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ABSTRACT 
The three-dimensional phased-array (3D-PA) ultrasonic technique has been applied to stress corrosion cracking 
(SCC) in base metal, and its results for sizing have been quantitatively evaluated. The 3D-PA allows operators 
to scan objects volumetrically and to display results as 3D images facilitating evaluation processes considerably. 
First, a slit produced by electrical discharge machining was examined to verify basic properties of the 3D-PA. 
The scanning pattern used is called the moving rotational S-scan (MRS-scan) that is composed of many sectors 
of different azimuth angles as moving the probe linearly. The MRS-scan significantly improves the inspection 
of flaws without skillful searching motion of the probe, because the flaws are stereoscopically insonified by a 
number of ultrasonic beams coming from various directions. Next, SCC cracks were evaluated by the MRS-scan 
with a matrix array probe that transmitted longitudinal waves of a center frequency of 2 MHz. Not only the 
deepest part of the cracks but also all parts of them were able to be successfully visualized and sized with an 
accuracy of the root mean square error of 0.9 mm. In the case of rough inspections just to find flaws with 
freehand motion of the probe, online real-time 3D-PA demonstrated its capability for fast and easy 
comprehension of flaw signals. In combination with offline and real-time techniques, ultrasonic testing was 
made more efficient and more reliable than in conventional techniques. 
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1. Introduction 
 

Over the last decade, the use of ultrasonic arrays for non-destructive testing (NDT) has 
dramatically increased and phased array techniques now play a major role in the field of NDT [1-3]. 
The phased arrays have significant advantages over conventional ultrasonic methods: they have 
ultrasonic beam steering and focusing which enable users to scan objects faster and more accurately. 
In addition, output images make evaluation and documentation processes much easier. Continuous 
data recordings, sometimes with a position encoder, allow users to localize flaws effortlessly. 
Although the phased arrays still have some challenges in terms of applicability of array probes and 
easy operations to set up experimental parameters, their use is expected to increase steadily in a 
variety of industries.  

In phased arrays ultrasonic beams transmitted from a probe are swept along an array of elements. 
Probably the most commonly used scanning patterns are a linear scan and a sectorial scan (S-scan). 
These electrically controlled scans have brought about a significant increase in inspection speed. In 
this paper, we call these conventional phased arrays a two-dimensional phased array (2D-PA) to 
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distinguish from a three-dimensional phased array (3D-PA) [4-9] which we discuss later. 
The 3D-PA allows scanning speed and efficiency of evaluation of scanned data to be more 

significantly improved compared to 2D-PA. A schematic image of 3D-PA scanning is shown in Fig. 1.  
With a matrix array probe, target objects can be scanned volumetrically at one time or at least in less 
time than the 2D-PA. Moreover, the scanned data can be evaluated on 3D images, while operators 
have to check scanned 2D images one by one in case of the 2D-PA. Thus, the total inspection time of 
the 3D-PA is much shorter than that of the 2D-PA. In addition, detection capability is higher than that 
of the 2D-PA because of the narrower and more focused beams generated by the matrix array probe. 
Besides the beam focusing, some advantageous characteristics of the matrix array probe have been 
reported in the literature [10]. The advantages of the 3D-PA compared to the 2D-PA are: (1) inspection 
speed is increased by 3D scanning; (2) spatial resolution is higher than that of the 2D phased arrays 
due to extremely focused ultrasonic beams generated by the matrix array probe; and (3) the 3D 
rendered images provide easy-to-understand results and facilitate evaluations. The 3D-PA technique 
mainly consists of 3D scanning of objects and 3D visualization of scanned data. With recent 
developments in hardware technologies for array controllers and array detectors, the 3D scanning has 
been performed faster and easier than ever before.  

When it comes to visualization of ultrasonic NDT data, some researchers reported 3D imaging 
methods of flaws with a matrix array probe not just for PA. Nakahata et al. proposed a fast imaging 
technique based on linearized inverse scattering methods in the frequency domain [11]. Velichko et al. 
reported imaging approaches using Full Matrix Capture (FMC) which attracted attention recently in 
the ultrasonic NDT field [12]. In these reports, however, theoretical or experimental results were 
discussed using specimens that have relatively simple geometries. To the best of our knowledge, 
quantitative verification of these methods for actual flaws has not yet been reported. This paper 
focuses on sizing from the 3D images for stress corrosion cracking (SCC) which is one of the typical 
damaging processes in the field of preventive maintenance. We introduce the features of the 
3D-PA and evaluate experimental results of sizing quantitatively for SCC cracks. 

