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Weld Overlay Examination Using Ultrasonic Phased Array Technology
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ABSTRACT
Weld overlay of piping was first used as a method to repair components of simple configurations
which were known to contain cracking. An adequate ultrasonic examination of these geometries can
be achieved by using a few conventional search units. Currently the application of pre-emptive weld
overlays as a mitigation technique and/or to improve the examination surface condition for more
complex configurations is becoming more common. These complex geometries may require several
focused conventional transducers for adequate inspection of the overlay, the original weld, and the
base material. Alternatively ultrasonic phased array probes can be used to simultaneously generate
several inspection angles at various focal depths to provide better and faster coverage when compare
to conventional methods. This technical update describes the qualification and use of ultrasonic phased
array techniques for weld overlay examinations of piping.

WELD OVERLAY BACKGROUND INFORMATION
Weld overlay was first used in US power plants in the early 1980s as an interim method of repairing
the welds of flawed piping joints. However due to EPRI research and development of effective
ultrasonic (UT) techniques for inspection and corresponding requirements for conditioning the
examination surface, the application of weld overlays was regarded as a long-term solution starting in
the mid 1980s. This repair method involves the application of crack-resistant material on top of the
original weld and base material. This process is designed to increase the load-carrying capability of the
cracked pipe and to cause a compressive stress on the inside surface of the pipe to slow or inhibit
crack initiation and propagation. After the new weld material is applied, the overlay is often machined
smooth to allow for ultrasonic inspection. A pre-service inspection (PSI) is performed to detect
fabrication flaws in the weld overlay before the repaired joint is returned to service. The original weld
heat-affected zones (HAZ) at a depth of 25% of the original pipe thickness below the pipe-to-weld
overlay interface is also examined ultrasonically both prior to returning the component to service and
during service to detect and size flaws that may have propagated into the weld overlay. When the
crack is considered to be through-wall only over its length a full structural weld overlay is engineered
and applied which takes into account the strength of both the weld overlay and the unflawed portion of
the pipe [1]. The examination volume for the pre-service and in-service inspection (ISI) for a full
structural weld overlay can be found in figures 1 and 2 respectively. The application of a weld overlay
typically increases the inspection interval of the pipe joint. In addition, there have been no reported
cases of existing flaws propagating into the overlay material [2].

Figure 1 - Full Structural Pre-service Inspection Examination Volume

Figure 2 - Full Structural In-service Inspection Examination Volume
NOTE (1): For axial or circumferential flaws, the axial extent of the examination volume shall extend
at least ½ in. (13mm) beyond the as-found flaw and at least ½ in. (13mm) beyond the toes of the
original base material weldment, including weld end butter, where applied. If the weld crown width or
location of the weld with respect to the overlay position is unknown, the examination shall be
performed across the entire overlay surface.

In cases where the outside surface of the original pipe joint is rough and/or complex, the
application of a weld overlay can also be used as a pre-emptive measure to mitigate cracking and to
make the configuration examinable with ultrasonic methods. This approach would employ thinner and
cheaper weld overlays when compared to traditional full structural designs. While it may be possible
to apply a thinner optimized overlay, doing so would require the current ultrasonic procedures to be
expanded to examine at least the upper 50% of the original weld and base material.

ULTRASONIC PHASED ARRAY TECHNOLOGY
An ultrasonic phased array transducer is one that has been segmented into many individual, elements
(See Figure 3). Each element is operated independently by controlling the timing, or “phase”, of each
element’s excitation by using delay/focal laws. A phased array focal law is a group of parameters
(gains, phase time/delays, skews, filters, etc.) applied simultaneously by the phased array system
during pulse transmission and reception to create a desired beam in the material. The timing of the
elements' excitation (delay law) can be individually controlled to produce certain desired effects, such
as multiple examination angles or steering the beam axis. In this way, a single array probe can be
made to simulate many different conventional probes.

