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ABSTRACT 
 
Research is being conducted for the U.S. Nuclear Regulatory Commission (NRC) at the Pacific 
Northwest National Laboratory (PNNL) to assess the effectiveness and reliability of advanced 
nondestructive examination (NDE) methods for the inspection of light water reactor (LWR) 
components. A primary objective of this work is to evaluate various NDE methods to assess their 
ability to detect, localize, and size cracks in coarse-grained steel components. This particular study 
focused on the evaluation of custom-designed, low-frequency (500 kHz) phased-array (PA) probes for 
examining welds in thick-section cast austenitic stainless steel (CASS) piping. In addition, research 
was conducted to observe ultrasonic sound field propagation effects from known coarse-grained 
microstructures found in parent CASS material. 

The study was conducted on a variety of thick-wall, coarse-grained CASS specimens that were 
previously inspected by an older generation 500-kHz PA-UT probe and acquisition instrument 
configuration. This comparative study describes the impact of the new PA probe design on flaw 
detection and sizing in a low signal-to-noise environment. The set of Pressurized Water Reactor 
Owners Group (PWROG) CASS specimens examined in this study are greater than 50.8-mm (2.0-in.) 
thick with documented flaws and microstructures. These specimens are on loan to PNNL from the 
Electric Power Research Institute (EPRI) NDE Center in Charlotte, North Carolina. The flaws 
contained within these specimens are thermal fatigue cracks (TFC) or mechanical fatigue cracks 
(MFC) and range from 13% to 42% in through-wall extent. In addition, ultrasonic signal continuity 
was evaluated on two CASS parent material ring sections by examining the edge-of-pipe response 
(corner geometry) for regions of signal loss.  

 
 

INTRODUCTION 
 
PNNL has conducted research under the NRC guidance to evaluate state-of-the-art technical 
approaches for inspecting coarse-grained steel reactor components since 1977 [1-3]. The current 
program entitled, “Reliability of Nondestructive Examination for Nuclear Power Plant In-service 
Inspection” has a task focused on assessing the effectiveness of new techniques and methods to 
inspect coarse-grained materials. The specimens evaluated in this study were nine, thick-section 
primary loop welded configurations from the Pressurized Water Reactor Owner’s Group (PWROG), 
and two base material ring sections of vintage centrifugally cast piping material. A modified 500-kHz 
phased-array probe was designed specifically for the thicker section cast material inspection and also 
to take advantage of new acquisition system electronics. The DYNARAY® system provides 
appropriate bandwidth and excitation parameters to accommodate lower frequency inspections. Data 
from this modified probe were compared to data acquired with an older style 500-kHz PA probe that 
was previously used with a modified Tomoscan III® PA system. 
 
 
 
 
 
 
 
…………………………….. 
1 The work was sponsored by the U.S. Nuclear Regulatory Commission under Contract DE-AC06-76RLO1830; 
NRC JCN N6398; Mr. Wallace Norris, Program Monitor.
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RESEARCH MATERIALS  
 
Unflawed centrifugally cast stainless steel (CCSS) ring sections were evaluated for base material 
response by recording the corner signal from the edge of the rings. The older of the two rings is on 
loan from IHI-Southwest Technologies, thought to be fabricated in the early to mid-1960s, and has an 
84-mm (3.3-in.) wall thickness. This ring section has a circumferential extent of 1270 mm (50 in.) and 
consists of banded, layered and mixed microstructures. The minimum measured grain diameter from 
an etched and polished planar surface is <0.20 mm (0.008 in.), with a maximum grain diameter 
measured at 25.0 mm (0.98 in.). The second ring specimen is a segment on loan from Westinghouse 
and is thought to be fabricated from vintage material originating in the late 1960s to mid-1970s. It has 
a 64 mm (2.5 in.) wall thickness and a 1300 mm (51 in.) circumferential extent. This segment has a 
predominantly fully columnar microstructure with slight banding in limited areas. The minimum and 
maximum measured grain diameters are 0.64 mm (0.03 in.) and 16.32 mm (0.64 in.), respectively.  

