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ABSTRACT 
 

A study was conducted to assess ultrasonic techniques for detection and sizing of flaws from the 

opposite side of wrought austenitic piping welds. A series of stainless steel specimens with implanted 

flaws were examined using phased-array ultrasonic probes. These examinations were conducted from 

both sides of the full-penetration structural piping welds, with emphasis on comparing the responses 

from the far-side inspection. The types of flaws examined include thermal fatigue cracks, saw cuts, 

and service-induced intergranular stress corrosion cracks (IGSCC). The flaws were examined using 

three phased-array probes: a 2-MHz shear-wave probe, a 1.5-MHz longitudinal-wave probe, and a 

“mini” 2-MHz longitudinal-wave probe. The sound fields for each probe were modeled in stainless 

steel to assure proper insonification at the depths and angles used in the tests. This paper describes the 

results of the sound field modeling, and compares the responses of the various flaws from the near and 

far side of the welds. 

 

 

INTRODUCTION 
 

Austenitic welds are used in most primary reactor coolant loop piping. Many are pipe-to-component 

welds, and access to both sides of the weld may be limited, so a need exists to develop effective and 

reliable far-side inspection techniques for these components. Far-side austenitic weld inspection 

procedures continue to perform unsatisfactorily because if the coarse microstructure that characterizes 

these materials. The large size and orientation of the anisotropic grains, relative to the acoustic pulse 

wavelength, strongly affects the propagation of ultrasound by causing severe attenuation, beam 

skewing, changes in velocity, and scattering of ultrasonic energy. Refraction and reflection of the 

sound beam occur at the grain boundaries, from root conditions, counterbore and at the weld fusion 

lines, resulting in defects being incorrectly characterized, specific volumes of material not being 

examined, or both. When coherent reflection and scattering of the sound beam occurs at grain 

boundaries or from weld geometry, ultrasonic indications occur that are difficult to distinguish from 

signals originating from flaws. When conducting far-side inspections on austenitic welds, where the 

signal-to-noise ratio (SNR) is relatively low, conventional ultrasonic examinations can be confusing, 

unpredictable, and unreliable. 

Pacific Northwest National Laboratory (PNNL) chose to evaluate phased-array (PA) technology 

for its effectiveness in detecting flaws on the far side of the weld. The results obtained to date are 

presented here with the acknowledgment that the flaw set is limited. Therefore, results are reported as 

preliminary findings. 

 

 

DATA ACQUISITION 
 

The PA system at PNNL consists of a Tomoscan III
®
 32-channel instrument, produced off-the-shelf by 

ZETEC (formerly R/D Tech, Inc.). The instrument can be programmed (by development of focal 

laws) to control up to 32 channels for transmission and reception of ultrasonic signals. It has 12-bit 

logic and operates through a local Ethernet connection to a standard desktop computer. 

For more papers of this publication click: www.ndt.net/search/docs.php3?MainSource=70
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Phased-array probes 
 

The basic premise for all PA transducers involves a set of small, individual piezoelectric elements that 

are independently driven. Although these elements may be pulsed individually, or in groups, to 

simulate conventional transducer excitation, the real strength of this technique lies in the capability of 

the system to electronically delay each of these elements during both generation and reception of 

ultrasonic sound fields. The wave-fronts produced by subsets of elements interfere within the 

inspected component to produce a resultant, phase-integrated ultrasonic wave, commonly referred to 

as beam forming. The PA system can, therefore, steer and focus the integrated ultrasonic beam within 

the component. This allows a single array to inspect a component with variable inspection angles and 

focusing depths almost simultaneously. Theoretically, an entire pipe weld can then be examined with a 

single circumferential scan motion. 

Three PA probes were used in this work and included two transmit-receive longitudinal (TRL) 

wave probes, one designed to operate at 1.5 MHz and one at 2 MHz, and a 2-MHz transmit-receive 

shear (TRS) wave probe. All three probes were specially designed for near- and far-side applications 

in austenitic material ranging from about 13 to 38 mm (0.5 to 1.5-in.) in thickness. 

