After this first generated olirasonic signals second
generated ultrasonic signals are generated to and second received ultrasonic signals are
received from the spot-weld using all second transducers of the phased array probe. The
second received ultrasonic signals from second tranaducers of the phased array probe are

processed to determine a feature dimension of the spot-weld.

6626} By way of overview, FIGS. 1-4 depict possible features that may be present in an
object under inspection. Notably, the features depicted 1n FIGS. 1-4 may be detected using a
conventional simgle transducer test system. In cach of the examples of FIG. -4, an upper

sheet of metal and a lower sheet of metal are to be joined using a spot weld.

[6627] FIG. 1 depicts a stick weld 101 detected in a structure or object 100 voder
mspection and an A-scan 102 displayed on a user interface of a non-destructive test systemn.
The stick weld 101 demonstrates a poor connection of the object 100, as there 1s hittle
penetration of the weld into the layvers of the object 100, Conventional single transducer
systems can detect defects such as the stick weld 101, As depicted in the A-scan (102} of
FIG. 1, stick welds can be detected by identifying additional echo amplitudes with smaller
amplitede 1n between the echo sequence of the total stack thickness. A more reliable
identification of stick welds is achieved by measuring the wall thickness of the total stack
from the total stack thickness echo sequence. If the stack thickness is not below a certain

threshold value a stick weld is likely possibie.

10628] FIG. 2 depicts a loose connection 201 detected in an object 200 under inspection
and an A-scan 202 displaved on a user interface of a non-destructive test system. The loose
connection 201 detect 1s also characterized by a no penctration of the weld into the object
200. Conventional single tranaducer systems can detect defects such as the loose connection
201, As depicted in the A-scan (202} of FIG. 2, loose welds can be detected by identifving

an echo sequence of the top sheet thickness only.
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3629} FIG. 3 depicts a burmned connection 301 detected i an object 300 under inspection
and an A-scan 302 displaved on a user interface of a non-destructive test system. As
depicted, the bumed connection is characterized by full penetration of the weld into the
object 300, generally caused by excessive melting of the object. Conventional single
transducer systems can detect defects such as the bumed connection 301, As depicted m the
A-scan (302) of FIG. 3, burned welds can be detected by identifving a very short echo

sequence which does not show multiple reflections of the total stack thickness.

13630} FIG. 4 depicts a bad throogh weld 401 detected in an object 400 under inspection
and A-scan 402 displaved on a user interface of a non-destructive test system. The bad
through weld 401 is characterized by the two layers of the object 400 being not completely
fused atter the welding process. Conventional single transducer svstems can detect detects
such as bad through weld 401, The bad through welding defect occurs if not the full material
of the spot weld was melted and fused together. As depicted in the A-scan 402 of FIG. 4, bad
through welding can be detected by dentifying additional echo amplitudes with smaller

amplitude 1n between the echo sequence of the total stack thickness.

16031} Next FIGS. 5-6 depict weld nuggets that bave specified smallest diameters.
Because the nuggets are three-dimensional objects, FIGS. 5-6 depict a representative cross-
section. Notably, during a welding process, a target diameter of the weld nugget 1s sought,
and the testing methods depicted herein may be used to validate whether or not the target has

been achieved.

[6632] FIG. 5 depicts an ok or acceptable weld having an acceptable nugget 501 detected
1 an object 500 under inspection, and displayed on a user interface 302 of a non-~destmctive
test system. As depicted in FIG. 3, the acceptable weld is charactenized by an acceptable
nugget 501 that demonstrates penctration well mto both lavers of the object 500, to create a

solid weld connection that has a minimum diameter of the target D

{3633} FIG. 6 depicts a small nugget 601 detected i an object 600 under inspection, and
displaved on a user interface 602 of a non-destructive test system. By contrast with the
nugget 501, bere the nugget 601 1s not the full dimension D that was intended during the
welding process. Instead, the minimumm diameter of the nugget 601 is d. Becanse d << D,

this nugget 601 18 too small in comparison with the target diameter.
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3034} Next, different exemplary phased array probes are set forth for use in the method
and system described herein. FIG. 7A depicts an ultrasonic matrix phased array probe 700
with four central active transducers 702 out of an 8x8 array of individual transducers 701,
F1G. 7B depicts an ultrasonic matrix phased array probe 700 with all active transducers out of

the 8x8 array of individual transducers 701

[G835] Specific details of ultrasonic transducers in phased array probes are generally
known. Reference for further details is made to U.S. Patent No. 9,110,000 B2, published on

August 18, 2015, which is mcomporated herein in s entirety.