The flawed piping specimens included CCSS pipes-to-statically cast stainless steel (SCSS) 
elbows, SCSS elbows-to-wrought stainless steel (WSS) safe ends, and CCSS pipes-to-SCSS pump 
nozzle configurations with flaw depths reported between 13 and 42 percent through-wall. The 
specimens contain inside surface-breaking thermal or mechanical fatigue cracks (TFC or MFC, 
respectively) on either side of the weld. The MFCs are typically linear in nature while the TFCs 
exhibit branching and dendritic morphologies. All flaws are circumferentially oriented. Specimen 
dimensions vary but are nominally 260 mm (10.2 in.) circumferential segments, 610 mm (24.0 in.) in 
axial extent, and approximately 58 to 90 mm (2.2 to 3.5 in.) in thickness. Base material responses as 
well as flaw responses were recorded on these specimens. 

A summary of the cast material grain size (cross-sectional diameter) minimum and maximum 
values as measured on a polished and etched plane is listed as Table 1. The specimens were evaluated 
from the cast side of the weld in the flawed specimens, so for example, the INE-A specimens are 
composed of a clad carbon steel inlet nozzle-to-forged stainless steel safe end-to-statically cast elbow 
section. Only the data acquired from the SCSS side were reported. From the grain size values listed in 
Table 1, one can observe quite a range of maximum grain sizes in this material. The INE-A-5 material 
with a maximum grain diameter of 4.14 mm (0.16 in.) is relatively fine-grained in comparison to the 
CCSS grains in MPE-6 with a maximum dimension of 26.81 mm (1.06 in.). These large grains 
increase the scattering and beam redirection taking place and thus reduce the effectiveness of the 
ultrasonic inspection as the data show. 

 
 

ULTRASONIC PHASED ARRAY PROBES 
 
The CASS PWROG specimens were examined using two different low-frequency transmit-receive-
longitudinal (TRL) phased-array probes. Both probes were designed to have a center frequency of 
500-kHz, which yields an approximate wavelength of 11.5 mm (0.45 in.) in stainless steel materials. 
The longer wavelength improves the overall penetration of the ultrasonic energy into the coarse-
grained material allowing for better insonification of the targeted region of interest. In addition, as the 
wavelength is increased (relative to the size of the average grain diameters), the sound field becomes 
inherently less sensitive to the effects of the microstructure, due to a reduction in scatter of the energy 
by the larger grains. Attenuation is also reduced at lower frequencies. Each of the probes used in this 
study had wedges that were curved to match the approximate 914-mm (36-in.) - diameter pipe 
specimens examined. 

 



 
Table 1 - Lineal Grain Size Measurements 

CCSS SCSS 

Specimen 
Minimum, 
mm (in.) 

Maximum, 
mm (in.) 

Minimum, 
mm (in.) 

Maximum, 
mm (in.) 

IHI Southwest <0.20 (<0.008) 25.0 (0.98) n/a n/a 
Westinghouse 0.64 (0.03) 16.32 (0.64) n/a n/a 
APE-1 0.44 (0.02) 8.86 (0.35) 0.89 (0.03) 9.31 (0.37) 
INE-A-5 n/a n/a 0.38 (0.01) 4.14 (0.16) 
MPE-6 0.56 (0.02) 26.81 (1.06) 0.28 (0.01) 5.59 (0.22) 
ONP-D-5 n/a n/a 0.83 (0.03) 20.27 (0.80) 
OPE-5 0.21 (0.01) 16.67 (0.66) 0.21 (0.01) 5.21 (0.21) 

 
The older generation 500-kHz probe, PA-1, has an integral wedge design with a total of 32 

elements in both the transmit and the receive sides of the 2× (8×4) element TRL configuration. 
Identical in design, the transmit and receive sections have individual element pitches of 9.19 × 9.29 
mm (0.36 × 0.37 in.) in the primary and secondary axes, respectively. This yields a total active 
aperture for each probe of approximately 73.5 × 37.2 mm (2.9 × 1.5 in.) and a ≥ 50% bandwidth 
(BW) at –6 dB. Each probe is mounted on the integral rexolite wedge in a side-by-side configuration. 
The wedge angle is 15.4 degrees and the roof angle is 6.1 degrees generating a natural refracted angle 
of 41 degrees in the material with a natural crossover depth of 126 mm (4.9 in.). The total footprint 
(total contact surface area of the probe on the part surface) of this wedge is 85 × 85 mm (3.35 × 3.35 
in.). The integral wedge configuration is fixed and cannot be modified for specimens with different 
diameters. 

