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NUREG/CR-7159 was published in April 2013 and was authored by G. J. Schuster, S. L. 
Crawford, A. A. Diaz, P. G. Heasler, and S. R. Doctor of the Pacific Northwest National 
Laboratory.  This article is provided as an operating-experience information tool, a 
primer on ultrasonic testing, and a recap of the major themes included in NUREG/CR-
7159.  This article is not a substitute for NUREG/CR-7159, but it does highlight the 
valuable information that can be found, in detail, there. 

 

Similar to bats using echolocation to detect flying insects in darkness, ultrasound weld 

inspection relies on high-frequency waves that have been reflected or perturbed by flaws.  High 

frequency waves (typically 400 kHz to 25 MHz) are sensitive to the phase changes present in 

cracks and the altered material properties of inclusions.  These same frequencies are also 

perturbed by defect-free material such as weld metal and larger grains in the heat affected 

zone; the resulting “signal noise” can obscure the fault signals – decreasing the effectiveness 

and reliability of ultrasonic testing.    NUREG/CR-7159 addresses the strengths and weaknesses 

of ultrasound techniques and their ability to discriminate between faulty and defect-free 

material.    

Waves 

To begin, let’s take a look at two different waves, S-waves and P-waves.  Both of these waves 

are elastic body waves – so named because they move through the body of an object (unlike 

surface waves).  S-waves (also known as “shear” waves) have mass motion that is perpendicular 

to the direction of wave propagation. 

Imagine a loosely outstretched rope attached to a door knob.  If you wiggle the free end 

of the hanging rope, you produce a wave that moves toward the door knob, but the 

mass motion of the rope is oscillating left and right, perpendicular to the wave 

propagation – just like the mass motion of a shear wave. 

Imagine a loosely outstretched rope attached to a door knob.  If you wiggle the 

free end of the hanging rope, you produce a wave that moves toward the door 

knob, but the mass motion of the rope is oscillating left and right, perpendicular 

to the wave propagation – just like the mass motion of a shear wave. 

http://pbadupws.nrc.gov/docs/ML1311/ML13115A688.pdf


 

S-waves are also known as “transverse” waves.  In earthquakes, they are called “secondary” 

waves because they travel slower through rock than P-waves, arriving second at seismograph 

detectors.  Remember... “S-wave”, “shear wave”, and “secondary wave” are all the same kind 

of wave and they all begin with the letter “S”. 

P-waves are pressure waves (like sound waves); they can travel through a continuum of liquids, 

solids, and gasses.  In P-wave propagation, the particles in the continuum oscillate in the same 

direction as the wave propagation - with alternating compression and rarefaction of the media.  

P-waves are also called “primary waves” because they travel faster than shear waves and are 

typically the first wave to be recorded at a sensor.  Remember… “P-wave”, “pressure wave”, 

and “primary wave” are all the same kind of wave and they all begin with the letter “P”. 

In the imagined scenario above, the rope is carrying a shear wave propagating into a 

doorknob.  If the rope is heavy enough and the door is ajar, the waves in the rope will 

wiggle the door open and closed – changing lateral motion in the rope into longitudinal 

motion in the door.  The shear wave energy has been converted into a different kind of 

motion suggestive of a P-wave.  The purpose of this example is to illustrate that wave 

energies can morph between types.   

 

In metallurgical ultrasonic testing (UT), a transducer generates wave energy which is 

propagated into the inspection material through a standoff (coupling) material.  From there, 

the wave interacts with the inspection material – slowing down, speeding up, bouncing, and 

transforming.  As waves reflect and refract through interfaces and discontinuities – they 

change.  Glancing off surfaces, shear waves can be translated into longitudinal waves and vice-

versa.  Along density interfaces, waves can bend and follow the interface to produce a 

phenomenon call creeping waves.  Creeping wave techniques take advantage of these 

transformations by using a single high-angle longitudinal wave to introduce multiple ultrasonic 

modalities into a component.  Other interactions create part noise, which is produced from 

back-scattered ultrasonic signal from the metal’s microstructure and surface geometry.  