6636} in addition to rectangular arrays, circular arrays may be used in the present
technique. FIG. 8 depicts an ultrasonic phased array probe 800 having 31 individual
transducers 801, which are disposed i an annolar, circular fashion, with a central transducer
802. FIG. 9 depicts an ultrasonic segmented annular phased array probe 900 having 63
wndividual transducers 901, which are disposed in an annular, circular fashion, with a central
transducer 902, With the probes 800 and 900, not all transducers must be activated. Instead,
in ceriain operations, a central transducer may be operated, and 1n other operations, some

subset of the other transducers may be operated.

{6837} FIG. 10 18 a block diagram showing the primary components of an ultrasonic
phased array spot weld inspection 10 in accordance with an exeraplary cmbodiment of the
present invention. An ultrasound phased array system for inspection of resistance spot-welds
can deternune the minimum nugget diameter with a high resolution, accuracy and
reproducibility. The system may pot only able o determine the nugget diameter, but also to
identify other spot-weld defocts such as stick welds, bumed spot-welds, bad though welding
and loose welding with a sub-aperture of the phased array probe. The system can employ an
image reconstruction algorithm, for example TFM (Total Focusing Method) {described
below) to generate a color-coded image of the nugget cither based on reflection amphtude
values or time-of-flight measurement. The system may consist of a phased array transducer
with individual transducer elements 1000, a flexable delay ling 1001, and phased array
ultrasonic testing (PAUT) electronics 1010 able to send and receive the signals from the
phased array transducer, and a processing/displaying unit 1020 able to run the reconstruction
algorithm, display the reconstructed image and/or employ an automatized identification of the

spot-weld condition resulting in pass/fail criteria. The PAUT electronics 1010 and

10
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processing/displaving unit 1020 may either be realized n a single instrument or two separate

mstruments.

16038} Continuing with Fi(z. 10, during positioning of the probe on the spot-weld the
central transducer elements of the arrav can be used 1n a single shot to perform an inspection
which is close to the conventional single element probe inspection. In addition, all elements
of the phased-array transducer, which could be realized as a matux arrav 700 or a segmented
annular array (with for example either 31 elements 800 or 63 elements 900) to represent the
rotational symmetric geometry of the spot-welds can be employed to display an active C-scan
on the processing/displaying unit 1020 o guide the operator or provide input to a feed-back
loop for a possible antomatized system in the positioning of the probe. Using the signals from
the central aperture, an optimal position of the probe with respect to the spot-weld is
obtamned, based on a maximum amplitude automatized criteria in the processing unit. This
triggers the actual data acquisition of the processing unit and evaluates the different pass/fail

criteria.

16039} As shown previously in FIGS. 7A-9, using the central elements of the phased

array transducer (sub-aperture) an mitial set of measurements and criteria are checked which
can determing 1) stick welds by measuring the remaining wall thickness 2) loose spot-welds,
3} bad though-welding and/or 4) burned spot-welds. These criteria can be the same or sinnlar
to the conventional testing performed nowadays. The choice of a central aperture to generate
a single transducer thus encompasses the conventional single element probe inspection in the

phased-array approach.

3640} Returning now to FIG. 10, 1n a second step, all elements of the phased-array
transducer are used to collect the ultrasound signals 1030 in a FMC (Full matrix capture)
approach. The TFM image reconstruction algorithm, which generates the color-coded image
of the nugget 1040 on the processing/displaying unit, 1020 then uses this data set. A possible
benefit of a TFM reconstruction algorithm is that #t can provide a much higher resolution and
thus higher accuracy and reproducibility of the minimal nugget diameter or 2-dimensional
area of fusion when compared to direct or interpolated C-scans of a matrix array transducer,
leading to more reliable and accurate inspection results. Once the image 1s reconstructed an
automatized algonithm determines the minimal valid nugget diameter or 2-dimensional area

of fusion either based on amplitude or time-of-flight values.

1
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6041} The system may provide automatized on-line teedback based on multiple
pass/fail criteria for whether the spot weld is likely to pass or fail the test. The operator may
decide whether to accept or ignore the result of the automatized algorithms. The full data set
of the spot-weld with all relevant parameters may be stored in the processing/displayving units

for later quality control.