SCC is a failure process that occurs because of the simultaneous presence of tensile stress, an 
environment, and a susceptible material. The detection and sizing of SCC cracks have been one of the 
core issues in in-service inspection since boiling water reactor (BWR) plants were first reported in the 
1970s to exhibit SCC on stainless steel piping [13]. Along with this situation, sizing techniques by 
ultrasonic testing (UT), including phased array technologies, have been investigated by many 
researchers. In the Japanese performance demonstration (PD) qualification examination, a lot of 
candidates used the longitudinal wave tip diffraction technique with phased arrays. And it was 
reported that over 80% of them passed the examination, as opposed to less than 40% with the 
conventional A-scope method [14].  

 

Fig. 1. Schematic image of 3D-PA scanning with matrix array probe.  

Matrix array probe

3D scanning

Extremely focused
ultrasonic beam

Scanningregion



 

203 

E-Journal of Advanced Maintenance Vol.5 (2014) 201-227 
Japan Society of Maintenology 

2. The three-dimensional phased array ultrasonic technique 
 

2.1. System 
 
The system is composed of three main parts including pulser/receiver equipment, a matrix array 

probe, and a PC with software for data acquisition and 3D visualization. A photo of the pulser/receiver 
equipment is shown in Fig. 2. The data acquisition is performed in conjunction with scanners as well 
as freehand. This pulser/receiver equipment is the ES3300F which is an enhanced version of the ES 
series being marketed by Hitachi Power Solutions Co., Ltd [15]. Its specifications are summarized in 
Table 1. 

 
Table 1 Specifications of pulser/receiver equipment 

Simultaneously Active Channels up to 256 / 256 (Transmit / Receive) 
Number of Focal Points up to 4,096 
Max. Pulser Voltage 200 V 
Receiver 
 Band Width 
 Max. Gain 
 Sampling Frequency 

 
from 0.5 to 20 MHz 
118 dB 
200 MHz 

Amplitude Resolution of Signal 8- or 16-bit 
 
A fast data processing capability is required for the equipment in 3D scanning, since we have to 

handle a larger amount of data, in a short period of time, than in 2D scanning. The equipment has 
multi-channel high-speed circuit boards which have the ability to transmit or receive ultrasound 
signals from each of the 256 elements in a matrix array probe simultaneously. Thus, real-time 3D 
scanning is possible as well as conventional 2D scanning. A detailed description of the real-time 
scanning is given in Section 4.6.  

Basically various 3D scanning patterns can be chosen by giving an appropriate focal law to each 
element in a matrix array probe. However, it is not a straightforward task to obtain the focal law due 
to the complexity of 3D calculations. In order to make the task easier, our system has software to 
calculate the focal law for any 3D scanning pattern by ultrasonic propagation analysis associated with 
3D-CAD (computer aided design). Operators can set up a focal law and other parameters by checking 
propagation paths of ultrasound beams on 3D-CAD screens. The focal law is output as a file so that 
the calculation is required at the first time of each scan. 

 
 
 

Fig. 2. Photo of pulser/receiver equipment.  
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2.2. Visualization technique 
 
In the visualization step, scanned raw data are reconstructed into voxel data to display images 

stereoscopically. The data reconstruction algorithm is extremely important because it influences image 
quality and conversion speed significantly. One way to visualize scanned data points stereoscopically 
is to display them as a point cloud (a set of points in a 3D space). This method is fast and simple to 
implement because no reconstruction step is needed, but unfortunately it has a disadvantage that a 
number of gaps between data points interfere with operator’s understanding of the 3D profiles of the 
signal intensity, particularly when scanned data are sparse and unevenly distributed. Fig. 3 shows the 
comparison of appearances between a point-cloud representation and a voxel representation for the 
same scanned data of SCC cracks that are investigated in later sections. The voxel representation 
obviously prevails in clearness and recognition performance of 3D signals. This is the reason why we 
have adopted the voxel representation even though it is accompanied by the time-consuming 
conversion process. There are two other advantages as well: the resultant data are contracted through 
the interpolation in the conversion process; and the voxel data make it easier to display cross sections 
at preferred positions. After the conversion, the scanned data are rendered as a solid by the volume 
rendering technique employing commonly-used graphical libraries like OpenGL [16]. 

