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(57) Abstract: A method for non-destructive inspection of a weld seam. An
array of ultrasonic transducers is positioned such that the array of transducers
extends over at least part of the width of the weld seam. Each transducer ele-
ment in the array of transducer elements is excited so that each transducer
emits an ultrasonic signal. A plurality of reflected ultrasonic signals are re-
ceived at the array of transducer elements and the reflected ultrasonic signals
are converted to electrical signals. The electrical signals are analyzed to
identify a defect, or a plurality of defects.
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METHOD FOR INSPECTING A WELD SEAM WITH ULTRASONIC PHASED ARRAY

BACKGROUND

[0002] The subject matter disclosed herein relates to non-destructive inspection of a weld
seam using the paint brush method. Manufacturing pipelines for oil and gas transportation
involves welding sides of a sheet of metal to form a pipe, which results in a weld seam where
the individual sides meet and join. The pipes can be longitudinally or helically welded. For
welding comparably thin-wall pipe thicknesses, with an approximate maximum thickness of
20 mm, electro-resistive welding is advantageous. For thicker wall applications, surface-arc
welding is typically applied. Most newly constructed pipelines have large diameters, e.g., 24
inches or larger, and must withstand high pressures applied during the transportation process.

Due to these factors, surface-arc (SAW) welded pipes are typically employed in pipelines.

[0003] Weld seams must be tested and inspected to ensure the quality of the weld seam.
Ultrasonic testing of weld seams is well established within the manufacturing process of both
longitudinally and helically welded pipes. Ultrasonic testing is typically conducted at the end
of the manufacturing process and can be regarded as a final verification of quality before the
product is finished and approved for shipment to the customer. Due to the typical installation
location of these pipes, the reliability of the testing needs to be very high. For example, the
pipeline may be located such that a repair or later exchange is not easily possible. To ensure
the quality of the pipeline, several standards have been published with which the testing

process must comply.

[0004] In the same way, it is necessary to repetitively inspect welds and the body of
pipelines in service, in order to ensure their integrity. Defects originally classified as
tolerable need to be reclassified according to valid standards. Corrosion may lead to

weaknesses in the weld and/or the pipe body material.
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[B005] Defects typically found within weld seams can be classified into three categories:

(1) longitudinal defects aligned along the weld axis; (2) transversal defects perpendicular to
the weld axis; and (3) laminations within the heat-affected zone. The weld axis extends along
the length of the weld seam. In an ultrasonic testing system, the selection and arrangement of
ultrasonic transducers can be determined based on the published standards and the type of

defect to be identified.

[B006] The standard method to test for detecting transversal defects typically employs
four (4) transducers arranged in an X-formation, creating a pitch-catch scenario, as illustrated
in FIG. 1. In this configuration, while transducer number 6 and transducer number 5 fire, a
transversal defect will reflect the signals to each other, 1.2, from transducer number 6 to
transducer nomber 5 or from transdocer number 5 to transducer number 6. Transducers 5 and
7 also function as a coupling check for transducers 6 and 8. In addition, cach single
transducer can also check for a 45 degree oblique defect by firing and receiving within one
cycle per transducer. Varous X-formations are installed for intemal and external detection
scenarios. The X-formation is advantageous in terms of signal-to-noise and geometry
tolerance. However, in the pitch-catch X-formation, the sensitive area is restricted to the
relatively small overlapping region of the sound fields from the representative transducers.

Thus, the pitch-catch configuration 1s tvpically localized to mspecting the pipe surface.