G042} Next, FIG. 11A 1s a graph showing non-destructive inspection and detection of
features, specifically of a test-block with a 3mm FBH in 1.5 mm depth. The depth of 1.5 mm
1s close to a typical 2 stack sheet thickness and a 3mm diameter is at the lower end of tvpical
spot-weld diameters. The lefi-hand portion shows a live C-scan in which the FBH cannct be
clearly identified, the middle portion shows a C-scan interpolation with a slightly improved
resolution of the FBH, and the night hand portion shows a total focusing method (TFM)
output. The parameters of this example are: Matrix Array lmm x 1mm pitch; 15 MHz; 64
Elements; one matrix row dead, immersion. As may be seen 1o FIG. 11A| the TFM cutput
demonstrates an improved tmage of the 3mm FBH with higher resolution, when compared
with either of the C-scan images. This improved resolution leads to a more accurate
measurement of the FBH diameter. The FBH diameter is automatically determined from the
minimal radius of a circle which can be placed inside the black contour lines n the C-Scans
which mark the edges ot the reconstructed FBH. The FBH diameter determined from the
miterpolated C-Scan and TFM C-Scan is provided as the D Min Value above each C-Scan
Fig 11A. That the TFM C-Scan does not match the 3mm Diameter of the FBH under testis a
result of the dead clement- row in the used matrix array. However, by comparing the black
contour lines in the C-Scans which mark the edges of the reconstrued FBH image 1t becomes
clear that the TFM C-Scan images has much better resolution and in case of a fully functional

Matrrx array would give the correct FBH diameter under test.

{0043} Continuing, FIG. 11B is a graph showing non-destructive inspection and detection
of features, specifically of the nugget 10406 of FIG. 10. The left-hand portion shows a hive C-
scan in which the contour of the nugget diameter cannot be clearly identified, the nuddie
portion shows a C-scan interpolation in which the contour of the nugget diameter can be
identified with low resolution, and the right-hand portion shows a total focusing method
(TFM) output 1o which the contour of the nugget diameter can be clearlv identified with high

resolution. The parameters of this example are: Matrix Array lmm x Imm piteh; 15 MHz;
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64 Elements; one matrix row dead, immersion; Spot-weld sample, diameter unknown. As
may be seen in FIG. 11A ) the TFM output demonstrates an improved image nugget diameter
with higher resolution, when compared with cither of the C-scan images. This improved
resolution leads to a more accurate measurement of the nugget diameter. The nugget diameter
is automatically deternuned from the minimal radius of a circle which can be placed inside
the black contour lines in the C-Scans which mark the edges of the reconstructed nugget. The
minimal nugget deternmined from the interpolated C-Scan and TFM C-Scan 1s provided as the
D Min Value above each C-Scan m Fig 11A. By comparing the black contour lines in the C-
Scans which mark the edges of the reconstrued FBH image it becomes clear that the TFM C-
Scan images has much beiter resolution and in case of a fully functional Matrix arcay would
likelv provide the correct nugget diameter under test. By comparing the I Min values from
the interpolated C-Scan and the TFM C-Scan it becomes clear that an interpolation algorithm
would Bikely andersize the minimal nugget diameter, whereas the TFM result provide as more

accurate value of the mintmal nugget diameter

3044} In the examples of FIGS. 11 A and 11B, the following experimental results were
determined, demonstrating the advantages of the present technique. TFM algorithm
computation time on processing unit: 2-3 s; TFM reconstrucied image has much higher
resolution than the interpolated C-Scan {current market available solution). TFM algorithm
s more capable in determining the mimimal spot-weld nugget diameter (compromised by
dead row of elements in the validation test}. Typical reconstruction resolution of TFM

algorithm: 0.2mn.

[6045] FIG. 12 depicts an apparatus for non-destructive testing of an object 1210, In one
example, a first apparatus inchudes a transducer array 1201 and a flexible delay line 1200, In
another example, a second apparatus includes a transducer array 1201 and a fixed hard delay
line 1200°. Given the geometry of the spot-weld area which have usually an indent and a
non-flat coupling surface, the flexible delay line which could be realized by a flexible rubber
or a fluid {c.g. water} filled chamber, can be optimally coupled to the spot-weld under
inspection, and the orientation of the probe to the spot-weld can be adjusted, to maximize the
reflection amplitude which can ensure a perpendicular ortentation of the probe to the spot-

weld.
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3046} By way of overview of FI(G. 12, the use of an advanced reconstruction algorithm
may provide mmproved reconstruction resolution than can be obtained with conventional
solutions. In addition, the TFM method can be realized with a phased-array probe with fewer
clements ¢.g. 32 or 64, while providing better resolution when compared to market available
solutions, which can allow for a more compact and comfortable design of the phased array
probe and thus 1s also applicable in space constrained areas which are common for spot-weld
inspections. Since the TFM method maps the full inspection volume i can also be capable of
wdentifying the munimal spot-weld nugget diameter in the case of misplaced welds, which 1s
not easily achievable with a straight beam inspection as performed by current market
available solutions.

The flexible delay hine of the systom can allow an optimal coupling to the area of the spot-
weld, and an optimization of the probe’s position which can significantly mcrease the
reliability and reproducibility of the inspection results which are currently not achievable

with the hard delay lines of conventional solutions.