The 2-MHz TRL array was designed for near- and far-side applications in thinner pipe sections. 

It consists of two 2 × 14 matrix arrays. One array is used for transmitting, the other for receiving 

ultrasonic signals. The highly damped probe has a 70% bandwidth and an approximately 25-mm 

square foot print with an integral wedge for data collection in tight geometrical configurations. This 

smaller size generally allows insonification of the far side even with a weld crown present. The 

probe’s nominal wavelength in stainless steel is 3.0 mm at its average center frequency of 1.9 MHz. 

The 1.5-MHz TRL array consists of two 3 × 10 matrix arrays with a 62% bandwidth. This array 

is designed with a non-integral wedge allowing change out of the wedge for inspecting pipes of 

varying diameters or flat plate. Its footprint is approximately 50 × 50 mm. The larger size and 

increased number of elements in the lateral direction provides improved beam forming and skewing 

but limits its application in tight geometrical conditions. This TRL array has a wavelength of 3.8 mm 

at its average center frequency of 1.5 MHz. 

The TRS array consists of two 24-element linear arrays with an integral wedge. Its footprint is 

approximately 50 × 30 mm. The array has a bandwidth of 65% and an average wavelength of 1.4 mm 

in stainless steel at its center frequency of 2.14 MHz. Beam skewing is not possible with the linear 

array design. 

Focal laws were developed for the TRL and TRS arrays and programmed into the TomoView
®
 

acquisition software. The focal laws were developed to provide ultrasonic longitudinal beam angles 

from 30° to 70°, at 1° increments for the TRL arrays in the piping specimens and from 40° to 70°, at 

1° increments for the TRS array. This resulted in the sound field being swept through several discrete 

beam angles in near-real time along the entire length of the linear scan. In other words, for each axially 

oriented cross-section of material, data were acquired from 30° to 70° for the TRL probes and from 

40° to 70° for the TRS probe, while the linear scans progressed circumferentially. 

Sound field modeling results are summarized in Figs. 1 through 3 for the 1.5-MHz TRL, 2-MHz 

TRL, and 2-MHz TRS probes in stainless steel. The left portion of each figure shows the sound field 

as a function of depth, or side view, for a 45° inspection angle. The designed focal depth is noted by a 

black crossed circle. A top view of the sound field at the focal depth is shown in the right portion of 

each figure. Note that the top view color scheme has been normalized to show the full color range, 

white to red, in the view. Reference lines separated by 2 mm are displayed in Figs. 1–3 to show scale. 

Theoretical spot sizes as measured from these simulations at the red level, approximately 3 dB points, 

are 3.4 × 2.7 mm for the 1.5-MHz TRL probe, 5.0 × 4.3 mm for the 2-MHz TRL probe, and 2.9 × 1.7 

mm for the 2-MHz TRS probe. The spot sizes at the yellow, approximately 6 dB points, are 9 × 6.9 

mm for the 1.5-MHz TRL probe, 11.2 × 9.0 mm for the 2-MHz TRL probe, and 7.2 × 2.6 mm for the 

2-MHz TRS probe. 

These beam plot images show that the 1.5-MHz TRL and 2-MHz TRS arrays are operating near 

the center of their focal region at a depth of approximately 30 mm. At this depth the 2-MHz TRL array 

is performing beyond its ideal focal plane as shown in the side view of the beam plot in Fig. 2; 

however, good signals at the longer part path were detected and recorded. The tradeoff with this 2-



 

MHz TRL probe is its small footprint that allows sound field access to the far side of the weld even 

with a weld crown or other limiting geometrical conditions present. On at least one of the EPRI pipe 

specimens this was the only probe that could collect data on both sides of the weld because of the 

geometrical constraints. 