Figure 3 - Dual Phased Array Probe
Conventional manual UT examinations for weld overlaid pipe joints may require up to 12
different fixed angle search units to cover the range of anticipated flaw orientations and depth [3].
Phased array technology offers a means to reduce the total number of probe down to two which results
in a decrease in scanning time, radiation exposure, and overall examination cost. A single phased array
transducer can generate multiple beam angles by simultaneously applying the appropriate delay laws.
The overall ultrasonic response from these beam angles may be displayed together in a polar/sectorial
fashion called a “Sector Scan” analogous to fetal ultrasound imaging seen in the medical field. (See
Figure 4).

Figure 4 - Sector Scan Sweep from –25° to 25° Longitudinal Wave Beam Angles

Advances in computer technology have made it possible to manufacture portable phased array
instruments for real-time flaw imaging and analysis. In 1999, EPRI members recognized the need for a
low-cost, hand held phased array instrument having high capabilities for existing high-value
automated inspections as well as for routine manual inspections of piping and dissimilar metal welds
(DMW). A project was initiated by EPRI that included working with a vendor in the development of a
miniaturized phased array instrument containing advanced microelectronic, communications, and
computing technologies. Objectives of the project included development of instrument prototypes,
develop and qualify broadly applicable manual techniques, and assisting in commercialization efforts
to have qualified procedures available for use at utility sites.
As a result of this project equipment vendors are producing more affordable portable phased
array instruments. The EPRI NDE Center has recently had the unique opportunity to evaluate four of
these units specifically for weld overlay inspections. The first is the X-32 (see Figure 5) manufactured
by Harfang Microtechniques, Inc (HMI). It currently supports up to 32 channels and can continuously
record real-time signals and images of the inspection. On-line help is also available to the user with
examples of results for typical applications.

Figure 5 - Harfang X-32 Portable Phased Array Instrument
EPRI has also purchased and is evaluating Zetec’s portable phased array instrument known as
the Omniscan (See Figure 6). It can be configuration as a 16 or 32 channel instrument capable of
recording real time signals and images of the inspection. If desired, data can be acquired using
encoders to conduct a semi-automated phased array examination. Acquired data can subsequently be
analyzed using Zetec’s UltraVision analysis software.

Figure 6 - Zetec Omniscan Portable Phased Array Instrument

The third hand held ultrasonic phased array unit is called the Phasor XS and is manufactured by
General Electric Inspection Technologies (GEIT) (See Figure 7). This 16 channel instrument builds
upon the field hardened characteristics of GEIT’s USN 60 conventional ultrasonic flaw detector
making the transition for conventional UT operators to phased array technology easier. The Phasor XS
is currently for fully manual examinations but should have encoder support in the future for automated
inspections.

Figure 7 - GEIT Phasor XS Portable Phased Array Instrument

Westinghouse offers the last 16 channel phased array instrument included in this evaluation.
This instrument is called the IntraPhase and is integrated with a Panasonic Toughbook® for access to
Microsoft Windows® applications for increased data acquisition and analysis capabilities (See Figure
8). The current IntraPhase system allows the operator to generate sector scans using pitch-catch
phased array transducer configurations and to perform screen captures during manual inspections.

Figure 8 - Westinghouse IntraPhase Portable Phased Array Instrument

MANUAL ULTRASONIC PHASED ARRAY TECHNIQUE FOR WELD OVERLAY
EXAMINATION
After the application of the new crack-resistant weld material a pre-service inspection is performed to
ensure proper bonding at the weld overlay-to-base material interface and that unacceptable defects are
not present in the overlay. Fabrication flaws in the welding direction that are a result of insufficient
bonding of the weld overlay to the base material and are orientated parallel to the examination surface
are called lack-of-bond (LOB) defects (See Figure 9). Radial Planar fabrication weld overlay flaws
orientated perpendicular to the inspection surface (contamination cracks or lack-of-fusion between
adjacent weld passes) are denoted as PSI cracks (See Figure 10). The in-service inspection techniques
are also performed during the PSI examination to evaluate both ISI circumferential and axial inside
surface connected cracks which may have propagated into the weld overlay material (See Figures 11
and 12).