3047} Ot further note, the present technigue may also allow not only storage and
documentation of the resulting reconstruction mmages of the spot-weld nogget or 2-
dimensional are of fusion, but could also allow storage of the full A-Scan data which could
be stored on a server/cloud for further post-processing or more dedicated analvses of the spot-
weld geometry. Thus the phased array (PA) approach also allows for a comprehensive

documentation of the testing results and archiving.

3648} FIG. 13 depicts a method for non-destructive testing, in accordance with one or
more aspects set forth herein. In a first flow, at block 1302, a small central aperture is
selected. At block 1304, echo amplitude is optimized on a spot-weld. At block 1306, A-scan
signal from small central aperture is recorded. At block 1308, A-Scan eriteria for stick weld,
loose, burmed and bad though welding are determined. At block 1310, criteria is evalaated to

provide pass/fail recommendation.

3049} Contimung with FIG. 13, i a second flow, at block 1322, a full array for live C-
scan 18 selected. At block 1324, data acquisition of reduced FMC is triggered after the echo
is optimized on the spot weld from block 1304, At block 1326, the fast TFM reconstriction
algorithm is run. At block 1328, nunimal spot-weld diameter is determined. At block 1310,

criteria is evaluated to provide pass/fail recommmendation.
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3050} Turning next to further details of the total focusing methods, one embodiment of a

novel algorithm is presented herein.
6651} Full Matrix Capture and Total Focusing Method

[0052] The Full Matrix Capture (FMC) of ultrasonic array transducers with N elements
consists in recording the full A-Scan dataset of N x N gty where j (1 <j<N)are
transmitting and 1 (1<a<N) are receiving elements. Where s5(t) 1s a single recorded A-Scan of
the transmitter and receiver combination. The transmitting and receiving clements can cither
be a single element or a multiphcity of elements of the array or a combination of these. Ifa
multiplicity of clements is used as transmitier or receiver respectively the ultrasonic sound
field these transnuiters and receivers could be steered or focused at a certam point to enhance
signal quality by employing single element delay laws during transmit and receive. This
signal matrix 85(t) = si(t} 1s the basis of the TFM reconstruction. The signal amplitude A(P) at

a specific point in the reconstructed image 1s given by:

4

N

1€i=s ]
15jsN

[B053] Where ' (resp. t% } is the time of flight between the receiver 1 (resp. transmitter j)
and pomt P.

16054} Hence to reconstruct a single point P in the TFM image with a 64 clement probe a
total of N x N = 64 x 64 = 4096 surnmations have to be made. In addition 4096 time of flight
calculations for each t' and ' have to be made. Considering the imaging of a volume of X
8 mm x Y: 8mum x Z: 1 ram with a reasonable resolution for inspecting spot-welds at the
needed ultrasound frequencies of 15 MHz and above (Ax = 0.25 mm; Ay =

0.25 mm; 4z = 0.02 mm; ) viclds a total numberof Nx Nx X /Ax x V/Ay x Z2/Az (64 x 64

x 32 x 32 x 530 = 2097155200) sununations of signals si4(t) and time of flight computations.

|B655] The time of flight calculation 1s based on finding the root of a square root
function, which takes into account the position of the element with respect to the
reconstruction point, the sound velocity of the probes delay material and the sound velocity
of the matenal under test. Since Sneli’s law govems the propagation of ultrasound at the

interface of two media, the square root function involves trigonometric functions to be
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calculated. The numenical calculation of trigonometric tunctions and root finding algorithms

is particilarly computationally time consuming.
6656} Reduced Full Matrix Capture and Fast Total Focusing Methaod

{6057} In order to significantly reduce the calculation time and bring it to an acceptable
level for the inspection of spot-welds (2-3 seconds compared to several minutes) the
following optimizations have been mmplemented in the enhanced TFM reconstruction

algorithm.