 

 

Scan protocol 

 

For the three arrays and all specimens, data were acquired by positioning the probe with the 

mechanical scanner adjacent to the weld; the sound beam was directed toward the weld, perpendicular 

to the weld centerline, while the scanner moved the probe along the weld. Several linear scans were 

acquired from both the near-side and the far-side; the first with the probe positioned as close as 

possible to the toe of the weld crown. Additional scans farther from the weld centerline were then 

acquired from both sides. 

 

 

 

 
 

Figure 1 - TRL 1.5-MHz beam at 45° with the side view on the left and top view on the right. 

The top view is at the focal depth of 30 mm.  Vertical and horizontal lines with  

2-mm separation are shown for reference. 

 

 
 

 
 

Figure 2 - TRL 2-MHz beam at 45° with the side view on the left and top view on the right. 

The top view is at the focal depth of 30 mm.  Vertical and horizontal lines with  

2-mm separation are shown for reference. 

 



 

 

 
 

Figure 3 - TRS 2-MHz beam at 45° with the side view on the left and top view on the right. 

The top view is at the focal depth of 32 mm.  Vertical and horizontal lines with  

2-mm separation are shown for reference. 

 

 

WELDED SPECIMENS 

 

Austenitic piping specimen No. 02-24-15 

 

This specimen was made with ASTM A-358, Grade 304 vintage austenitic stainless steel piping 

segments having a nominal 610-mm (24-in.) outside diameter and approximately 36-mm (1.4-in.) wall 

thickness. This type and size of piping is typical of that used during original fabrication of primary 

coolant headers in BWR recirculation systems. The specimen was made by joining two cylinders of 

this material with a single-Vee girth weld, using procedures and filler material (ASME SA-240, Type 

304) typical of those used in nuclear applications. The pipe was shop-welded with air backing in the 

horizontal position. The pipe was rotated during the welding process to allow the welder to always 

remain in the most advantageous position above the weld, the 1G “down hand” orientation. 

During the welding process several thermal fatigue cracks (TFC) were implanted into the heat-

affected zone of the girth weld. The TFCs were generated by thermal cycling of a tension specimen to 

produce fatigue cracks of a specific size, removing the crack coupon from the tension bar, then in-situ 

fusing these coupons during the girth welding process. This technique allows the crack face to be 

characterized via precise mechanical measurements and photographs prior to implantation, and has 

been shown to produce cracks in the as-welded condition within ±1.0 mm (0.040 in.) of the specified 

length and height in the piping material. Also, this technique enables the vendor to produce various 

geometrical and welding conditions that simulate those found during field welding; e.g., counterbore, 

inner diameter miss-match, weld root, fusion anomalies, and weld crown configurations. The 

implanted thermal fatigue cracks have crack opening dimensions ranging from 25–250 µm (1–10 

mils). The TFC dimensions for those used in our study are shown in Table 1. 

Earlier PNNL experiments determined that cracks implanted into a sample in this way have an 

ultrasonic amplitude response that is typically 5–6 dB less than a notch of the same depth using 45° 

shear waves. These cracks most closely resemble low-cycle, high-stress mechanical fatigue cracks. 

The cracks are straight, unbranched, and have mid-sized-to-large crack opening dimensions, and high 

surface roughness. This is in contrast to high-cycle, low-load mechanical fatigue cracks, which are 

much tighter and have less surface roughness. Service-induced TFC are usually tighter than the cracks 

used in this study, possibly nonlinear in shape, and occasionally branched and thus more difficult to 

detect using ultrasound than the implanted cracks. IGSCC, which is a likely failure mechanism for 

austenitic stainless steel, are highly variable in nature, but are often highly branched and tight and thus 

may be more difficult to detect and much more difficult to obtain detectable tip responses. Depending 

on the crack morphology, an IGSCC can be more difficult [1,2] or comparable [3] to detect using 

ultrasound than a TFC of the same size. 