The improved array, PA-2 at 2× (10×5) elements, is a non-integral design that allows for 
increased focusing and skewing capabilities, and also provides a smaller overall footprint. The 
transmit and receive array sections are identical in design and consisted of an active area of 65 × 
35 mm (2.6 × 1.4 in.) and ≥ 50% BW at –6 dB. Individual elements have pitch dimensions of 6.5 × 
7.0 mm (0.27 x 0.29 in.) in the active and passive axes, respectively. The non-integral probes are 
mounted on a customized rexolite wedge side-by-side to operate in a pitch-catch mode. The effective 
wedge dimensions are 80 × 83 mm (3.15 × 3.27 in.). This contact area is 5 mm (0.20 in.) shorter than 
PA-1 in the primary direction giving slightly better axial access to a circumferential flaw. The actual 
wedge has a total width of 102 mm (4.01 in.) to accommodate the water ports used for ultrasonic 
coupling. A wedge angle of 20.5° and no roof angle results in a natural refracted angle of 60 degrees 
in the material with no natural crossover of the transmit and receive sound field trajectories for this 
wedge. This non-integral configuration allows the probes to be mounted on other wedges with a 
variety of angles, roof angles, or radii to accommodate specimens having differing diameters and wall 
thicknesses. 

 
Focal Law Development 
 
There were two sets of focal laws used to inspect the thick coarse-grained material in these specimens. 
The first set of delay laws targeted a focus at a constant or ‘true’ depth of 50 mm (1.97 in.) for each 
refracted angle of inspection between 30 to 70 degrees azimuthally at 1-degree resolution. The 
specimen thickness at the flaw location was nominally 50 mm (1.97 in.). This focusing style was 
implemented for the phased-array line scans collected with both generations of 500-kHz probes. The 
spot size for a 45 degree refracted angle at 50 mm (1.97 in.) focal depth is 15.7 mm (0.62 in.) in the 
primary axis and 19.4 mm (0.76 in.) in the secondary axis at the –6 dB points in the isotropic material 
simulation for the older generation PA-1 probe. Similarly, the PA-2 probe yields a –6 dB spot size of 
19.2 mm (0.76 in.) by 20.7 mm (0.81 in.). The second set of focal laws generated and implemented 
were for use with the PA-2 probe only in a raster scan configuration. In this arrangement, laws were 
created that yield a focus at a constant part path, meaning that each angle is focused with a constant 
focal distance away from the probe rather than a specified depth in the part. The theoretical spot size 
for this probe at a depth of 50 mm (1.97 in.) and 45 degrees is 19.0 mm (0.75 in.) by 21.89 mm (0.86 
in.).  



Further calculations and simulations were conducted for each probe and wedge configuration to 
explore the theoretical generation of unwanted side lobes in the sound field. The presence of side 
lobes could decrease detection and sizing capabilities and reduce signal-to-noise values. Simplified 
for the 2-dimensional case in the azimuthal plane where φ is set to zero in Eq. 1 [4], the beam 
directivity equation for phase-steered ultrasound yields a normalized pressure versus angle, H(θ), 
graphical representation of the beam at a specific steering angle θs. The equation is sensitive to the 
number of elements in the primary axis (N) as well as the individual element pitch (d), and size (a). 
After taking into consideration the fixed wedge angle for each probe configuration, possible side-lobe 
generation in the rexolite wedge material is observed from the PA-1 probe when directed at a steered 
angle of 6.9 degrees (yielding a 70 degree angle in the part); meanwhile, the PA-2 probe shows no 
side-lobe formation when steered to a 70 degree part angle (1.8 steered degrees in wedge). Figure 1 
displays the results for each probe steered accordingly to generate a 70 degree angle in steel.  
Alternatively, PA-2 will have undesirable side-lobes when steered to low angles since this is further 
from the  
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Figure 1 - Directivity Pattern for a Steering Angle of 6.9 degrees, PA-1 Probe (left) and 1.8 degrees, 
PA-2 Probe (right) in the wedge.  These are the necessary angles in the respective wedges to generate 

a 70 degree refracted angle in the specimen.   
 
natural wedge angle used in this experiment.  However, wedges on the PA-2 probe can be 
interchanged to improve steering at nearly any angle. 
 