Ultimately, the resulting jumble of wave energy is recorded at a sensor, either co-located back 

with the transducer or in a different location.  Analysis of this cacophony attempts to discern 

the presence or absence of faults.  It takes skill and experience to understand what is being 

observed and to properly interpret UT results.  NUREG/CR-7159 will show that the careful 

establishment of well-defined techniques and procedures is essential in optimizing UT 

capabilities. 

In the imagined scenario above, the rope is carrying a shear wave propagating 

into a doorknob.  If the rope is heavy enough and the door is ajar, the waves in 

the rope will wiggle the door open and closed – changing lateral motion in the 

rope into longitudinal motion in the door.  The shear wave energy has been 

converted into a different kind of motion suggestive of a P-wave.  The purpose 

of this example is to illustrate that wave energies can morph between types. 



Signals and Methods 

Figure 1 illustrates some of the major signals produced by an insonified surface connected 

crack.  Branching and grain encirclement along the crack face scatter ultrasound.  Where the 

crack contacts the back surface, a corner trap signal can be produced.  The major contribution 

of corner trap signal comes from two retro-reflection sequences.  The first sequence is a 

reflection off the side of a vertical crack followed by a reflection at the bottom.  The second 

possible sequence is reversed; reflection off the bottom surface of the specimen followed by 

reflection off the side of the vertical crack (Sung-Jin Song, et al. 2002).  Crack “tip” signal is 

produced by the non-surface connected end of the crack – either by reflections off the crack tip 

or tip-forward scattering.    

 

Figure 1 – Return signal examples 

 

The microstructure of weld metal significantly impedes the propagation of ultrasound.  Weld 

grains are course, compared to the parent material, and are a significant scattering source of 

ultrasonic energy.  For example, the report notes how the propagation of 2.25 MHz vertically 

polarized shear waves are impeded significantly by weld grains, making far-side inspection less 

reliable compared to the inspection reliability for cracks located on the near side.   Although, 

the far-side corner trap signal will be bright in this modality, generally more than 20 dB brighter 

than other signals from the crack.  

The time of flight diffraction (TOFD) technique uses a pair of transducers placed astride a weld.  

TOFD is a forward-scattering technique to insonify a tip signal.  The limiting factors are access to 

both sides of the weld and propagation of ultrasound through weld metal, however, TOFD may 



be more sensitive to certain flaws that are in unfavorable orientations.  The approach is based 

on getting two signals: 1) obstruction of the lateral wave or back wall echo for surface-

connected cracks and 2) tip-forward scattering. 

The phased array technique uses incremental and continuous variations in the ultrasonic bean 

angle, potentially providing a greater amount of information about the shape and orientation of 

reflectors in the test material.  Phased array systems can operate using either shear or 

longitudinal energy.  At the transducer, a set of piezoelectric elements are pulsed with an order 

and timing designed to produce a planar wave directed in a specific direction.  By changing the 

timing of the pulses, the direction and focusing of the wave can be controlled.  The phased 

array waves can be swept through a range of angles to produce a 2-dimensional image.   

Industrial and Technical Challenges 

The ability to reliably detect and accurately size stress corrosion cracks in stainless steel piping 

has been studied in research programs for more than 20 years, the report notes.  Intergranular 

stress corrosion cracking (IGSSC) in austenitic piping was a major issue for BWRs in the 1980s.  

These defects had a significant impact on outages, occupational exposure, and capacity factor 

losses.  IGSCC of reactor internals became an issue in the 1993-1994 timeframe when 

examinations at certain nuclear power plants detected cracks in core shrouds.  The primary 

objective of the NUREG/CR-7159 study was to identify areas and conditions in which inspection 

performance is relatively low.  The report contains descriptions of the ultrasonic testing 

methods applied to the in-service-inspection of BWR internals.  Ultrasonic modalities covered 

are 45° sheer waves, high-angle compression waves, creeping waves, time of flight diffraction, 

and phased array. 