 
Actually the main process of the reconstruction step is interpolation of measured raw data. 

Although there are many interpolation algorithms, the distance-weighted (DW) method was applied to 
our system because of its processing speed, robustness for a variety of scanning patterns, and 
simplicity of implementation. The processing speed is especially important to obtain 3D images for 
operation in the field. 

In the DW method, each voxel value is assigned the weighted average of some set of measured 
data points in a predefined 3D region as shown in Fig. 4.  
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Fig. 4. Two-dimensional representation of reconstruction using DW method.  

Fig. 3.  Comparison of appearances for the same scanned data. 
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The parameters required for the calculation are the weight function and the size and shape of the 
region. A fixed spherical region of radius R which is centered about each voxel is commonly used. 
The intensity of the jth voxel uj is given by the following equations [17, 18]: 
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where i is the number of data points falling within the predefined spherical region centered about the 
jth voxel, zi (i = 1…n) is the intensity of the ith data point, wij is the relative weight for the ith data 
point about the jth voxel, dij is the distance from the ith data point to the center of the jth voxel, and α 
and β are parameters for adjusting smoothness of interpolation. All measured data points in the 
spherical region are weighted by the inverse distance to the voxel and averaged.  

Each ultrasonic ray does not always have the same incident point; this is because the probe 
elements chosen for beam forming are generally different from each other and, in addition, the probe 
itself is often moved mechanically or manually during a recording process. However, voxel values can 
be calculated the same way by using Eq.(1) and Eq.(2) regardless of the incident points as long as the 
coordinate of each data point is given. Moreover, it is possible to merge some data sets recorded in 
different measurements, even though they may belong to different scanning patterns.  

Volume rendering is a useful technique for visualizing voxel data. It provides a way to see 
through the data, revealing complex 3D relationships. We applied the 3D texture approach that was 
introduced in OpenGL 1.2 [19]. It is equivalent to ray casting and produces the same results. However, 
the resulting algorithm by using the 3D textures is much more efficient than ray casting. 

 
3. Experimental 
 
3.1. Specimens 

 
A plate-like stainless steel (JIS SUS304) specimen was prepared having a slit produced by 

electrical discharge machining (EDM). The size of the slit was 40 mm (length) ×10 mm (height) and 
its width was 0.5 mm as schematically shown in Fig. 5. The thickness of the plate was 30 mm. This 
specimen was called an EDM slit specimen. 

 Fig. 5. Schematic image of EDM slit in specimen. 
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Another plate-like austenitic stainless steel (JIS SUS304) specimen having artificially produced 
SCC was prepared. This was called a SCC specimen. The SCC specimen was 300 mm × 150 mm × 30 
mm as shown in Fig. 6. The SCC was induced in the center of the specimen. 

 
Before the corrosion process, sensitization was performed at 625 °C for 24 hours and the 

specimen surface was oxidized. After some polishing, the surface was masked except for an area to 
induce SCC which was indicated by hatched region in Fig. 6. The unmasked area was corroded by 
exposing it to a 1% tetrathionate solution. The specimen was then fixed on a three-point bending jig, 
so that tensile stress was kept steadily.  

An image of the crack opening of the induced SCC obtained by penetrant testing (PT) is shown 
in Fig. 7. The opening of the SCC cracks is clearly separated into two lines and the overall length, 
including both lines, was approximately 75 mm.  

 
3.2. Matrix Array Probe 

 
The matrix array probe used in the investigation transmitted longitudinal waves operated at a 

center frequency of 2 MHz. The probe had 256 elements (16×16) and the aperture of 30 mm which 
leads to the near field length of 76 mm. The probe was basically designed for inspecting flaws in or 
near austenitic stainless steel welds, which is actually one of our future goals. The probe was used 
with an acrylic wedge to introduce refracted longitudinal waves into the specimen properly. By using 
the wedge, a beam perpendicular to the aperture plane of the probe was directed at 45° when the beam 
was entered into the specimen. The beam perpendicular to the aperture plane has the strongest 
intensity among beams that have different refraction angles in a sector. The edge of the wedge was 
coated with acoustic absorbent material to suppress noises caused by multiple reflections inside the 
wedge itself.   