[0067] For transversal defect testing, an on-bead solution is typically used in which the
pitch-catch transducers are employed by positioning the transducers on the weld seam iself
In this configuration, illustrated in FIG. 2, transducers 3 and 4 are positioned opposite each
other on a weld seam 12 of a pipe 14 and function as a coupling check for themselves. The
transducers 3, 4 can be positioned on the weld root 1 or the weld bead 2. Internal and
external defects can be detected directly in a pulse-echo configuration. However, only when
the transducers 3, 4 are positioned directly on the middie of the weld seam 1s the beam
sufficiently confined to detect a transversal defect or notch correctly. I the transducers 3, 4
are misaligned, ¢.g., transducer 3 moved to the right, as illustrated in FIG. 3, or if the weld
root 1 and the weld bead 2 are not symmetrcally positioned, the defect reflection will be
deflected, as ilustrated in FIG. 3, leading to a strong sensitivity drop on the transducers.
Thus, this syvstem is intolerant of the geometry changes that may be present in a weld scam

and may not identify all transversal defects in a weld seam.
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[6008] An alternative system, illustrated in FIG. 4, emplovs phased array transducers 10
instead of single crystal transducers positioned over the weld seam 12 to emit eltrasonic
signals 9. When the geometry of the complete weld seam 12 is known, the positioning of
defects and their angular reflection characteristics can be mathematically modeled or
determined by trial and error methods and the correct delay laws applied to selected virtual
probes. In this way, the defect signals can be optimized for an increased range covering more
or less the complete weld seam area. However, in use, this approach may suffer from several
drawbacks. First, if the geometry of the weld seam changes either within one pipe or from
one pipe to another pipe, a new configuration of the virtual probes would be necessary. Due
to the time consuming process of determuning the correct virtual probe configuration, such a
change in configuration is not practical in daily operation. Thus, this process is restricted to
pipes where the weld seam geometry 1s well under control within the manufactuning process.
Second, because of the scanned approach of virtual probes, a relatively large number of
ultrasonic shots are needed to test the entire weld scam arca. The larger the weld seam is, the
more shots are needed and the more the test speed is reduced. Third, optimization is complex
for a longitudinal weld seam, but is typically realistic for operators of automated testing
systems. For helically welded pipes, the helix asymmetry adds an additional layer of

complexity to the process that is typically considered too challenging for daily operations.
SUMMARY

[0009] A method for non-destructive inspection of a weld seam is described heremn. An
array of ultrasonic transducers is positioned such that the array of transducers extends over at
least part of the width of the weld scam. Each transducer clement in the array of transducer
clements is excited so that cach transducer enmits an ultrasonic signal. A plurality of reflected
ultrasonic signals are received at the array of transducer elements and the reflected ultrasonic
signals are converied to electrical signals. The electrical signals are analyzed to identify a
defect, or a plurality of defects. An advantage that may be realized in the practice of some
disclosed embodiments of the method s deflections caused by non~uniformity of the
geometry of the weld seam or misalignment of the defect can be compensated for as the

signals reflected due to these geometries appear at a different position of the probe.

(6014 In an embodiment, a method of non-destructive mspection of a weld seam 1s

described. An array of transducer elements is positioned to extend over at least part of a

[F%]



CA 02978468 2017-08-31

WO 2016/134005 PCT/US2016/018244

width of the weld seam. The method includes exciting each transducer element of an array of
transducer elements to emit an ulirasonic signal. A plurality of reflected ultrasonic signals
are received at the array of transducer elements and the reflected ultrasonic signals are
converted to electrical signals. At least one set of delay laws are applied to the electrical
signals to generate a plurality of virtual probes steered to a plurality of angles, foci, or a
combination of angles and foci. A defect in the weld seam is identified by at least one of the

virtual probes.

{0011} The above embodiments are exemplary only. Other embodiments are within the

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

[0012] So that the manner in which the features of the invention can be understood, a
detailed description 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 its scope, for the scope of the disclosed subject maticr cncompasses
other embodiments as well. The drawings are not necessarily to scale, emphasis generally
being placed upon itlusirating the features of certain embodiments of the invention. In the

drawings, like numerals are used to indicate like parts throughout the various views.