16058} The first change is that only the relevant signals are acquired in the FMC and used
in the TFM reconstruction algorithm. It may be shown that for reconstructing the signal A(P)
at a given point only the transmitting elements in a constrained arca/radius aroand the
reconstruction point are sufficient to obtain a good reconstruction of the signal amplitude
A(P). In addition, onlv receiving clements which are within the constrained arca/radius
contribute sigmficantly to the reconstruction amplitude A{P). As an example let us considera
64 clement Matrix array with a | mum x 1 mm piteh and an active reconstruction aperture of 7
mm x 7 mm, 1.¢. 49 elements which are used in the reconstruction the amount of summations
is reduced to 1383, resulting in a computation time reduction of a factor of approximately 3
for a central point in the image with respect to 4096 summations when emploving all 64
clements. Since reconstruction points further cut to the edges of the image have less and less
clements 1n the active reconstruction aperture the reduction factor increases even more for
reconstructing the full image. For the example mentioned above to tmage a volume of § x 8
I mm’ the total amount of calculations is reduced to 14154640 compared to 2097155200
when cmploving all 64 clements yielding a reduction factor in computation time of about
150. To speed the computation up even more, two additional featares can be emploved. First
the transducer array could be designed such that it reflects the arca of interest in the
reconstruction. For inspecting spot-welds this would mean to employ a dedicated design of a
segmented annual array to take advantage of the rotational symmetry in this specific
application reducing the number of needed reconstruction poimnts in the volume. In addition,
the signals from each element stored in the position si(t) can be used to check for the validity
of the reconstruction area right below the element. If significant reflections from the single
joint sheets can be detected this arca should not be considered 1 the TFM recounstruction. In

addition, since only the signals of receiving clements, which are within the constrained area,
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are considered in the calculations, the number of signals, which have to be stored during the
FMC, reduces as well. Thus the number of needed delay-laws for the FMC is reduced which

cnables an implementation of the algorithm on a portable system.

66539} One of the main computation time consuming operations is the calculation of the
time of flight values for each of the above calculated sammations. To overcome this
limitation in processing speed in the TFM reconstruction a pre-calculated delay times are
used in the reconstruction algorithim. These pre-calculated delay times are typically stored
a look-up table on the processing unit for a predefined range of the delay line, constrained
reconstruction arca and reconstruction depth 1o the material. The during the summations
needed time of flight ti” and ;" is then drawn from the pre computed time of flight look-up
table T{d,R,7), where d is the delay of the elements 1 (resp. ;) determined during the TFM
reconstruction from the mterface echo position of the signal su(t) (resp. si); R is the radial
distance of elements 1 {resp. 3} to the reconstruction point P and Z is the depth of the
reconstruction point P in the material. it has been shown that the usage of this look-up table
approach is valid when the transducer array 1s positioned mostly paraliel to the reflecting
surface of the spot-weld {reflection from the joined sheet stack in the arca of the spot-weld).
The paralielism of the transducer array to the reflecting surface of the spot-weld is ensured by
the maximization of the signal from the small central aperture of the arrav which is fived first
during the inspection and triggers the data acquisition {see description of acquisition and
processing algonthm for details).

3660} In order o take mto account the surface geometry of the spot weld the delays
used in the fast TFM reconstruction may depend on the position of the reconstruction point
with respect to the transmitting and receiving elements. The delavs of the interface echo
positions of the signals si(t} (resp. sij) maps the coupling surface with a resolution of the
clement size. In the reconstruction algonithm, the delay of the element nearest to the
reconstruction point may be checked against the delays of the transmitting and receiving
clements. If the delay of the nearest clement is less than the delay of the transmitting or
receiving element the actual delays of the receiving and transmitting element are used. 1f this
criterion is not fulfilied the delay of the nearest element is used. This processing thus

considers the surface geometry of the coupling arca as measured by the delays of the single
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elements. It can be shown that this approach is sufficient for the mspection of spot-welds for

which only points close to the inspection surface have to be reconstructed.

16061} in a more soplusticated approach the coupling surface could also be mapped in a
higher resolution by the same TFM algorithm. Once the coupling swrface 1s reconstructed the
time of flight from transmitting elements j or receiving elements 7 to each single
reconstruction point passing the surface s(x,v} could be calculated using Fermat’s principle

by minimizing the followmg function:

JE ¥ O =y ¥ G
V4

i

tHxy) =

N = xp)? + {y — yp)* + (zp — s(x, 3))?

7,

x and v are the coordimates of the surface impact poimnt, while xx and vk are the coordinates of
the considered clements &, where £ can be transmitting clements j or receiving elements i, xe,
vp and zp are the coordinates of the reconstruction pomt, s(x.v} is the surface profile and v:
and vz are the sound velocities i the delay (1} and the tested material (2). The nunimization
of the function must be done once for the transmitting and once for the receiving elements.
The numerical calculation of the impact point coordinates x and v could be done by an
ctficient minimization algorithm pnplemented in software. Since these calculations must be
performed for each signal summation in real-time or in an oftling postprocessing such an
approach would significantly increase the computation time. For challenging inspections,
however for which the mapping of the coupling surface by the delays of the interface echoes
of the single elements s not sufficient, this approach could offer additional benefits in

reconstruction reliability.