Figure 9 - Lack-of-bond Defect

Figure 10 - PSI Crack

Figure 11 - Circumferential ISI Crack

Figure 12 - Axial ISI Crack

The longitudinal wave mode is less affected by the weld material when compared to the shear
wave mode. For this reason dual longitudinal wave ultrasonic transducers are typically selected for
weld overlay examinations. Because of the different flaw orientations, lack-of-bond flaws are best
detected with zero degree probe angles while high probe angles are more appropriate for PSI cracks.
The recommended probe angles for in-service defects varies depending on the flaw height, weld
overlay thickness, and component geometry. As a result, several different conventional fixed angle
ultrasonic search units scanned one at a time are required to complete a weld overlay inspection.
Alternatively this inspection can be performed using two ultrasonic phased array probes scanned in the
circumferential and axial directions.
EPRI’s manual phased array procedure for the examination of weld overlays utilizes 2.0 MHz
2x16 dual phased array transducers manufactured by General Electric Inspection Technologies and
operated in a pitch-catch mode. The transducers are mounted on a wedge that is appropriately
contoured for the component and the scanning direction (See Figure 13). In addition, the array
elements for the transmitter and receiver are joined together using a cable adapter to form 1x16
configurations for capability with 16 channel phased array instruments (See Figure 14). For both
circumferential and axial examinations, a sector scan from 0° to 85° with a resolution of 1° is
generated and used to interrogate both the PSI and ISI examination volumes for detecting,
characterizing, and sizing flaws. Each angle in the sector scan is programmed to focus at a given

sound path distance based on the weld overlay which results in multiple focal depths throughout the
thickness (See Figure 15).

Figure 13 - Examples of 2.0 MHz 2x16 Dual Phased Array Probes for Axial and Circumferential
Scanning

Figure 14 - Array Element Numbering Using Adapter Cable

Figure 15 - Examples of 0° to 85° Sector Scan for Axial and Circumferential Scanning

During the technique development stage of EPRI’s manual phased array procedure for weld
overlay inspection several practice samples were examined using the technique described above
utilizing each of the four portable phased array instruments mentioned in the previous section.
Figure 16 shows the component geometry for one of the 6-inch diameter practice specimens. Figures
17, 18, and 19 illustrate X-32 generated sector scan detection images of a lack-of-bond, a PSI crack,
and an axially oriented ISI cracks respectively.

Figure 16 - 6-inch Diameter Practice Sample Geometry

Figure 17 - 6-inch Diameter Practice Sample LOB (X-32)

Figure 18 6-inch Diameter Practice Sample PSI Crack (X-32)

Figure 19 - 6-inch Diameter Practice Sample Axial ISI Crack (X-32)

A 28-inch diameter practice weld overlay sample was also examined using the GEIT Phasor XS.
This particular specimen is representative of the maximum weld overlay thickness in the procedure
scope (See Figure 20). Sector scan detection images from the Phasor XS for a lack-of-bond, a PSI
crack, a circumferentially oriented ISI crack, and an axially orientated ISI crack can be found in
Figures 21, 22, 23, and 24 respectively.

Figure 20 - 28-inch Diameter Practice Sample Geometry

Figure 21 - 28-inch Diameter Practice Sample LOB (Phasor XS)

Figure 22 - 28-inch Diameter Practice Sample PSI Crack (Phasor XS)

Figure 23 - 28-inch Diameter Practice Sample Circumferential ISI Crack (Phasor XS)

Figure 24 - 28-inch Diameter Practice Sample Axial ISI Crack (Phasor XS)

The 6-inch and 28-inch diameter practice samples mentioned previously represent standard weld
overlay configurations meaning that the original pipe does not contain tapers or dissimilar metal
welds. In an effort to demonstrate the flaw detection, characterization, and sizing capabilities of the
EPRI weld overlay phased array procedure for non-standard configurations, a Westinghouse
pressurizer spray mockup with a weld overlay (See Figure 25) was examined using the Omniscan,
Phasor XS, and X-32 portable phased array instruments. Figures 26, 27, 28, and 29 show
corresponding sector scan detection images of a circumferentially oriented ISI crack, a lack-of-bond, a
PSI crack, and an axially oriented ISI crack respectively.