Fig. 7. Result of penetrant testing. 
10 mm

Fig. 6. Specifications and geometry of the SCC specimen. 
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4. Results and discussion 

 
4.1. Evaluation of basic properties of 3D scanning using EDM slit specimen 

 
First of all, a verification experiment was performed using the EDM slit specimen in order to 

evaluate basic properties of 3D scanning. The pulser/receiver equipment used in this experiment was 
described in section 2.1. As described in that section, once focal laws are calculated, the equipment 
allows operators to perform arbitrary 3D scanning. Although it is possible to visualize randomly 
steered ultrasonic beams by the algorithm mentioned earlier, a sector-based scanning pattern was used 
in this experiment for simpler implementation and interpretation of results.  

The scanning pattern is composed of a number of sectors that have different azimuth angles 
around an axis perpendicular to the length direction of the slit, while each sector has the same range of 
refraction angles. The azimuth angle can be easily controlled by changing the delay laws. This 
scanning pattern is referred to as the rotational S-scan (RS-scan). A schematic image of the RS-scan is 
shown in Fig. 8. 

 
The EDM slit was examined by the RS-scan with a matrix array probe that transmitted 

longitudinal waves of a center frequency of 2 MHz. The azimuth angles of the sectors ranged from 
-42° to 45° where 0° was defined as a direction perpendicular to the length direction of the slit, and 
the refraction angles in each sector ranged from 0° to 60°. The intervals of the refraction and azimuth 
angles were 1.0° and approximately 1.3°, respectively. Thus the number of beams produced at one 
scan was 4,087 (61 beams × 67 sectors).  

In addition, the probe was moved mechanically on the specimen in the length direction of the slit 
at an interval of 1 mm, keeping a distance of 25 mm between the probe center and the slit, while 
performing the RS-scan. This scanning pattern is referred to as the moving rotational S-scan 
(MRS-scan). The recorded data of the RS-scan largely overlap with one another during the translation 
in the MRS-scan. Travel distance of the probe was 60 mm, thus the total number of the sectors used 
for 3D visualization came to 4,087 (67 sectors × 61 locations). The location of each RS-scan was 
recorded by a linear encoder attached to the probe in synchronization with wave recording. One of the 
sectors across the slit at a right angle to the slit surface is shown in Fig. 9(a).  

(a) (b) 

Fig. 8. Schematic images of RS-scan: (a) overhead view and (b) top view. Although the actual 
number of sectors in the scan is 67 in this experiment, fewer sectors are depicted in the above 
figures to understand the concept. 

XY
Z

Matrix array probe

Acrylic wedge

X

Y

Translation

Azimuth angle

Refraction angle



S. Kitazawa, et al./ Visualization and Evaluation of SCC Using 3D-PA 

 208 

This was a quite simple case showing a back wall echo, a tip echo and a corner echo reflected from 
the slit clearly. The distance between the rising edge at the center of the tip echo and that of the corner 
echo was estimated to be 10 mm which exactly agreed with the actual height of the slit. As the 
azimuth angle increased, tip and corner echoes were shifted away from the incident position and 
weakened gradually as shown in Figs. 9(b) and (c). This was because reflection components of 
incident waves back to the probe were diminished as the distance between the probe and the slit 
increased. The attenuation of the tip and corner echoes were also associated with the directional 
sensitivity of the EDM slit. Moreover, in the case of the sector at an angle of 40° in Fig. 9(d), the back 
wall echo could only be seen in the image. This makes sense because ultrasonic waves reflected at the 
slit surface travel away and do not return to the probe at least within the sampling period of time.  
Fig. 10 shows 3D images of the EDM slit echoes synthesized with the visualization algorithm 
described in section 2.2. 
 

(a) (b) 

26 mm
15 °

29 mm 30 ° 40 °

(c) (d) 

Fig. 9. Sector images of EDM slit. The angles between the slit surface and each sector are 
(a) 0°, (b) 15°, (c) 30° and (d) 40°, as 0° was defined as the direction perpendicular to the slit 
surface. The inset illustration of each image shows the geometric relationship between the 
slit and probe. The color in each sector image indicates reflection intensity shown in the 
color bar on the right.   
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The total number of voxels included in the 3D image was 18,963,301 where each voxel was a cube of 
0.2 mm per side. The color indicates reflection intensity. The back wall, tip and corner echoes were 
clearly seen in these pictures and the spatial distribution and continuity of these echoes could be 
recognized easily and obviously. Using the visualization software, operators can move, rotate and 
zoom 3D images freely with a computer mouse. And that makes evaluation processes more efficient 
and sophisticated. One thing that should be noticed is that signals having lower reflection intensity 
below a certain threshold are in an invisible state, because those signals are usually composed of 
background noises and they make it difficult to evaluate resultant 3D images.  