[6662] Although all the optimizations fo the general TFM method described above are
necessary to obtain the reconstruction speed for an industrial implementation of this
nspection approach, the above embodimends arc only one possible implementation of the
TEM method for inspecting spot-welds with a matrix or segmented annular phased array
probe. Other embodiments such as a system employing the general TFM method with a
matrix or segmented annular phased array probe for the inspection of spot-welds are within

the scope of the disclosed subiect matter.
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3063} The optimization of the TFM method using pre-calculated look-up tables for the
relevant delay times are necessary to obtain the speed for an mndustrial implementation of this
inspection approach, the above embodiments are only one possible implementation of the
TFM method for inspecting spot-welds with a matrix or segmented annular phased array
probe. Other embodiments such as a system employving algonthms for a real-time calculation
of the delays times with a matrix or segmented annular phased array probe for the inspection

of spot-welds are within the scope of the disclosed subject matter.
[3664] Spot-weld mspection and processing algorithm

16065} The mmspection and processing algorithm consists of multiple steps. o the
acquisition mode, the array may be utilized in two modes. Once the full array 1s used in a bive
C-5can mmaging for positioning the probe on the spot-weld, 1n parallel a small central
aperture may be utilized to optimize the echo of the reflecting surface of the spot-weld to
ensure parallelism of the transducer array and the spot-weld. These two modes can be run on
the acquisition unit in paralle] by electronically activating single clements or a subgroup of
clements. Once the reflecting echo is optimized (defined by an user defined threshold) the A-
Scan from the central aperture is automatically stored and the data acquisition of the reduced
FMC is triggered. The critena for stuck welds, loose, burned and bad though welding s
checked on the single A-Scan from the central aperture to assess possible weld defects. In
paraliel the TFM algorithm may be ran on the acquired FMC dataset to calculate the
reconstructed minimal spot-weld diameter. Al cniteria (stuck weld, loose, burned bad though
welding and munimal diameter) are checked and a pass/fail recommendation is provided to
the mspector by displaying the resukt on the displaving unit (sec block chart of the inspection

and processing algorithm).

16066} For determining the real spot-weld diameter it may be necessary to ran the TFM
algorithm in two material depths. The first reconstruction would run in a depth of the total
material thickness as determined from the central aperture A-Scan. A sccond TFM
reconstruction would be run at a matenial depth which would correspond to the total material
depth plus the top sheet thickness to check for any loose arcas within the inspection region.
Only points for which there is a significant signal at the total sheet thickness {(1st TFM
reconstruction) and no significant signal at the material depth of the 2™ TFM reconstruction

would be considered as valid points for determining the minimal spot weld diameter.
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3067} To the extent that the claims recite the phrase “at least one of” in reference to a
plurality of elements, this is intended to mean at least one or more of the listed elements, and
ig not limited to at feast one of each element. For example, “at least one of an element A,
clement B, and clement C.” 1s intended to indicate clement A alone, or clement B alone, or
clement C alone, or any combination thereof. “At least one of element A, element B, and
element C7 is not intended to be imited to at least one of an element A, at least one of an

clement B, and at least one of an clement C.

[3668] This written description uses examples to disclose the invention, including the
best mode, and also to enable any person skilled in the art to practice the invention, including
making and using anv devices or systers and performing any incorporated methods. The
patentable scope of the invention is defined by the claims, and may include other examples
that oceur to those skilled m the art. Suach other examples are intended to be within the scope
of the claims if they have structural elements that do not differ from the hiteral language of
the clamms, or if they mclude equivalent structural clements with rnsubstantial differences

from the literal language of the claims.

3669} in view of the foregoing, embodiments of the enable non-destructive testing and
processing of test results o reach conclusions such as pass/fail critenia of, e.g., a spot-weld. A
technical effect 1s the accurate measurement of nugget diameters of spot — weld or the
accurate measurement of a 2D arca of a fusion with a TFM algorithim. A second technical
cffect is to reduce the required processing time of a TFM algorithm, enabling the deployment

of portable mamual or in-line avtomatized apparatuses in the ficld.

6670} As will be appreciated by one skilled in the ant, aspects of the present mvention
may be embodied as a syvstem, method, or computer program product. Accordingly, aspects
of the present invention may take the form of an entirely hardware embodiment, an entirely
software embodiment {inchuding firmware, resident software, micro-code, etc.}, or an
embodiment combining software and hardware aspects that may all generally be referred to
herein as a “service,” “circwit,” “circuitry,” “module,” and/or “system.” Furthermore, aspects
of the present invention may take the form of a computer program product embodied in one
o1 more computer readable mediom(s) having computer readable program code ¢mbodied