 
ULTRASONIC PHASED ARRAY ACQUISITION CONFIGURATION 
 
Data collected via the PA-1 probe were acquired with the Tomoscan® III 32-channel instrument 
produced by ZETEC, Inc. (formerly R/D Tech, Inc.). This instrument can be programmed to control 
up to 32 channels for transmission and reception of ultrasonic signals. Its frequency pulsing 
electronics will drive probes ideally from 1.0–20 MHz range because the longest programmable pulse 
duration is 500 ns. A modified system was used for this data acquisition that enabled reception down 
to 200 kHz. Data acquisition for the PA-2 probe was accomplished using a ZETEC DYNARAY® 
system. This commercially available system is equipped to accommodate a maximum of 256 channels 
from PA probes and requires the use of Ultravision® software. Its frequency pulsing electronics will 
drive probes in the 0.2–20 MHz range. Phased-array data were acquired over a range of inspection 
angles from 30 degrees to 70 degrees in 1-degree increments for line scans and 30 degrees to 60 
degrees in 3-degree increments for raster scanning. 
 
 



DATA COMPARISON 
 
A performance comparison of the two phased-array probes, PA-1 (older) and PA-2 (newer), was 
conducted using base material and flaw responses. The base material comparisons were made using a 
returned corner signal response from a specimen end or edge-of-pipe. Flaw response comparisons 
were based on length sizing and local signal-to-noise calculations of detected flaws. While the 
combination of the PA-2 probe and newer system electronics was expected to produce a lower 
frequency signal in the material, the received signals were in fact similar in frequency content for the 
two probes. A very limited sampling of the data showed that the flaw signals were typically in the 
450–500 kHz range and the noise was in the 500–600 kHz range. This topic has not been sufficiently 
evaluated to suggest that there is an actual difference in the frequency content between signals and 
noise, but only as an observation that both probes were responding over the same frequency range 
supported by the material itself. 
 
Corner Signal Response – Base Material 
 
The corner responses from each of the two ring sections and from the end of the cast pipe sections on 
the flawed specimens were recorded to provide a relative indication of the “general inspectability” of 
this material. Ideally, the corner response would show a solid signal return with little variation in the 
circumferential direction of the specimens from either a line or raster scan image, as is observed in 
wrought materials. Instead, the cast material is characterized by signal drop-out due to scattering and 
redirection of the sound beam. The corner responses were quantified by measuring the amount of 
signal drop-out, defined as a signal below 50% (–6 dB) of the maximum amplitude level. The number 
of regions (quantity) and the length of the minimum, maximum, average and median regions below 
the threshold are listed in Table 2. The percentage of detected signal is also shown. For the flawed 
specimens, the circumferential length of the region scanned was approximately 190 mm (7.5 in.) 
while the ring segments represented 900 mm (35.4 in.), or more. The two probes yielded similar 
results for all specimens, with the exception of the IHI-SW ring section and specimen APE-1. In the 
IHI-SW section, data acquired with the second probe, PA-2, showed a high amplitude response in one 
area that skewed the data. This was thought to be attributed to a rough spot on the edge of the ring (a 
physical geometrical anomaly on the edge surface). The peak amplitude was removed and the data re-
normalized, resulting in the listed PA-2 data2   which is nearly the same as PA-1. The differences 
indicated from an analysis of APE-1 appear to be real in that the PA-1 image truly exhibits 
cumulatively more drop-out regions, as shown in the left side of Figure 2. 
 
Table 2 - Base Material Signal Drop-Out Measurements Based on End-of-Block Corner Responses 

 
Measured Length of Drop-Out Signal Regions 

Specimen Probe 

Detected 
Corner 

(%) 

Number 
of Drop-

Out 
Regions 

Minimum,  
mm (in.) 

Maximum, 
mm (in.) 

Average, 
mm (in.) 

Median, 
mm (in.) 

IHI-SW PA-1 65.2 27 2.5 (0.10) 61.0 (2.40) 15.5 (0.61) 10.2 (0.40) 
 PA-2 37.5 32 0.5 (0.02) 126.9 (5.0) 18.4 (0.72) 4.3 (0.17) 
 PA-2(a) 66.2 34 1.0 (0.04) 59.5 (2.34) 11.8 (0.47) 3.0 (0.12) 

