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Abstract 
The three-dimensional phased array (3D-PA) ultrasonic technique has been applied to stress corrosion cracks 
(SCCs) for in-service inspections in nuclear power plants. In this paper, application examples of the 3D-PA 
using 2D and linear array probes are presented. With 2D array probes, the 3D-PA allows operators to scan 
objects volumetrically and to display results as 3D echo images, facilitating evaluation processes considerably. 
In the first example, SCCs in stainless steel were evaluated by a volumetric scanning mode that was composed of 
many longitudinal-wave S-scans of different azimuth angles while moving a 2D array probe linearly. The 
volumetric scanning significantly improved the inspection of cracks without the need for skilled searching 
motions of the probe, because the cracks were stereoscopically insonified by a number of two-dimensionally-
focused ultrasonic beams coming from various directions. The depth values over the whole area of  cracks were 
estimated from voxelized echo data. These values showed fairly good agreement with the actual depth values 
measured with optical microscope cross-sectional photos. Root mean square error of the depth values was less 
than 0.9 mm over the whole SCC area. In the second example, two types of artificial flaws, EDM slits and SCCs 
in pipes, were three-dimensionally examined with linear array probes. Output 3D images allowed operators to 
locate the flaws distinctly and size them promptly. Online real-time 3D-PA demonstrated its capability for fast 
and easy comprehension of crack signals in the case of rough inspections. By the use of real-time and/or offline 
3D-PA, ultrasonic inspections are expected to be more efficient and more reliable than those done using 
conventional phased arrays. An additional advantage of the 3D-PA is easiness in explaining inspection results to 
third parties having less extensive technical knowledge. 
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1.  Introduction 
 
Despite the nuclear accident at the Fukushima Daiichi Nuclear Power Station in 2011, a 
number of countries are still showing great interest in the nuclear power generation when it is 
considered in terms of global warming and energy security. The lower cost of energy and 
lower carbon emission rate are major advantages of nuclear power plants over fossil power 
plants. These advantages closely depend on plant availability, and hence it is essential to 
improve inspection speed of plant components and equipment in order to increase plant 
availability. Higher inspection speed also allows wider areas to be inspected during a given 
period of time. Moreover, the reduction of inspection time is significant from the standpoint 
of radiation exposure to examination personnel during scheduled maintenance periods. the 
phased array ultrasonic technique is one of the most powerful inspection methods and it has 
already been adopted extensively in the field of nuclear power. However, there are still more 
challenges to enhance its inspection efficiency and reliability for in-service inspection (ISI) of 
nuclear power plants.  
 
Three-dimensionally expanded phased arrays, which are called three-dimensional phased 
arrays (3D-PAs) in this paper, is one effective way to improve inspection speed and decrease 
false calls [1-7]. The core technique of the 3D-PA is the three-dimensional visualisation of 
volumetrically scanned data recorded with two-dimensional (2D) array or linear array probes. 
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The visualized 3D images provide easy-to-understand results and facilitate evaluation 
procedures, while operators have to check cross-sectional images one by one to analyze the 
spatial continuity of ultrasonic echoes across the whole scanned area in the case of the 
conventional phased array (CPA). This paper presents two application examples for stress 
corrosion crack (SCC) identification using both types of array probes. Sensitive detection and 
precise sizing of SCCs have been one of the core issues in ISI of boiling water reactor plants 
since the 1970s. 
 
2.  Three-dimensional visualisation of volumetrically scanned data 
 
2.1  3D-PAs using 2D array probes 
 
2.1.1   3D scanning with 2D array probes 
 
Two-dimensional array probes enable 3D scanning of target objects electrically at one time or 
at least in less time than the CPA as shown in Fig. 1. Another advantage of using the 2D array 
probes is that detection capability is higher than that of the CPA because of the two-
dimensionally-focused sharp ultrasonic beams generated by the 2D array probes. With recent 
developments in hardware technologies for array controllers, 3D scanning can be performed 
faster and easier than ever before.  

 
2.1.2   Pulser-receiver equipment and 2D array probes 
 
The pulser-receiver equipment ES3300F used in this example is shown in Fig. 2. This 
equipment is manufactured by Hitachi Power Solutions Co., Ltd. [8]. The specifications are 
summarized in Table 1.  

Fig. 1. Schematic image of 3D scanning with 2D array probe.  

2D array probe

3D scanning

Two-dimensionally-focused
ultrasonic beam

Scanningregion

Fig. 2. Photo of ES3300F.  

Table 1 Specifications of ES3300F. 
 