[0013] FIG. 1 1s a diagram of a prior art single crystal pitch-catch transducer X-

formation;
[6014] FIG. 2 is an illustration of a pitch-catch formation of transducers on a weld seam;
HOY FIG. 3 is an illustration of a misaligned pitch-catch formation of transducers on a

weld seam;

[0016] FIG. 4 15 an dlustration of a phased array formation of transducers on a weld

scam;
[0G17] FIG. § is an illustration of a system for inspecting a weld seam,;
[0018] FIG. 6 15 an llustration of a system for inspecting a weld seam;

[0019] FIG. 7 15 an dlustration of a two-probe system for inspecting a weld scam;

[6G20] FIG. B is another illustration of a two-probe system for inspecting a weld seany;
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[0021] FIG. 9 15 an lustration of an axial deflection angle of an ultrasonic signal;
[B022] FIG. 10 is an tllustration of a transverse deflection angle of an ultrasonic signal;

[0023] FIG. 11 is a flowchart itHlustrating a method of inspecting a weld seam;
[0B24] FIG. 12 is a chart of transmitted ultrasonic signals;
[6025] FIG. 13 1s a chart of reflected vltrasonic signals; and
[B0G26] FIG. 14 1s an A-scan of swmmed clectrical signals.

DETAILED DESCRIPTION
[0027] Embodiments of the disclosed subject matter provide technigues for non-
destructive inspection of a weld seam to identify defects. In an embodiment, an amvay of
ultrasonic transducers is positioned such that the array of transducers extends over the width
of the weld seam. Each transducer element 1o the array of transducer clements is excited so
that each transducer simultancously emits an ultrasonic signal. A plurality of reflected
ultrasonic signals are received at the array of transducer elements and the reflected ultrasonic
signals are converted 1o electrical signals. At least one set of delay laws are applied to the
clectnical signals to generate a plurality of virtual probes steered to a plurality of angles. A
defect is identified by at least one of the virtual probes. Other embodiments are within the

scope of the disclosed subject matter.

[6028] In the process of manufacturing a pipeline, two edges of a sheet or metal are
welded together, longitudinally or helically, to form a pipe, resulting in a weld seam where
the two sides mecet and join. Various defects can be present in this weld seam. These defects
fall mio three main categories: (1) longitudinal defects; (2) transversal defects; and (3)
laminations. Yanations thereof, such as obligoe defects, also cocur and are additionally

considered by some standards for special applications.

[6029] FIGs. 5 and 6 illustrate a system 10 for non-destructively inspecting a weld seam
12. The weld seam 12 extends along the pipe 14 substantially paraliel to the longitudinal axis
A ofthe pipe 14. An ultrasonic sensor 16 is positioned over the weld seam 12. In the
embodiment, the ultrasonic sensor 16 is centered over the weld seam 12, 1.¢., positioned on-~
bead, such that the ultrasonic sensor 16, and particularly the clement direction of the

ultrasonic sensor 16, is substantially perpendicular to the weld seam 12, In another

2y
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embodiment, the ultrasonic sensor 16 is positioned at the root of the weld scam 12, Coupling
between the ultrasonic sensor 16 and the pipe 14 is indirect. In an embodiment, a column of
liguid, such as water or oil, is positioned between the ultrasonic sensor 16 and the pipe 14 in a
gquasi-immersion fechnigue. This column of Hguid allows an efficient coupling between the
ultrasonic sensor 16 and the pipe 14, even in cases of geometric variations of the weld seam
12. Ulirasonic waves emitted by the ultrasonic sensor 16 are propagated 1o the liquid and
transmitted through the Liquid to the pipe 14. In an embodiment, the water column can be
established by a wedge sctup filled with water, squirters, or bubblers. In another
embodiment, a wheel probe is apphied with the array 18, stabilizing the coupling process

while still being tolerant to weld scam 12 geometrics.

[0034] A processor 22 can be coupled to the probe 16 and operable to analyze the
reflected ultrasonic signals coliected by the probe 16. A signal converter 26 can be coupled
to the processor 22 for converting reflected ultrasonic signals to clectrical signals. A memory
24 can be coupled to the processor 22 and/or signal converter 26 for storing the electrical

signals.