PA-1 86.3 26 2.5 (0.10) 30.5 (1.20) 7.5 (0.30) 5.1 (0.20) Westing- 
house PA-2 82.3 53 0.5 (0.02) 23.5 (0.93) 3.0 (0.12) 0.5 (0.02) 
APE-1 PA-1 78.1 4 10.2 (0.40) 30.5 (1.20) 17.8 (0.70) 15.2 (0.60) 
 PA-2 100.0 0 0 0 0 0 
MPE-3 PA-1 78.4 5 2.5 (0.10) 25.4 (1.0) 9.1 (0.36) 5.1 (0.20) 
MPE-6 PA-2 78.0 4 4.0 (0.16) 22.0(0.90) 11.0(0.45) 9.0(0.37) 
OPE-5 PA-1 100.0 0 0 0 0 0 
 PA-2 99.4 1 1.0 (0.04) 1.0(0.04) 1.0(0.04) 1.0(0.04) 
(a) Data were re-normalized, excluding the peak signal. 

 
 
…………………………….. 
2 Data were normalized, excluding the peak signal. 



 
Figure 2 - APE-1 End-of-Block Image Showing Signal Drop-Out with the Probes PA-1 on the Left 

and PA-2 on the Right.  The left image represents a circumferential extent of 180 mm (7.4 in.) and the 
right image 205 mm (8.4 in.). 

 
The grain size measurements discussed previously can be loosely correlated to the drop-out 

rate. The IHI-SW ring piece and the MPE-X flawed specimens have maximum grain sizes measured 
in the 25-mm (0.98-in.) range. Their respective drop-out values are 34 and 22%. The other materials 
have smaller maximum grain diameters with the Westinghouse ring piece and flawed specimens OPE-
X having approximately 16-mm (0.63-in.) maximum diameters, while the flawed specimen APE-1 
exhibits a 9-mm (0.35-in.) maximum diameter. The drop-out rate for the Westinghouse ring materials 
is lower at 14% and the OPE-5 material has no signal drop-out from the corner signal. The APE-1 
data sets show an improvement with the corner signal being fully detected with the PA-2 probe while 
the PA-1 probe showed a 22% drop-out.  

 
Flaw Detection and Sizing 
 
Nine PWROG specimens were evaluated in this comparison study. The specimens containing cast 
material on both sides of the weld were also inspected from both sides of the weld. Those specimens 
with a safe end-to-cast weld were only evaluated from the cast side. This gave a total of 13 data sets 
that were considered. Flaws were detected in 8 of the 13 evaluations with both probes, so no 
improvement in detection was found in this limited study. Length sizing results are displayed in Table 
3 for the line scan data from the first probe, PA-1, and for line scan and raster data from the second 
probe, PA-2. The lengths were determined at the –6 dB or half amplitude points. From this study, the 
detected flaws were sized similarly with either probe in the line scan data based on a root mean square 
error (RMSE) calculation. Raster data shows a slight improvement, which is reasonable as it better 
defines a flaw. Both probes sized well within the 19.05-mm (0.75-in.) RMSE length-sizing guideline 
as set forth in the American Society of Mechanical Engineers (ASME) Boiler and Pressure Vessel 
Code, Section XI, Appendix VIII [5]. 
 

Table 3 - PWROG Flaw Detection and Sizing 
 Measured Length 

Specimen, Side 
Reported Length,  

mm (in.) 
PA-1 Line, 
mm (in.) 

PA-2 Line, 
mm (in.) 

PA-2 Raster, 
mm (in.) 

APE-1, SCSS 39.4 (1.6) 48.3 (1.9) 39.0 (1.5) 44.0 (1.7) 
APE-1, CCSS 39.4 (1.6) 38.1 (1.5) 30.0 (1.2) 31.0 (1.2) 
INEA-1, SCSS 69.9 (2.8) 63.5 (2.5) 64.0 (2.5) 63.0 (2.5) 
INEA-4, SCSS 68.6(2.8) 73.7 (2.9) 85.0 (3.3) 82.0 (3.2) 
INEA-5, SCSS 67.3 (2.7) 73.7 (2.9) 83.0 (3.3) 59.0 (2.3) 
OPE-2, SCSS 41.9 (1.7) 35.6 (1.4) 49.0 (1.9) 33.0 (1.3) 
OPE-2, CCSS 41.9 (1.7) 35.6 (1.4) 39.0 (1.5) 33.0 (1.3) 
OPE-5, SCSS 61.5 (2.4) ND ND ND 
OPE-5, CCSS 61.5 (2.4) 40.6 (1.6) 63.0 (2.5) 69.0 (2.7) 
MPE-6, SCSS 59.2 (2.3) ND ND ND 
MPE-6, CCSS 59.2 (2.3) ND ND ND 
ONP-D2, CCSS 66.0 (2.6) ND ND ND 
ONP-D5, CCSS 40.6 (1.6) ND ND ND 
RMSE  9.36 (0.37) 9.35 (0.37) 8.68 (0.34) 