thereon.
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6871} Any combination of one or more computer readable medium(s) may be utilized.
The computer readable mediam may be a computer readable signal medium or a computer
readable storage medium. A computer readable storage medium may be, for example, but
not limtted to, an electronic, magnetic, optical, electromagnetic, infrared, or semiconductor
system, apparatus, or device, or any suitable combination of the foregoimg. More specific
examples {a non-exhaustive list) of the computer readable storage medium would include the
following: an ¢lecirical connection having one or more wires, a portable computer diskette, a
hard disk, a random access memory {(RAM), a read-only memory (ROM), an erasable
programmable read-only memory (EPROM or Flash memory), an optical fiber, a portable
compact disc read-only memory (CD-ROM), an optical storage device, a magnetic storage
device, or any suitable combination of the foregoing. In the context of this document, a
computer readable storage medium may be any tangible medium that can contain, or store a
program for use by or in connection with an mstruction execution system, apparatus, or

device.

6872} Program code and/or executable instructions embodied on a computer readable
medium may be transoutied using any appropriate medium, including but not bmited to

wireless, wireline, optical fiber cable, RF, etc., or any suitable combination of the foregoing.

[6673] Computer program code for carrying out operations for aspects of the present
invention may be writien in any combination of one or more programming languages,
including an object oriented programming language such as Java, Smalltalk, C++ or the like
and conventional procedural programming languages, such as the “C” programming language
or similar programming languages. The program code mayv execute entirely on the user's
computer {device), partly on the user's computer, as a stand-alone software package. partly on
the user's computer and partly on a remote computer or entirely on the remote computer or
server. In the latter scenario, the remote computer may be connected to the user's computer
through any tvpe of network, including a local area network (LAN) or a wide area network
(W AN}, or the connection may be made to an external computer {for example, through the

Internet using an Internet Service Provider).
S i

16074} Aspects of the present invention are described herein with reference to flowchart
itlustrations and/or block diagrams of methods, apparatus (systems) and computer program

products according to embodiments of the invention. It will be understood that each block of
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the flowchart illustrations and/or block diagrams, and combinations of blocks in the flowchart
illustrations and/or block diagrams, can be implemented by computer program instructions,
These computer program nstructions may be provided 1o a processor of a general purpose
computer, special purpose computer, or other programmable data processing apparatus to
produce a machine, such that the mstructions, which execute via the processor of the
computer or other programmable data processing apparatus, create means for implementing

the functions/acts specified in the flowchart and/or block diagram block or blocks.

[3675] These computer program instructions may also be stored in a computer readable
mediom that can direct a computer, other programmable data processing apparatus, or other
devices to function in a particular manner, such that the instructions stored in the computer
readable medium produce an article of manutacture including instructions which implement

the function/act specified in the flowchart and/or block diagram block or blocks.

{3876} The computer program instructions may also be oaded onto a computer, other
programmable data processing apparatus, or other devices to cause a serics of operational
steps to be performed on the computer, other programmable apparatus or other devices to
produce a computer implemented process such that the instructions which exccute on the

computer or other programmable apparatus provide processes for implementing the

functions/acts specified in the flowchart and/or block diagram block or blocks.
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What is claimed i1s:
A method for testing a spot-weld on a structure using a phased array probe, the

I

method comprising:
positioning the phased array probe at a first position on the stracture relative {o

the spot-weld;
generating first generated ultrasonic signals to and receiving first received ultrasonic

signals from the spot-weld using at least one first transducer of the phased array probe;
processing the first received ultrasonic signals from the at least one first transducer of

the phased array probe to determine a second optimized position on the structure relative to

the spot-weld;
generating second generated ultrasomie signals to and receiving second received

ultrasonic signals from the spot-weld using second transducers of the phased array probe at

the second optimized position; and
processing the second received ultrasonic signals from the second transducers

of the phased array probe to determine a feature dimension of the spot-weld.
The method of claim 1, wherein the phased array probe comprises a tlexible

2 o
delay line, and positioning and repositioning the phased arrav probe comprise coupling the

phased array probe 1o the structure using the flexible delay hine.
3. The method of claim 1, wherein processing the second received ultrasonic
e 4P $P o P
i<N Sil'(!ij — ti '+' {']' ) N
1<j=N

signals comprises using an cquation of the form A(P) = {31

LT
A A

<
<

where:
A(P)} is the signal amplitude at a point P;

si(t) 1s the signal matnx of signals recetved from transducers, whers 1 (1 <}

N) are transmitting and 1 {1<i<N} are receiving clements; and
i{resp. t% } is the time of flight between the receiver i {resp. transmitter j) and

point P.
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4. The method of claim 3, wherein the time of flight between the receiver and the

L . . . . r G202 + (v -yi)? +s(ay)?
transmitter is determined using an equation of the form 6, (x y)} =+ ——

Ve

Y {x—xp)2+{y—yp ¥+ (zp—s(x.y)}?
V2

, where:

% and v are the coordinates of the surface impact point, while xx and vx are the
coordinates of the considered clements & where & can be transmitting elements ; or receiving
clements i, xp, yr and zp are the coordinates of the reconstruction point, s(x,y) is the surface

profile and viand vz are the sound velocities in the delay (1) and the tested material (2}

5. The method of claim 1, wherein the phased array probe comprises a

rectangular arrav of the plurality of transducers.