NUREG/CR-7159 describes cases of far-side access (looking through the weld) to cracks 

connected on the opposite surface as the most difficult to detect.  It should be noted that 

improved ultrasonic inspection technologies have been implemented since the research 

described in the report was conducted.  However, far-side inspection of austenitic welds 

remains problematic and advances in this area are still needed as argued in the report.  The far-

side examination case is significant because field dissimilar metal welds limit access, for most 

examinations, to the far side only.  Most inspections of the core will be made from the annulus 

side.  Cracks form on either side of the weld and can originate from the annulus or from the fuel 

side.  Adequate detection and response of cracks on the far-side remains difficult.  Absence of 

corner trap, weaker tip signal, and stronger face signals makes sizing difficult.   

In the laboratory tests described in the report using prepared weld-solidification-crack flaws in 

notches to evaluate far-side, through-weld-metal access, the signals from the notches could be 



found with careful measurement and a priori knowledge, however, the signals from all of the 

notches could not be distinguished from all of the weld-noise interference. 

To reiterate, PNNL laboratory measurements showed that inspecting through weld metal to 

access cracks connected to the opposite surface is difficult.  Of the probes evaluated in this 

laboratory study, the probe having the best through-weld inspection effectiveness was the 

creeping wave probe.  Four modes of inspection are possible with this probe (see Figure 2).  For 

near-side originating cracks the data show that, when using high-angle longitudinal waves, the 

crack faces return acoustic energy to the transducer, with little or no corner trap reflection 

measured. 

 

Figure 2 – The transformation of waves into different 

modalities is exploited in creeping wave techniques 

(Schuster et al. 2013) 

 

Mode 1 - the near surface creeping wave will detect very deep cracks or crack 
openings that are scan-surface-connected. 

Mode 2 - the transverse wave, leaking from the near-surface creeping wave, 
converts to a creeping wave at the far surface.   

Mode 3 - the 33° shear wave which converts at the far surface to a 
longitudinal wave then reflects off a crack face and returns to the transducer 
as a longitudinal wave.   

Mode 4 - the 75° main longitudinal wave. 

 

  



 

Table 1 – Relative Strengths and Weaknesses of Ultrasonic Modalities 
for Inspection of Austenitic Welds of Reactor Internals 
(Schuster et al. 2013) 

 

Quantifying the Reliability of Ultrasonic Inspection 

Two relevant crack detection statistics discussed in the report are probability of detection (POD) 

and false call probability (FCP).  POD is the probability that a crack in a specific length of weld 

material will be detected.  FCP is the probability that an inspection will characterize a similar 

amount of defect-free material as cracked.  NUREG/CR-7159 describes an effective UT 

inspection capability test which uses 10 cracked grading units and 20 defect-free units.  If the 

pass/fail criterion is detecting 8 of the 10 cracks while having no more than 3 false calls, then an 

inspection with an assumed POD of 90% and an FCP of 10% has about a 90% chance of passing 

the test.  The comparison of POD and FCP performance of inspection can be plotted on an 

operating characteristics (OC) diagram.  For a given UT capability and technique, an inspector 

can change the decision criteria and vary the performance along the Relative OC Curve (ROC 

Curve).  The OC diagram shows that it is not sufficient to examine POD alone.  As seen on Figure 

4, inspection method A has a better POD, but because of it associated FCP, its performance is 

actually no better than random guessing. 



        

Figure 3 – Probability of Detection (POD) vs. Through-Wall Dimension for Flaws in 
Piping Weld Inspection over the Past Two Decades (Doctor and Becker 2002) 
 

   

 

Figure 4 – Operating Characteristics Diagram (Heasler et al. 1986) 
 



The NUREG reviews the results of the PISC III Round Robin Tests, which showed the best 

techniques used both compression and shear waves.  Shear wave techniques were more 

sensitive than compression wave techniques and enabled detection of more difficult flaws.  