(6031} As tllustrated by FIGs. 6 and 7, the ultrasonic sensor 16 includes one or more
transducer elemnents 19, such as an array 18 of ultrasonic transducers. In an embodiment, the
array 18 includes a plurality of freely programmable transmitters. The array 18 of ultrasonic
transducer clements 19 is sized and positioned such that when the arrayv 18 of transducer
elements 19 is placed over the weld seam 12, the array 18 of transducer elements 19 covers
substantially the entire width W of the weld seam 12. The array 18 of transdocer elements 19
can be a linear array, a two-dimensional array, or a three-dimensional array. The complexity
of the array 18 can be sclected based on the complexity of the gecometry of the weld scam 12,
The number of transducer elements 19 in the array 18 can be selected based on the desired
size of the array 18. In an example, the number of transducer elements in the array 18 can be
selected so that the array 18 is large enough to cover the entire width W of the weld seam 12.
In an embodiment, the array 18 includes 64 transducer ¢lements 19, In another embodiment,

the array 18 includes 128 transducer elements 19.

[0632] in an embodunent, the arrayv 18 of ultrasonic transducer elements 19 1s operable in
a pitch~catch or pulse~echo mode in which the transducer clements 19 emit ultrasonic signals

and receive reflected ultrasonic signals. In another embodiment, illusirated by FIGs. 7-8, at
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least two ultrasonic sensors 16, 17 are positioned opposite each other on the weld secam 12.
In an embodiment, the ultrasonic sensors 16, 17 are positioned with a relative inclination
angle in the range of 15 degrees to 19 degrees. The addition of this second ultrasonic sensor
17 enables a coupling check of the ultrasonic sensor 16. Additionally, employving a second
ultrasonic sensor 17 can enable detection of longitudinal defects. The array 18 of transducer
elements 19 is operable to detect a defect 20 (FIG. 6). In an embodiment, a plurality of
defects 20 can be detected o the weld seam 12, The defect 20 can be located on an outer or
inner surface of the weld seam 12, The defect 20 can be a longitudinal defect, a transversal
defect, or a lamination defect. The defect has a longitudinal component and a transverse
component, the proportion of which is a function of the angle of the defect. The angle of the
defect 15 defined relative to the Jongitudmal axis A of the pipe 14 and may be positive or
negative. In an embodiment, transversal defects having an nclination angle within the range
of -80 degrees to +80degrees, such as -30 degrees to +30 degrees, -20 degrees to +20 degrees,

or ~15 degrees to +135 degrees can be detected.

[0033] Referring to FIG. 11, a method 30 of inspecting a weld secam 12 s described. In
an example, this method 30 employs the paint brush method. This method 30 can be
employed by an ultrasonic inspection svstem, such as the system 10 (FIG. 5) described
above. As discussed above, at least one ultrasonic probe including an array 18 of ultrasonic
transducer elements 19 is positioned over a weld seam 12 of a pipe 14. At block 32, the
transducer clements 19 of the sensor 16 are cach excited to emit an ultrasound pulse wave or
ultrasonic signal. In an embodiment, the transducer elements 19 are controlled in such a
manner that they emit at the same time, substantially without a phase shift or time delay. In
other words, the “physical deflection on emission” ig zero. The emitted ultrasonic signal is
transmuitied to the weld seam 12. An example of the transmitted signals is iHlustrated in FIG.
12. As illustrated, when the emitted signal interfaces with the weld seam 12, the enutied
signal is refracted. The emitted signal then travels from the weld seam 12 and the exiernal
surface of the pipe 14 to the intemal surface of the pipe 14, is reflected back, and then travels
to the external surface of the pipe and the weld seam 12 again, where the signal hits the weld
bead 2 {(FIG. 2). Due to the angle inchnation, for conventional materials, during refraction, a
mode conversion occurs from an incoming longitudinal wave to an outgoing transversal wave

or signal.
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[0034] In an embodiment, the emitied signal covers the entire width W of the weld seam

12. In another embodiment, the emitted signal covers the entire width W of the weld seam 12
and a portion of the heat affected zone of the pipe 14. The emitted signal is continuous and
homogeneous within the physical hmits at its creation. Homogenity will be influenced by the
geometrical deviations due 1o the weld bead or the weld root of the weld seam 12, but the
continuity remains. As a consequence, the weld and the heat affected zone of the pipe 14 can

be affected by the ultrasonic signal.