 

Table 1 - Implanted Thermal Fatigue Cracks in Austenitic Piping Specimen 02-24-15 

 

Crack Designation  A B C 

Crack Orientation  Circ. Circ. Circ. 

10.7 mm 30.5 mm 43.6 mm Crack Length  

 0.42 in. 1.2 in. 1.72 in. 

5.0 mm 14.9 mm 21.5 mm Through-wall Depth  

 0.20 in. 0.59 in. 0.85 in. 

% Wall Thickness  15 43 64 

Aspect Ratio  2.3 2.1 2.1 

 

 

Table 2 - Saw Cuts in Austenitic Piping Specimen 02-24-15 

 

Saw Cut 

Designation 

A B C D E F 

Saw Cut 

Orientation 

Straight cut Straight cut 35° Angle Straight cut Straight cut 35° Angle 

32.8 mm 65.2 mm 36.2 mm 54.1 mm 43.7 mm 59.7mm Length 

1.29 in. 2.57 in. 1.43 in. 2.13 in. 1.72 in. 2.35 in. 

2.7 mm 10.2 mm 2.5 mm 6.8 mm 4.3 mm 7.0 mm Through-wall 

Depth 0.11 in. 0.40 in. 0.10 in. 0.27 in. 0.17 in. 0.28 in. 

% Wall Thickness  7.5 28.4 7.1 18.8 12 19 

Aspect Ratio  12 6 15 8 10.2 8.5 

 

 

In addition to the implanted thermal fatigue cracks, six saw cuts were made into the heat-

affected zone of the girth weld to provide standard ultrasonic reflectors. The saw cuts were made using 

a 4-in.-diameter radial saw blade and range from 2.5-mm deep to 10.2-mm deep. Four of the saw cuts 

are at right angles to the inner surface of the pipe and two follow the 35° angle of the weld heat-

affected zone. The exact lengths and depths of the saw cuts were determined by applying EXAMIX (a 

commercial vinyl polysiloxane molding material), allowing the material to harden, removing the 

molds, and then measuring them. This process was repeated three times for each saw cut. The saw cut 

dimensions and locations are given in Table 2. 

 

 

EPRI performance demonstration process practice specimens 

 

Nine welded specimens at the EPRI NDE Center were available for examination with eight of the 

pieces containing fourteen service-induced IGSCC. These specimens varied in configuration with 

different weld crown, counterbore, weld root conditions, etc. A mapping of the flaws was provided 

showing approximate flaw location and length sizing information but no depth information was given. 

Furthermore, tip-diffracted signals were not detected leading to the assumption that the cracks are 

quite shallow. The cracks were generally circumferentially oriented, parallel to the weld, with only 

one axial crack. 

 

 

ANALYSIS 
 

Flaw detection criteria and results from the various flaws are presented. Next, the SNR calculations 

and frequency responses of reflected signals from the flaws as a function of probe, and of near-side or 

far-side access, are discussed. 



 

Detection 
 

The flaw data from pipe 02-24-15 and the EPRI specimens were analyzed for detection with the three 

PA probes. If a clear response that was distinct from geometry and with a good SNR was found at any 

of the skew angles, a “Yes” result was recorded for the flaw. If a weak signal that was discernable but 

not clearly separate from geometry or close to the noise levels was found, a “Marginal” result was 

recorded. If no signal was found then a “No” result was recorded. 

All of the artificial flaws (saw cuts) were detected from the near side. Results are shown in 

Table 3 for the six saw cuts that were examined with all three probes. From the far side the 1.5-MHz 

TRL probe detected all of the saw cuts and even detected some flaw tips. The mini-TRL probe also 

detected all of the saw cuts from the far side while the TRS probe marginally detected the 7% through-

wall, angled saw cut. 

The three TFCs listed in Table 1 were inspected with all three probes. Additional TFC data for 

the 2-MHz TRL and the 2-MHz TRS probes were included and were acquired from cracks that were 

5%, 10%, and 15% through-wall in depth. All of the thermal fatigue cracks were detected from the 

near side as shown in Table 4. From the far side the 1.5-MHz probe detected all three cracks while the 

2-MHz TRL and TRS probes had some marginal detection calls. 