Size (W×D×H) 511 × 400 × 480 mm 
Weight 38 kg 

Channels up to 256/256 (T/R) 

 
(256 simultaneously active) 

Amplitude Resolution of 
Phased Array Signal 

8 or 16 bit 

Max. Pulser Voltage 200 V 

Max. Gain 117 dB 

 



The equipment has multi-channel high-speed circuit boards that are able to transmit or receive 
ultrasound signals from each of the 256 piezoelectric elements in the probe simultaneously. A 
variety of 3D scanning patterns can be chosen by giving an appropriate focal law to each 
element of the probe.  
 
The 2D array probe used in this example has 256 elements (16×16) and transmits longitudinal 
waves operated at a centre frequency of 2 MHz. An acrylic wedge is used to introduce 
refracted longitudinal waves into the specimen properly. By using the wedge, beams 
perpendicular to the aperture plane of the probe are directed at 45° when the beams are 
entered into the specimen.   
 
2.1.3   3D visualisation using voxel representation 
 
In the visualisation step, scanned raw data are converted into voxel data with a proprietary 
interpolation algorithm to display images stereoscopically. The interpolation algorithm is 
important because it significantly influences image quality and conversion speed. One way to 
visualize scanned data stereoscopically is to display them as a point cloud (a set of points in a 
3D space). This method is relatively fast and simple to implement because no reconstruction 
step is needed, but unfortunately it may have shortcomings that a number of gaps between 
data points interfere with an operator’s understanding of the 3D echo profiles, particularly 
when the scanned data are sparse and unevenly distributed. The voxel representation prevails 
in clearness and recognition performance for 3D views. There are two other advantages: the 
resultant data are contracted through the interpolation; and it is easy to display cross sections 
at preferred positions due to the voxel nature of evenly distributed grid points. After the 
conversion, the scanned data are rendered as a solid by the well-known volume rendering 
technique.  
 
2.1.4   Example application for SCC in a stainless steel plate 
 
2.1.4.1   Specimen 
 
A plate-like austenitic stainless steel specimen was prepared. It had artificially produced 
SCCs in the centre. An image of the cracking indication of the induced SCCs obtained by 
penetrant testing (PT) is shown in Fig. 3. This image showed that the opening of the cracking 
was clearly separated into two lines and the overall length, including both lines, was 
approximately 75 mm. 

 
2.1.4.2   3D scanning of SCCs  
 
The cracks were examined by the 3D-PA with the 2D array probe. In this experiment a sector-
based scanning pattern was used for ease of implementation. The scanning pattern was 
composed of a number of sectorial scans (S-scans) that had different azimuth angles around 
an axis perpendicular to the surface of the specimen, while each S-scan had the same range of 

Fig. 3. SCC opening obtained by penetrant testing. 10 mm



refraction angles (from 0° to 60°). This composite S-scan is called a rotational S-scan (RS-
scan) in this paper. Schematic images of the RS-scan are shown in Fig. 4. 

The azimuth angles of the S-scans were defined on the specimen surface and ranged from       
-42° to 45°, where 0° was the direction perpendicular to the crack line (Y-axis). The intervals 
of the refraction and azimuth angles were 1° and 1.3°, respectively. In addition, the probe was 
translated mechanically parallel to the Y-axis at the interval of 1 mm with a guiding jig 
keeping X at 25 mm or -25 mm, while the RS-scan was being performed. This scanning 
pattern is called a moving RS-scan (MRS-scan) in this paper. Fig. 5 is a schematic of two 
parallel MRS-scans (X = ±25 mm) facing each other across the SCC. In each MRS-scan, the 
constituent RS-scans largely overlapped with one another during the translation. The travel 
distance of the probe was 100 mm in this case; thus the total number of the S-scans came to 
6,767 (67 S-scans × 101 locations). The location of the probe was recorded for the image 
reconstruction calculation with a linear encoder in synchronization with wave recording. 

 
 
2.1.4.3   3D visualisation of SCCs  
  
The three-dimensionally visualised echoes of the SCCs are shown in Fig. 6. The voxel data 
were reconstructed from two sets of MRS-scan data at X = 25 and -25 mm.  

(a) (b) 
Fig. 5. MRS-scans on SCC. (a) Schematic image of the scanning on the SCC specimen and 
(b) two trajectories of the probe centre on the specimen surface. Note that the incident 
surface is opposite to that shown in (a). 
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Fig. 4. Schematic images of RS-scan: (a) overhead view and (b) top view. Although the actual 
number of sectors in the RS-scan was 67 in this experiment, fewer sectors are depicted in the 
above figures to understand the concept. 