Our basic concept is that a threshold value should be carefully chosen as low as possible not to 
undercut measured signals excessively. In this paper, the threshold value Ith is defined as follows:  

 σnII avth +=  (3) 

where Iav and σ are an average intensity and a standard deviation of background noises, respectively. 
These values were estimated from the waveform data included in a region having no significant 
reflection signal as typically shown in Fig. 9(a). And a constant value n was chosen as 2 after some 
trials. The n of 1 makes images noisier and prevents us from distinguishing significant echoes from 
noises. An appropriate value of n may be different for each experimental condition. 

In order to validate the accuracy of the 3D-PA, sizes of the slit were estimated from the voxel 
data. The two planes of A and B were set to cut through the center of the tip echo as shown in Fig. 
11(a). And their cross-sectional images are shown in Figs. 11(b) and (c).  

(a) (b) 

(c) (d) 

10 mm

Fig. 10. Three-dimensional PA images of EDM slit by MRS-scan. (a) Overhead view and (b) 
top view. (c) and (d) are side views in directions perpendicular to and along the slit surface, 
respectively. The color in each image indicates reflection intensity shown in the color bar on 
the right.   
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(b) (c) 

(d) 

10 mm
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Cross section A
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Fig. 11. Cross sections of voxel data of EDM slit by MRS-scan. Two planes were set to cut 
through the center of the tip echo as shown in (a). Their cross-sectional images are shown 
in (b) and (c). Intensity profile along the line L indicated in (c) is shown in (d). The color 
in each image indicates reflection intensity shown in the color bar on the right. 
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The distance between the rising edge at the center of the tip echo and that of the corner echo was 
estimated to be 10 mm, and the distance between the probe center and the slit was estimated to be 25 
mm as shown in Fig. 11(b). These values exactly agreed with the actual geometry. On the other hand, 
the length of the slit was evaluated as 47 mm, which was 7 mm larger than the actual size, as shown in 
Fig. 11(c). Probably this is mainly due to the effective width of the ultrasonic beams [20]. The choice 
of the threshold value Ith slightly influences this estimation as well. In the case of depth sizing, using 
rising edges at the center of echoes eventually excludes the influences of the beam width. The effect 
of the finite beam width is not specific to the 3D-PA and generally arises in conventional 2D-PA as 
well. As often done in the 2D-PA, the 6dB-drop method was applied to the 3D images [21]. The 
intensity profile along the line L indicated in Fig. 11(c) is shown in Fig. 11(d). The line L penetrated 
the center of the tip echo. Intensity values above the threshold Iav + 2σ are shown in this plot. The 
estimated length of the slit by the 6dB-drop method was 42 mm which was still larger than the actual 
value. However, the overestimation of 2 mm is quite reasonable when considering the beam width of 
several mm in this experimental condition. 

Fig. 12 shows 3D images of the EDM slit echoes synthesized only from the sectors having 
specific azimuth angles in the same scanned data by the MRS-scan. Figs. 12(a)-(d) are composed of 
the sectors having azimuth angles of 0°, 15°, 30° and 40°, respectively. All these images have the 
same point of view as Fig. 10(a). These images corresponded exactly to the 2D images shown in Fig. 
9. The larger the azimuth angle became, the weaker the intensity of the reflection signal from the slit 
became. In the case of the angle of 40° in Fig. 12(d), only a small part of the corner echo was 
observed. These results proved that the MRS-scan was performed well as expected.   

 

15 °

30° 40°

(a) (b) 

(c) (d) 

Fig. 12. Three-dimensional PA images of EDM slit reconstructed only from sectors of a 
specific azimuth angle: (a) 0°, (b) 15°, (c) 30° and (d) 40°. All the sectors belong to the same 
scanned data by MRS-scan. The color in each image indicates reflection intensity shown in 
the color bar on the right. 
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4.2. Three-dimensional visualization of SCC cracks 
 