[BO35] Referring now to FIGs. 5, 6, 9, and 10, the sensor 16 can be oriented so that it
fires at the weld seam 12 in accordance with a transverse deflection angle op in order to
detect longitudinal defects or in accordance with an axial deflection angle or in order to
detect transverse defects. As tllustrated in FIG. 9, an ultrasonic signal 9 forms at an angle ur
1o the normal N of the pipe 14 in a longitudinal sectional plane of the longitudinal axis A of
the pipe 14. As illustrated in FIG. 10, an ultrasonic signal 9 emitied by the uitrasonic sensor
16 forms an angle o relative to the normal N of the pipe 14, which 1s defined in a transverse
section plane perpendicular to the longitudinal axis A of the pipe 14, These deflections have
varying values depending on the propagation medium and the matenial of the pipe 12 (FiGs.
5 and 6) and weld scam 12. In an example, for detecting longitudinal defects, the angle oL 15
17 degrees and the angle ar 1s zero while these values are reversed for detecting transverse
defects. These values are adjusted for other angles of the defect 20. For example, fora
defect angle of 45 degrees, the angles ow and or correspond to deflections of approximately
12 degrees in the transverse plane and the longitudinal plane, respectively. These values can
be varied within a range, such as -15 degrees to +15 degrees, in order to detect defects 20

having various inclination angles.

[6036] At any position on or within the weld seam 12 or on the surface of the pipe 14,
defects, such as cracks, can occur. When the ultrasonic signal encounters an asomaly or
defect 20 in the weld seany 12, a portion of the ultrasonic signal is reflected. The way in
which the uitrasonic signal is reflected depends on the defect shape, position, and onentation.
As illustrated by FIG. 13, the reflected signals follow the reverse of the path of the emitted
signal. At block 34 (FIG. 11), the ultrasonic signals reflected from the weld seam 12 (FIGs. 5
and 6} are received by the transducer elements 19, again without a time delay. The ultrasonic

waves reflected by an anomaly or defect 20 are sensed on return by the transducer clements
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19 and, at block 36 (FIG. 11), are converted into electrical signals, such as by the signal
converter 26 (FIG. 5}, In an embodiment, the signal converter 26 can be an analog-to-digital
converter. These converted electrical signals can be stored in the memory 24 for later
processing. In an embodiment, the transmitted signals can also be converted to electrical

signals and stored in the memory 24.

[0B37] At block 38 (FIG. 11). the clectrical signals, representing the transmitted and
reflected ultrasonic signals, are processed to generate a plurality of virtual probes. In order to
generate the virtual probes, at least one set of delay laws are applied to the transmitted
electrical signals and the corresponding reflected ultrasonic signals. In an embodiment, the
delay laws are selected by measuring time of flight between all of the transducer elements 19
and the surface of the weld seam 12 and extracting a delay law to apply to the electrical
signals based on the measured time of flight. The applied delay laws can be selected so that
an angular range indicated as a critical path is densely covered by test-shot angles, ensuring
that at least one of the resulting virtual probes detects a defect 20, The delaved electrical
signals are added up or summed to form the virtual probes, cach virtual probe representing a
probe 16 steered to a particular deflection angle. A “virtual” deflection of the beam is
constructed on the reflected signals by staggenng the instances at which the recerved signals

are added up, for each transducer element 19.

[0038] Based on the summed signals, a visual representation 42 (FIG. 14) of the summed
signals can be generated. This visual representation 42 can take the form of an A-scan, B-
scan, or any other suitable type of representation. At bloek 40 (FIG. 11), a defect 20 in the
weld seamm 12 can be identitied based on the plurality of virtual probes. In an embodiment,
the defect 20 1s identificd from the visual representation 42, ¢.g.. A-scan, i which a defect
signature 44 is present. In an embodiment, an A-scan of the summed data is compared to an

A-scan of the raw, unsummed data in order to identify the defect signatare.