 
Grey coloured planes in the figure indicate the inner bottom surface of the specimen. The 
image had two back wall echoes lying across the tip and corner echoes of the SCC, because 
the two sets of the MRS-scan data were combined. Each voxel element was a cube of 0.2 mm 
per side. Only the voxel elements that had intensity values above the noise level were drawn 
in the figure. Although most of the tip and corner echoes were not able to be separated 
distinctively, major echoes from the cracks were clearly observed; the spatial distribution of 
the whole SCCs were recognized effortlessly. The pair of broken lines depicted in Fig. 6(b) 
showed ridge lines of the continuous tip echoes indicating the existence of two separated 
groups of cracks. This fact agreed with the PT result that the cracking indication was 
separated into two lines. 
  
It should be noted that the probe is not required to wiggle from side to side and change its 
orientation in order to search for the best positions to detect tip echoes as in the case of CPA; 
the probe is just moved linearly in the MRS-scan. The cracks are stereoscopically insonified 
by a number of focal beams coming from various directions that have a wide range of 
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Fig. 6. Three-dimensionally visualised echoes of SCCs by MRS-scans. (a) Overhead view, 
(b) top view, (c) side view from +X direction. The colour in each image indicates reflection 
intensity shown in the colour bar on the right. 

low

high



refraction and azimuth angles at many different incident positions; thus any of the beams are 
capable of capturing tip echoes properly without skilled searching motions of the probe. 
 
2.1.4.4   Depth sizing of SCCs   
 
In order to evaluate the accuracy of the MRS-scan, the SCC cracks were sized by using the 
voxel data. The data were cut at several Y positions to obtain the depth ∆Z of the SCC tips in 
a utility software. Each ∆Z value was estimated from the distance between the rising edge of 
the back wall echo and the corresponding tip echo. The ∆Z values over the whole SCC area 
are summarized in Fig. 7. Open squares and solid triangles in the figure are the ∆Z values by 
the MRS-scan corresponding to the two lines of the SCC cracks. Solid and broken lines show 
the actual values measured with the cross-sectional optical microscope photos of the specimen 
cut into 58 slices at 1.5 mm intervals. The ∆Z values of the two cracks showed fairly good 
agreement with the actual depths measured by optical microscopy. The root mean square error 
of the ∆Z values was less than 0.9 mm over the whole SCC area.   

 
2.1.5   Real-time 3D-PA  
 
The 3D visualisation technique discussed so far is based on offline processing with some 
manual operations. The process time ranges from several seconds to a few minutes depending 
on the number of voxel elements and the amount 
of recorded data. In the case of the previous 
example, it took a few minutes to obtain voxel 
data. The processing speed may not be the top 
priority for detailed inspection; high processing 
speed is, however, essential for rough inspection 
by moving a probe freely before or without 
precise sizing. Online sequential processing 
would be suitable for such a case just to find 
flaws. The recent parallel computing technology 
allows 3D scanning to be performed 
continuously in a short period of time or 
practically real-time. Fig. 8 shows the real-time 

Fig. 7. Results of sizing SCC depth estimated by MRS-scan compared 
with actual depths measured by optical microscopy. 
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Fig. 8. Real-time 3D scanning of SCCs.  



3D scanning of the SCCs using the RS-scan. In the real-time 3D scanning, voxel data are 
reconstructed for each of the scans regardless of the positions of a probe. Therefore, some 
volume, which is typically about a 5 to 10 centimetre cube under the probe, can be inspected 
at a time while moving the probe freely. The frame rate is several fps (frames per second) 
depending on the amount of recorded data. In the case shown in Fig. 8, the frame rate was 
approximately 5 fps. The 3D image on a display window can be moved, rotated and zoomed 
with a computer mouse during real-time scanning. When the scanning is paused, the simple 
measurement functions for sizing can be used as well.  
 
Figure 9 shows another demonstrative experiment in which an acrylic test piece was scanned 
by the real-time 3D-PA. The scanning pattern is schematically illustrated in Fig. 9(b). Figs. 
9(c) and (d) are photos of the acrylic test piece engraved with the alphanumeric ‘3D’. The 3D 
images displayed on a monitor during the real-time scan are shown in Figs. 9(e) and (f). In 
addition, Fig. 9(g) shows the same echoes as (f) viewed from a different angle by mouse 
operations.  

 

Fig. 9. Real-time 3D scanning of acrylic test piece engraved with the characters ‘3D’. (a)  Real-time 
scanning of the test piece. (b) Schematic image of 3D scan. (c) and (d) Photos of the test piece. (e) 
and (f) 3D echoes of the characters and a back wall echo change accompanied by probe motion. (g) 
The same echoes as (f) viewed from a different angle by mouse operations. 
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The echoes of the engraved alphanumeric were clearly observed. As the probe was moved, 
the appearance of the 3D image also changed in real-time following the probe position. In 
combination with offline 3D-PA, the real-time 3D-PA makes ultrasonic testing tasks more 
efficient. 
 