Figure 25 - Westinghouse Pressurizer Safety/Relief /Spray Configuration with Weld Overlay

Figure 26 - Westinghouse Pressurizer Safety/Relief /Spray Mockup Circumferential ISI Crack
(Omniscan)

Figure 27 - Westinghouse Pressurizer Safety/Relief /Spray Mockup LOB (Omniscan)

Figure 28 - Westinghouse Pressurizer Safety/Relief /Spray Mockup PSI Crack (Phasor XS)

Figure 29 - Westinghouse Pressurizer Safety/Relief /Spray Mockup Axial ISI Crack (X-32)

PDI QUALIFICATION
A weld overlay phased array procedure qualification was performed and completed through the
Performance Demonstration Initiative in 2007. This manual phased array procedure demonstration
was performed by personnel of Duke Energy Corporation, Tennessee Valley Authority, AREVA,
Sonic Systems International, Inc., and WesDyne International. The procedure is applicable to the
manual ultrasonic phased array examination of full structural overlaid similar and dissimilar metal
welds and adjacent base material utilizing a pitch-catch, contact examination technique. The scope of
the procedure includes pre-overlay component diameters greater than 1.8-inch and weld overlay
thicknesses up to 1.35 inches.

PROCEDURE DEMONSTRATION
The PDI procedure qualification was performed with 12.5% of the transmitting and the receiving array
elements (two elements each out of a dual 16 element configuration, one element each out of a dual 8
element configuration) deliberately deactivated in order to allow the use of equipment that has
suffered some degradation but is still largely functional. Turning off an element simulates the loss of

an element’s pulser and receiver or the loss of its cable connection. The deactivated elements were
selected within the requirements of the procedure. The procedure includes a requirement for checking
and recording the functionality of each channel before and after each examination.
The completion of at least three personnel test sets are required to achieve a PDI procedure
qualification. The duration of these personnel qualifications for the EPRI weld overlay phased array
procedure was typically five to seven days. The Omniscan, Phasor XS, X-32, and IntraPhase portable
phased array units were all successful in providing the test candidates with adequate ultrasonic data
sufficient to qualify the procedure for detecting, characterizing, and sizing of defects in weld overlaid
piping.

CONCLUSION
Over the past several years weld overlay has been used in nuclear power plants as a method of
repairing piping welds. Due to the range of anticipated flaw types, orientations, and depths, several
conventional ultrasonic transducers are typically used to evaluate the integrity of the newly applied
weld material and the original base material. Ultrasonic phased array transducers allow UT technicians
the ability to simultaneously generate and display the ultrasonic responses from several probe angles
focused at different depths using sector scan imaging. The EPRI NDE Center has recently used this
technology to develop a manual ultrasonic phased array procedure for the examination of weld
overlaid piping components. Qualification of this procedure in accordance with the requirements of
ASME Code, Section XI, Appendix VIII was achieved through the Performance Demonstration
Initiative program. While the initial procedure qualification was completed using four specific
portable phased array instruments, the techniques are reasonably standard and should be applicable to
future hand-held phased array units.
Future developments utilizing ultrasonic phased array technology for weld overlaid piping
applications include expanding the original technique to examine the upper 50% of the original weld
and base material for pre-emptive weld overlays. Improved methods for length and width sizing of
laminar flaws and height sizing of planar defects within the weld overlay should also be investigated
using this technology.
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