[0039] In an embodiment a single defect 20 or a plurality of defects 20 m the weld seam
12 can be wdentified. The defect(s) 20 can be a transversal defect, a longitudinal defect, ora
lamination defect. In an embodiment, the defect 20 1s a trangversal defect having an
inclination angle in the range of -90 degrees to +90 degrees, such as in the range of -15
degrees to +15 degrees. In an embodiment, a time inversion algorithm can be applied to

compensate for directional variation induced by the geometry of the weld seam 12,
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[0040] Due to the application of the full phased-array probe, which spans the width of the
weld seam, deflections caused by non-uniformity of the geometry of the weld seam or
misalignment of the defect can be compensated for. The signals reflected due to these
geometries simply appear at a different position of the probe. In addition, since only a single
physical scan is necessary and all processing and beam steering occur electronically after the

physical scan, the speed of processing can be increased.

j6041] In view of the foregoing, embodiments of the invention provide a method for non-
destructively inspecting a weld scam to identify a defect. A technical effect is to compensate

for non-uniformity of geometry or misalignment of the defect.

[6042] As will be appreciated by one skilled in the art, aspects of the present invention
may be embodied as a system, method, or computer program product. Accordingly, aspects
of the present invention may take the form of an entirely hardware embodiment, an entircly
software embodiment (including firmware, resident software, micro-code, ¢tc.), or an
embodiment combining software and hardware aspects that may all generally be referred to

2% <&

circuit,” “circuitry,

L3

herein as a “‘service, module,” and/or “system.” Furthermore, aspects
of the present invention may take the form of a computer program product embodied in one
or more computer readable medium(s) having computer readable program code embodied

thereon.

[6043] Any combination of one or more computer readable medium(s) may be utihized.
The computer readable medium may be a computer readable signal mediom or a computer
readable storage medium. A computer readable storage medivm may be, for example, but
not limited to, an electronic, magnetic, optical, electromagnetic, infrared, or semiconductor
svystem, apparatus, or device, or any suitable combination of the foregoing. More specific
examples (a non-exhaustive list) of the computer readable storage medium would include the
following: an electrical 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 combmation 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

10
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program for use by or in connection with an struction gxecution system, apparatus, or

device.

[6044] Program code and/or executable instructions embodied on a computer readable
medium may be transmitted using any appropriate medium, including but not lmited to

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

[0045] Computer program code for carrving out operations for aspects of the present
ivention may be written in any combination of one or more programming languages,
including an object oriented programuning fanguage such as Java, Smalltalk, C++ or the like
and conventional procedural programming languages, such as the “C” programming language
or simnilar programming languages. The program code may execute entirely on the user's
computer {device), partly on the user's computer, ag 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 scenano, the remote computer may be comnected to the user's computer
through any type of network, including a local area network (LAN} or a wide area ngtwork
(WAN), or the connection may be made to an external computer (for example, through the

Internet using an Internet Service Provider).

[6046] Aspects of the present invention are described herein with reference to flowchart
tHustrations and/or block diagrams of methods, apparatus (systems) and computer program
products according to embodiments of the mvention. It will be understood that each block of
the flowchart ilhustrations 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 instructions may be provided to a processor of a gencral purpose
computer, special purpose computer, or other programmable data processing apparatus to
produce a machine, such that the instructions, which execute via the processor of the
compruter or other programmable data processing apparatus, create means for implementing

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

[6047] These computer program instructions may also be stored in a computer readable
medium that can direct a computer, other programmable data processing apparatus, or other
devices to function 1o a particular manner, such that the instructions stored in the computer

readable medium produce an article of manufacture ncluding instructions which implement

the function/act specified in the flowchart and/or block diagram block or blocks.
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[6048] The computer program instructions may also be loaded onto a computer, other
programmable data processing apparatus, or other devices to cause a series of operational
steps to be performed on the computer, other programmable apparatus or other devices to
produce a computer implemented process such that the instractions which execute on the

computer or other programmable apparatus provide processes for implementing the

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

[0049] 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
is not Himited to at least one of each clement. For example, “at least one of an clement A,
clement B, and element C,” is intended to indicate clement A alone, or element B alone, or
element C alone, or any combination thereof. “At least one of element A, element B, and
clement €7 is not intended to be lumited to at least one of an clement A, at least one of an

clement B, and at lcast onc of an clement C.