Signal-to-Noise Determination 
 
Another figure of merit for comparing the two probes was based on the signal-to-noise ratio (SNR) of 
the data. A SNR value was determined for each detected flaw signal, based on the peak flaw response 
and the peak noise response in an A-scan. Representative data images from specimen APE-1 from the 
CCSS side are displayed in Figure 3 for both probes. The Sector Views on the left show the 
insonification angles acquired in this data. The End Views on the right show nearly the same image 
extents, approximately 140 mm (5.5 in.) in the circumferential direction (horizontal) and 
approximately 100 mm (3.9 in.) in the vertical direction. An arrow is drawn to the flaw signal in each 
End View. The flaw signal was peaked in each data set by adjusting the gain to give a nearly full-
scale (100%) response. In essence, the images are normalized to the flaw. The noise levels are clearly 
greater in the top image, which is from the first probe, PA-1. A summary of line scan SNR values is 
plotted in Figure 4 and depicts a greater SNR value for PA-2 in six of the eight specimens. Average 
SNR values for PA-2 were calculated to be 18.8 dB and 15.6 dB for PA-1. The greater noise level 
seen in the PA-1 probe could be attributed to the probe side lobe at off angles noted in the beam 
directivity model results. 

 
 

 
Figure 3 - APE-1 From the CCSS Side with PA-1 on Top and PA-2 Results on the Bottom. The end 
views on the right show flaw signals at approximately full scale. Noise levels are higher in the top 

image, PA-1 data. 
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Figure 4 - Signal-to-Noise Ratio Calculations for the two Probes. PA-2 average SNR is 18.8 dB, 3.2 

dB above the PA-1 average SNR. 
 
While the data from APE-1 in Figure 3 show that the flaw is clearly detected with either probe, 

flaw discrimination becomes more of an issue with increasing background noise. Probe PA-2 has 
shown an improved SNR, with a smaller contact area. Signal discrimination is a primary factor in 
flaw detection and becomes more difficult with complex specimen geometries and large-grained 
materials. Any improvement in signal quality whether directly or indirectly by reducing extraneous 
signals is beneficial. 
 
 
SUMMARY AND CONCLUSIONS 
 
PNNL has been involved with the inspection of coarse-grained steel reactor components for over 30 
years. The most recent efforts have been directed towards the application of low-frequency phase-
array technology to the problem. A newly designed 500-kHz PA probe was evaluated on both base 
material and flaw responses from a limited set of specimens. Laboratory measurements and beam 
modeling showed improvements with the new probe. Physically the footprint of the new probe, PA-2, 
is reduced in size in the primary direction by 5 mm (0.20 in.), giving slightly better access to a flaw 
region. Additionally, the new design allows for interchangeable wedges to accommodate a variety of 
specimen geometries and focal laws. Specifically, the wedge angle and roof angle can be tailored to 
specimen geometries to provide optimum insonification of the regions of interest. Beam modeling has 
shown that the new probe has a slightly larger spot size by 2–3 mm (0.08–0.12 in.) in each direction 
as compared to the older probe. This did not affect length sizing as flaws were sized similarly with 
both probes. It may have contributed to noise reduction as the probe response is averaged over a 
larger area. The new probe also has added skewing capabilities due to the increased number of 
elements in the secondary direction. While the newer PA-2 probe was driven at a lower frequency, the 
measured frequency response from flaws was similar to the older PA-1 probe. Corner responses were 
analyzed to determine signal drop-out and were nearly the same for all materials except the APE-1 
specimen. In this material, the PA-2 probe showed no drop-out whereas the PA-1 probe showed 22% 
drop-out or loss of signal. Finally, an improvement was seen in the reduction of noise with the PA-2 
probe. An average of 3.2 dB increase in SNR was measured over all eight detected flaws. The 
increase improves to 4.2 dB when considering the four flaws with the lowest SNR. It is at the lower 
SNR levels where an increase is more critical. This increase in SNR could aid flaw discrimination 
which is frequently a key factor in coarse-grained material inspections. 
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