 

 

Table 3 - Near and Far Side Summary Detection Results on Saw Cuts (% of Flaws Detected) 

 

 1.5-MHz TRL 2-MHz Mini TRL 2-MHz TRS 

Side Yes Marginal No Yes Marginal No Yes Marginal No 

Near 100 0 0 100 0 0 100 0 0 

Far 100 0 0 100 0 0 83 17
1
 0 

1
Sawcut C was marginally detected. 

 

 

Table 4 - Near and Far Side Summary Detection Results on Thermal Fatigue Cracks 

(% of Flaws Detected) 

 

 1.5-MHz TRL
1
 2-MHz Mini TRL

2
 2-MHz TRS

2
 

Side Yes Marginal No Yes Marginal No Yes Marginal No 

Near 100 0 0 100 0 0 100 0 0 

Far 100 0 0 67 33
3
 0 83 17

4
 0 

1
 Three cracks were examined (Table 1) 

2
 Six cracks were examined (Table 1 plus additional 5%, 10%, and 15% through-wall) 

3
 Crack A and the 5% TFC were marginally detected 

4
 The 5% TFC was marginally detected 

 

 

A summary table of the IGSCC detection results is shown in Table 5. All three probes detected 

nearly 60% or more of these service-induced cracks from the near side. From the far side, the mini 

2-MHz TRL probe appears to give the best detection at 64% but this inflated value was due to the lack 

of access to one or more cracks with the other two larger probes. These other two probes give a 50% 

detection call from the far side. The number of marginal calls is larger for each probe in the far-side 

data as opposed to the near-side data. Approximately 30% of the cracks are not detected with the TRL 

probes from either side while the TRS probe detected even fewer flaws as noted by the 36–43% “No” 

detection rate. 



 

Table 5 - Near and Far Side Summary Detection Results From Merged Data Analyses on IGSCC 

(% of Flaws Detected) 

 

 1.5-MHz TRL 2-MHz Mini TRL 2-MHz TRS 

Side Yes Marginal No Yes Marginal No Yes Marginal No 

Near 64 7 29
1
 71 0 29

2
 57 0 43

1
 

Far 50 21 29 64 7 29 50 14 36 
1
 Two “No” results are caused by poor access 

2
 One “No” result is caused by poor access or scan line too short 

 

 

Signal-to-noise 
 

The signal-to-noise ratios from pipe 02-24-15 and the EPRI specimens were calculated for the near- 

and far-side inspection and according to flaw type [saw cut (SC), TFC, or IGSCC], for each probe 

with the average results shown in Fig. 4. These data represent the “Yes”-detected flaws. The near-side 

points are plotted with filled symbols while the far-side points are shown by symbol outlines. The 1.5-

MHz TRL array gives the highest SNR for the TFCs and saw cuts, both near and far side. For the 

service-induced cracks, IGSCC, the TRS probe performs best in regards to SNR from the near side 

and similar to the two TRL probes from the far side. Near-side superiority is expected because the 

shear wave is stronger at an interface while a longitudinal wave looses energy due to mode 

conversion. 

 

 

Frequency response 

 

A frequency response analysis was conducted by gating the reflected flaw signal, taking the Fast 

Fourier Transform (FFT) of the signal and measuring the frequency of the peak signal, the frequency 

of the center of the waveform and the minimum and maximum frequencies of the waveform as 

measured at the lower 6 dB points. These data are plotted for the 1.5-MHz TRL probe from pipe 02-