Shear wave techniques generated more indications from geometry.  Operator skill in combining 

information from shear and compression wave probes was the key to achieving good detection 

and low false calls (Lemaitre et al. 1996). 

 

     

                            

Figure 5 – Operating Characteristic Diagram for Techniques in PISC III 
(Lemaitre et al. 1996) 

 

Figure 5 shows PISC III operating characteristics for the inspection of stainless steel welds.  The 

NUREG calls attention to the large variation in results by teams using similar techniques and 

procedures, clearly showing that skill and experience can affect overall outcomes.  In these 

cases, scanning in two different directions (perpendicular to the weld) improved detection 

performance.  The teams that performed best used an automated procedure and worked at the 

noise level of the test specimens.  Crack-tip diffraction techniques yielded good depth sizing.  

Amplitude drop methods did not work reliably.  

The NUREG describes a correlation between compressive stress and decreasing signal response, 

noting that liquid-filled cracks, stress corrosion cracks, and tight thermal fatigue cracks may 



produce larger losses of signal amplitude when no external stress applied.   The location and 

physical condition of components can be significant.  In BWRs, according to the study, the 

inspection areas of interest include the heat-affected zone of the horizontal and vertical welds 

in the core shroud.  Inspection from the outside of the core shroud would normally be 

preferred because the inside is accessible only through the top guide.  But an inspection from 

the outside must look through the weld material – and the weld microstructure is known to 

make this inspection unreliable when vertically polarized shear waves are used.  Access 

conditions may limit the completeness of an outside-only inspection.  A normal beam 

inspection from outside might detect the crack, but is complicated by the core shroud 

geometry.  Angle beam inspections from the support ring surface would need to use steep 

inspection angles of 30° or less and inspect through more than 15 cm of stainless steel.  Weld 

crowns are variable and some are not ground flush, which can limit the inspection surface. 

To recap, the inspection through base metal is straightforward.  Flaw tip signals were found 

with 45° shear, 45° longitudinal, and 75° longitudinal probes, providing adequate sizing 

information.  Signal-to-noise levels of approximately 8 decibels or better were achieved.  

Inspections through the weld metal, however, proved to be more difficult.  Detection of the 

shallow flaws is accomplished most reliably with the 75° longitudinal probe, according to the 

study. 

Performance Testing of Ultrasonic Methods 

It is important to understand what UT can do, but it is equally important to understand what UT 

does with comparatively lower reliability.  An analysis of signal-to-noise ratio is especially 

important where performance is low.  The effects of surface finish, crack-to-crack variability, 

and other factors that cause the responses to vary should be qualified to predict reliability.  

Analysis of variance is one method to achieve this and it is discussed in detail in the NUREG.   



 

 
 
 
 

Figure 6 - An example of base metal part noise, shoe noise, and electronic noise. 
(Schuster et al. 2013) 

 

NUREG/CR-7159 documents a performance test that used 50 type 304 stainless steel grading 

units: 17 with cracks and 33 without crack faults.  All the cracks larger than 30% in through-wall 

extent were detected.  Of the missed cracks, two were approximately 10% through-wall extent 

and one was approximately 30% in through-wall extent (on the later, the vendor procedure 

required that the signal be present in two scans of the phased array; this missed 30% through-

wall crack produced a response in only one scan line).  Three false calls were made, incorrectly 

identifying a 10%, 15%, and a 50% through wall crack.  Tip-diffracted signals were used to depth 

size all of the indications in the blind test.  The data show that the technique tends to oversize 

small cracks and undersize large ones.   The mockups used a combination of thermal fatigue 

cracks (TFCs) and weld solidification cracks (WSCs) designed to bracket the range of ultrasonic 

responses from fully open to very tight stress corrosion cracking (SCC).  The study notes: 

The WSCs are known to give a low response, when inspected through base metal, and 

as such are considered to be more like tight SCC.  The blind test results show that the 

opposite is the case when inspecting through austenitic weld metal – where the WSCs 

are easier to detect and characterize than the TFCs. 