[BOS0] 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 any devices or systems and performing asy meorporated moethods. The
patentable scope of the invention is defined by the claims, and may include other examples
that occur to those skilled in the art. Such other examples are intended to be within the scope
of the claims if they have structural clements that do not differ from the literal language of
the claims, or if they mclude equivalent structural elements with insubstantial differences

from the literal language of the claims.
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WHAT IS CLAIMED IS:

1. A method of non-destructive inspection of a weld seam, comprising:

positioning an ultrasonic sensor including an array of transducer elements
over a weld seam of a pipe, wherein the weld seam extends parallel to a longitudinal
axis of the pipe and wherein the transducer elements are arranged in a direction
substantially perpendicular to the weld seam;

exciting each transducer element of the array of transducer elements to emit
an ultrasonic signal in which the array of transducer elements is positioned to extend
over at least part of a width of the weld seam;

receiving a plurality of reflected ultrasonic signals at the array of transducer
elements;

converting the reflected ultrasonic signals to electrical signals;

measuring time of flight between all of the transducer elements and a
surface of the weld seam;

selecting at least one set of delay laws based on the measured time of flight;

applying the selected at least one set of delay laws to the electrical signals
1o generate a plurality of virtual probes steered to a plurality of angles, foci, or a
combination of angles and foci; and

identifying, by at least one of the virtual probes, a defect in the weld seam.

2. The method of claim 1, further comprising applying a time inversion
algorithm to the electrical signals to compensate for changes in geometry of the weld

scam.

3. The method of claim 1, wherein the array of transducers are

positioned on the weld seam in an on-bead configuration.

4. The method of claim 1, wherein the defect comprises a longitudinal

defect, a transversal defect, or a lamination defect.

5. The method of claim 1, wherein the array of transducers is at least

partially submerged in a fluid to facilitate transmission of the ultrasonic signals.
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6. The method of claim 1, wherein the ultrasonic signals are emitted

without a time delay and the reflected signals are received without a time delay.

7. The method of claim 1, wherein applying the at least one set of
delay laws electronically applics a delay in the transmission of the electronic signal to
steer the beam of a virtual probe to a particular angle, foci, or combination of angle

and foci.

8. The method of claim 7, wherein a variety of virtual probes are

generated steered at a range of beam angles.

9. The method of claim 1, wherein the defect comprises an inclination

angle within a range of -15 degrees to 15 degrees.

10.  The method of claim 1, wherein a second array of transducer
elements is positioned opposite the array of transducer elements to carry out a

coupling check with the array of transducer elements.

11.  The method of claim 1, further comprising storing the electrical

signals in memory.

12.  The method of claim 1, wherein the transducer elements of the array

of ultrasonic transducer elements simultaneously emit the ultrasonic signal.

13.  The method of claim 1, wherein the array of ultrasonic transducers

is positioned to extend over an entire width of the weld seam.

14.  The method of claim 1, further comprising generating a B-Scan or

geometry corrected B-Scan.

15.  The method of claim 14, further comprising applying an image-
processing algorithm to the B-Scan to detect or characterize image features with

respect to a potential defect.

16.  The method of claim 1, wherein positioning the ultrasonic sensor

further comprises centering the ultrasonic sensor over the weld seam.

14
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17.  The method of claim 1, wherein the emitted ultrasonic signal covers

the entire width of the weld seam.

18.  The method of claim 1, wherein the transducer elements are

arranged in a two-dimensional or three-dimensional array.

15
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