24-15 in Fig. 5. Only video or envelope-detected data were collected on this specimen with the other 

two probes so an analysis in the frequency domain is not possible with that data. The 1.5-MHz TRL 

data, in general, shows a downward shift in frequency response of approximately 0.1 MHz between 

the near-side and far-side responses. This filtering of the signal by the coarse-weld material is to be 

expected. Also note that the center frequency is approximately 0.1 MHz below its designed frequency 

of 1.5 MHz. This suggests that a slightly lower design frequency might be good for inspecting this 

material. 
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Figure 4 - Average signal-to-noise values for detected flaws reported from  

three inspection phased array probes 
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Figure 5 - Frequency responses from saw cuts and TFCs with a TRL phase-array probe. The frequency 

of the peak of the waveform as well as the center and -6 dB minimum and maximum points are shown. 
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Figure 6 - Frequency responses from service-induced IGSCC with three phased-array probes. 

The frequency of the peak of the waveform as well as the center and -6 dB minimum and maximum 

points are shown. Responses from the near side (NS) and far side (FS) of the weld are separated. 

 

 

A similar analysis was conducted on data from the EPRI specimens. Rf data (full waveform) as 

opposed to video or envelope-detected data were available for all three PA probes from these 

specimens. The results in Fig. 6 show the calculated average for the peak, center, and minimum and 

maximum frequencies for the three probes from the detected flaws, both near and far side. The results 

are mixed with no clear downward shift of frequency response in passing through the weld material 

(the center frequency does show how the material is in general filtering the probe energy though). 

Here the 1.5-MHz TRL probe is responding at 1.4 MHz, the 2-MHz TRL probe at 1.6 to 1.7 MHz, and 

the 2-MHz TRS at 1.5 MHz. This data suggests that a 1.5-MHz probe or lower might be ideal for this 

inspection. 

 

 

DISCUSSION 

 

From the frequency analysis it appears that energy at 1.5 MHz or lower is passed through the weld 

material. An even lower frequency would be less susceptible to beam steering and attenuation but in 

an ideal design would require a larger probe array. This larger footprint then limits access and it is felt 

that a less-than-optimal probe that allows data collection is preferable to a perfectly designed probe 

with a large footprint. 

The TRS probe was typically noisier in the data interpretation/analysis phase and had a higher 

“No” detection rate than the TRL probes. However, by the numbers its SNR was greater from IGSCCs 

than the TRL probes. This is possibly due to strong responses from points or branches of the cracks 

that were favorably oriented to the probe. In general a flaw response from the TRS probe was more 

broken and would, therefore, be more difficult to call as a flaw. 



 

The TRL probes provided an easier-to-interpret image with more continuity in a flaw response 

than seen in the TRS data. This should lead to a higher detection rate with fewer false calls for far-side 

examinations. 

These preliminary results show a 50%–64% detection rate in IGSCC and an expected higher 

detection rate in TFCs of 67%–100% in far-side inspections. Ideally results from multiple data sets 

with both longitudinal- and shear-wave data should be combined for flaw detection calls. Additionally 

skewed data, merged and unmerged analyses help confirm a detection call. The results presented here 

are primarily from merged data with no skewing. Skewing can be important in the detection of IGSCC 

and particularly with unmerged data. The limited results are somewhat discouraging for the far-side 

detection of IGSCC; however, the data are preliminary and further flaw responses will be acquired to 

augment these findings. 

 

 

FUTURE WORK 

 

Clearly additional data is needed to augment the limited flaw set used in this study. Further IGSCC 

data was acquired at the EPRI NDE Center and is in the process of being analyzed. These results will 

be reported in the future. 

Plans are also underway for mapping the sound field through the stainless steel piping weld 

shown in Fig. 7. The dendritic structure evident in the weld tends to steer the beam, making far-side 

inspection difficult. The ultrasonic beam from the three PA probes at various angles will be mapped 

with a point transducer from the opposite side of the weld to help understand the effects of the weld 

material on the transmitted sound field and basically determine how well the far side is being 

insonified. 

 

 

 
 

Figure 7 - Weld and base material microstructure in a polished and etched cross section of a stainless 

steel welded pipe. The dendritic structure is seen in the weld. 
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