Electronic noise is shown at a constant level of about -100dB.  Shoe noise is caused 
by acoustic echoes within the standoff material (typically a plastic wedge).  Shoe 
noise (the principle noise early in time), reduces to the level of electronic noise late 
in time.   Part noise is caused by the microstructure of the base metal. 
 



Highlighted Recommendations and Observations from NUREG/CR-7159  

In evaluating the reliability of ultrasonic testing, it is not sufficient to examine probability of 

detection without also measuring false call probability. 

Studies found large scatter in results from teams that used similar procedures and concluded 

that training and performance demonstration testing are needed on realistic specimens. 

Access to both sides of the weld is needed.  Access to the cracked surface strongly and 

positively affected detection and sizing; similarly, the parametric study documented in the 

NUREG demonstrates that, for far-side access to cracks, detection and sizing performance is 

low.   

Scanning in two different directions, perpendicular to the weld, improved detection 

performance.   

Performance was relatively low when inspecting through austenitic weld metal; some weld 

solidification crack responses were not detectable.  When examining through weld metal, 

vertically polarized shear waves often failed to detect even large flaws such as side-drill holes.  

Longitudinal waves sometimes detected side-drilled holes through the weld metal, but 

performance was greatly reduced from the base-metal cases.  The performance of creeping-

wave probes, when inspecting through austenitic weld metal, was better than other modalities.   

When looking at phased array setups, data revealed that no response was received from cracks 

less than 30% through-wall when accessed from the far side.  The report explains that the 

absence of corner-trap responses partly explains the size-dependent nature of crack detection, 

noting that the signals in the phased array images originated from the rough face of the cracks 

and from the crack tips.  Sizing errors arise from the difficulty distinguishing the weak responses 

from the crack tips from the strong responses produced by the crack face and weld fabrication 

flaws.  Neither crack type, nor crack tilt appreciably influenced detection, but all cracks larger 

than 30% through-wall extent were detected. 

Opportunities for Improvement and Future Research 

NUREG/CR-7159 notes that signal-to-noise improvements can be made by reducing systematic 

noise and the variance that results from microstructure and surface geometry.  Additionally, 

microstructure imaging may pose opportunities for the earlier detection of degradation.   

The study advises that new image reconstruction algorithms could improve the characterization 

of the orientation and the shape of the reflectors in welded assemblies, with improved imaging 

of weld grains being helpful in the detection and assessment of low-signal faults such as smooth 



cracks and tight cracks.  Such techniques include spatial averaging, as small indications from 

weld noise can be suppressed by spatial-frequency filtering.  Imaging systems can fuse multiple 

data streams into images of weld condition.  A hybrid system, based on phased arrays and 

creeping waves, might provide opportunities to use data fusion to provide better imaging 

through weld metal. 

The application of systematic noise analysis to piping welds remains a significant challenge; 

therefore, the report recommends that the successful parts of this work on reactor internals 

should be extended to austenitic piping welds.  The ultrasonic in-service inspection of wrought 

austenitic, cast austenitic, and dissimilar metal welds is more difficult than the inspection of the 

welds in the BWR core shroud for the following reasons: 

- The inside and outside surfaces of pipes complicate ultrasonic inspections (Morris and 

Becker, 1982). 

- The counterbore and weld root on the inside of the pipes produce ultrasonic reflections 

that are difficult to distinguish from degradation.   

Imaging of the weld microstructure and the shape and orientation of geometric conditions 

could be developed.  Optimizing the detection algorithms for application to ultrasonic 

inspection of piping weldments could be investigated. 
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