2.2   3D-PA using linear array probes 
 
This section shows an application example of the 3D-PA using linear array probes. The linear 
array probes usually used for NDT have less piezoelectric elements than the 2D array probes. 
Thus, the number of channels needed to activate the elements is naturally not large; this is an 
advantage of this technique in terms of installation cost, because extensive multichannel high 
performance pulser-receiver equipment is not required. This usage of 3D-PA still significantly 
enhances evaluation processes of flaw signals although it is not capable of the online 3D 
scanning. In this example, artificial flaws near the welded part of stainless steel pipes were 
inspected using a 32-element linear array probe and corresponding pulser-receiver equipment 
ES3500 manufactured by Hitachi Power Solutions Co., Ltd. as shown in Fig. 10 and Table 2. 
The probe transmits longitudinal waves operated at a centre frequency of 3 MHz. Two types 
of artificial flaws were prepared: EDM slits and SCCs. Each kind of flaw was given in a 
different pipe specimen. As indicated in Fig. 11(a), the S-scans were continuously performed 

Echo due to 
mode conversion

Echoes from 6 mm slit 

Secondary creeping wave echo

Backwall echo

Echo from far side of the root 
and/or penetration bead

Fig. 11. Scanning for 3D visualisation of flaws near pipe weld using linear array probe. (a) Linear 
array probe attached to a scanner designed for pipe inspection. S-scans are continuously performed 
as indicated. (b) One of the S-scan images that includes typical echoes from the EDM slit of 6 mm 
height.  
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Fig. 10. Photo of ES3500.  

 
Table 2 Specifications of ES3500. 

 

Size (W×D×H) 370 × 350 × 99 mm 
Weight 8 kg 

Channels up to 32/128 (T/R) 
Amplitude Resolution of 
Phased Array Signal 

8 or 16 bit 

Max. Pulser Voltage 200 V 

Max. Gain 117 dB 

 



with overlaps along the axial direction of the pipe (Y) at an interval of 1 mm. The continuous 
S-scans were repeated by switching lines circumferentially until the trajectory of the probe 
covered the whole area to be inspected. Fig. 11(b) shows one of the S-scan images near the 
welded part including typical echoes from the EDM slit of 6 mm height. The figure clearly 
indicated tip and corner echoes directly reflected from the 6 mm slit, back wall echoes from 
the inner surface of the pipe, and an echo from the far side of the root and/or the penetration 
bead (weld echo). In addition, the image included secondary generated echoes; one was due to 
longitudinal waves and the other was due to secondary creeping waves. Both waves were 
generated at the inner surface of the pipe by the mode conversion of the shear waves 
introduced simultaneously with the longitudinal waves from the probe. Fig. 12(a) shows a 3D 
image reconstructed from all S-scan data including the tip and corner echoes from the slits, 
the weld echo and the secondary generated echoes. The back wall echoes were hidden for 
ease of identification. Fig. 12(b) is an enlarged display of the echoes from the slits in Fig. 
12(a). These output images allow operators to locate flaws distinctly and size them promptly 
in inspection tasks. An additional advantage is easiness in explaining inspection results to 
third parties having less extensive technical knowledge.  

 

Fig. 12. Three-dimensional visualisation of flaws in pipe specimen obtained using the linear array 
probe. (a) Echoes from EDM slits (heights of 6 mm and 2 mm) and a circumferentially-continuous 
echo from the far side of the root and/or penetration bead. Back wall echoes are hidden in the image 
for ease of identification. (b) Enlarged display of the echoes from the slits. (c) Echoes from a SCC 
crack near the welded part of the pipe. (d) Fusion image of (a) and weld groove shape showing 
existence of a crack near the welded region. 
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Fig. 12(c) shows direct echoes from the SCC (SCC echoes) near the welded part of the other 
pipe specimen. The SCC echoes were clearly observed with the back wall echo. The rugged 
shape of the SCC echoes indicated that the crack had complicated structures. Fig. 12(d) is a 
fusion image of the SCC echoes and the weld groove shape. The fusion image helps clarify 
the position of SCCs considerably. The weld groove shape was created automatically in the 
utility software with some input geometry parameters.  
 
3.  Conclusions  
 
The 3D-PA inspections of SCCs have been demonstrated with the aim of applying the 3D-PA 
ultrasonic technique to ISI of nuclear power plants. The 3D visualisation of volumetrically 
scanned data significantly improves evaluation of echo images and makes inspections more 
reliable than the conventional phased arrays in which operators have to check cross-sectional 
2D images one by one. Moreover, the 3D-PA makes it easy to explain inspection results to 
third parties having less extensive technical knowledge. 
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