6. The method of claim 1, wherein the phased array probe comprises an annular

array of the plurality of transducers.

7. The method of claim 1, wherein the plurality of transducers of the phased

array probe comprises the at least one first transducer surrounded by the sccond transducers.

8. The method of claim 1, wherein the second transducers comprise a subset of

the plurality of transducers, the second transducers selected to surround the spot weld.

9. The method of claim 1, wherein the second transducers comprise a subset of
the plurality of transducers, the ultrasonic sound ficld second transducers are stecred or
focused at a certain point to enhance signal guality using single clement delay law calculation
during transmit and receive of the altrasonic signals.

10.  'The method of claim 1, wherein generating the second generated ultrasonic
signals comprises generating signals at a first probe depth and a second probe depth, and the
processing the second received ultrasonic signals comprises determining the feature
dimension at the first probe depth and the second probe depth.

1. A phased array probe svstem for testing a spot-weld on a strocture, the system
compiising:

a phased array probe, the phased array probe comprising:
a plurality of transducers, the plurality of transducers including at least

one first transducer and second transducers;
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a flexible delay line for coupling the phased array probe to the structur

wherein the at least one first transducer generates first generated ultrasonic

£ T 3 e
signals to and receives first received ultrasonic signals from the spot-weld at a first

position on the structure relative to the spot-weld
herein the second transducers generate second generated ultrasonic signals to

wherein t
and receive second received ultrasomic signals from the spot-weld at a second

optimized position on the structure relative to the spot-weld; and

a processor, the processor configured for
processing the first received ultrasonic signals from the at least one first

», » o "1 3 5 ]
transducer of the phased array probe to determine the second optimized position on

the structure relative to the spot-weld; and
processing the second received ultrasonic signals from the second transdu
old.

of the phased array probe to determine a feature dimension ot the spot-weld

The system of claim 11, wherein processing the second received ultrasonic

nsy(th =t + )L
N

12,
1
i<

signals comprises using an equation of the torm A(P) =

is
j_\f

<
<

where:
A(F)} 1s the signal amplitude at a point P

si(t) 1s the signal matnx of signals recetved from transducers, where 1 (1 <

N} are transnutting and 1 (1<i<N} are receiving elements; and
tFi{resp. t% } is the time of flight between the recetver 1 (resp. transmitter 1) and

stem of claim 12, wherein the time of flight between the receiver and

point .
13. The sy
the transmiticr is deternuned using an cquation of the form £ (x,y) =
SV =y p Yt (2p—s(xy))
X—Xplo+iy— )f':l (Zp—s{x,¥ )} _where:
2

V=) Hy—yi) i +s(xy)?
7
x and vy are the coordinates of the surface impact point, while xi and yi are i

coordinates of the considered elements £, where & can be transmitting elements j or receiving
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clements 7, xe, ve and zp are the coordinates of the reconstruction point, s{x,v} is the surface

profile and vi and v; are the sound velocities in the delay (v1} and the tested material (v2).

14. The system of claim 11, wherein the phased array probe comprises a

rectangular array of the plurality of transducers.

15. The system of claim 11, wherein the phased arcay probe comprises an annular

array of the plurality of transducers.

16. The system of claim 11, wherein the plurality of transducers of the phased

array probe comprises the at least one first transducer surrounded by the second transducers.

17. The system of claim 11, wherein the at least one first transducer is at least one
first contral transducer and the second transducers are disposed concentrically to the at least

one first central fransducer.

18, The system of claim 11, wherein the second transducers comprise a subset of

the plurality of transducers, the second transducers selected to surround the spot weld.

19, The system of claim 11, wherein the second transducers comprise a subset of
the plurality of transducers, the uitrasonic sound ficld second transducers are stecred or
focused at a certain point to enhance signal quality using single element delay law caleulation

during transmit and receive of the ultrasonic signals.

20.  The system of claim 11, wherein generating the second generated ultrasonic
signals comprises generating signals at a first probe depth and a second probe depth, and the
processing the second recetved ultrasonic signals comprises determining the feature

dimension at the first probe depth and the second probe depth.
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