Based on the results obtained in section 4.1, the SCC-induced region was examined to estimate 

its spatial distribution and depth of cracks in the SCC specimen. Fig. 13(a) is a schematic image of the 
MRS-scans on the SCC specimen. The probe that transmitted longitudinal waves of a center 
frequency of 2 MHz was also used in this experiment. The azimuth angles of the sectors ranged from 
-42° to 45° where 0° was defined as the direction perpendicular to the SCC center line. The SCC 
center line that was defined as the Y-axis (X = 0 mm) was positioned just at the middle of the 
specimen. The edge of the specimen was defined as Y = 0 mm. The Z-axis was in relation to the crack 
depth. The directions of the X-, Y-, and Z-axes were schematically shown in Fig. 13. The refraction 
angles in each sector ranged from 0° to 60°. The intervals of the refraction and azimuth angles were 
1.0° and approximately 1.3°, respectively. The probe was moved linearly on the specimen at the 
interval of 1 mm with a guiding jig parallel to the Y-axis at X = ±25 mm while performing the 
MRS-scan. The two trajectories of the probe center on the specimen surface (lines A and B) are shown 
in Fig. 13(b). The lines A and B were parallel to the Y-axis at X = 25 and -25 mm, respectively. Thus 
two sets of MRS-scanned data were obtained. Each MRS-scan was in an opposite direction across the 
SCC-induced region. The probe traveled from Y = 30 to 130 mm. The total number of the sectors to 
be used for 3D visualization was 6,767. The position of each RS-scan was recorded by a linear 
encoder attached to the probe in synchronization with the wave recording. 

 
One example of the sectors across the SCC cracks at an angle of 0° (X = 25 mm, Y = 86 mm) is 

shown in Fig. 14. A back wall and a corner echo can be observed quite obviously. In addition, several 
tip echoes were detected discretely above the corner echo implying that the SCC cracks had multiple 
branches and/or was in a complicated structure. In case of conventional 2D-PA, the probe has to be 
wiggled from side to side changing its orientation to obtain most intense and clearest tip echoes that 
exist at the deepest position from the surface of the crack opening. This operation is quite essential but 
a laborious task in UT processes. 

(a) 

(b) 
Fig. 13. MRS-scans on SCC. (a) Schematic image of the scanning on the SCC specimen and 
(b) two trajectories of the probe center on the specimen surface. Note that the incident 
surface is opposite to that shown in (b). 
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The 3D-PA data of the SCC by the MRS-scan on the lines of X = 25 and -25 mm are shown in 

Figs. 15 and 16, respectively. Gray colored planes in the figures indicate the inner bottom surface of 
the specimen. The total number of voxels included in the 3D image was 58,244,556 where each voxel 
was a cube of 0.2 mm per side. The image processing time was approximately ten and several minutes. 
The voxels that have intensity values above the Ith are only drawn in these figures. The Ith was 
determined as Iav + 2σ after some trials as well as the EDM slit. The Iav and σ were estimated from 
waveform data included in a region having no significant reflection signal as typically shown in Fig. 
14. In both Figs. 15 and 16, the images of the same 3D data from five different points of view are 
presented: (a) overhead view, (b) top view, (c) side view from –Y direction, (d) side view from +X 
direction, and (e) side view from +Y direction. Although most of the tip and corner echoes were not 
able to be separated distinctively, the primary echoes from the cracks were clearly observed and the 
spatial distribution of the whole SCC cracks could be recognized in an easy way. The pair of broken 
lines depicted in Fig. 15(b) or 16(b) showed ridge lines of the continuous tip echoes that indicated the 
existence of two separated groups of cracks. This fact agreed with the PT result that the crack opening 
of the SCC was separated into two lines as stated in section 3.1. Different profiles of echoes in Figs. 
15 and 16 implied that two crack groups were asymmetric across the center line and had each proper 
incident direction to be detected well.  

It should be noticed that the probe is not required to wiggle from side to side changing its 
orientation in order to search best positions for detecting tip echoes in the 3D-PA; the probe is just 
moved linearly. This is because the scanned data are composed of a number of ultrasonic beams that 
have a wide range of refraction and azimuth angles at many different incident positions. Therefore, 
any of the beams can capture tip echoes properly without skillful searching motion of the probe.  

 

Fig. 14. Example sector image of SCC at Y = 86 mm. The angle between the SCC center 
line and the sector is 0°. The color in the sector image indicates reflection intensity shown in 
the color bar on the right. 
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Fig. 15. Three-dimensional PA images of SCC by MRS-scan along line A (X = +25 mm). (a) 
Overhead view, (b) top view, (c) side view from –Y direction, (d) side view from +X 
direction, and (e) side view from +Y direction. The color in each image indicates reflection 
intensity shown in the color bar on the right. 
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Fig. 16. Three-dimensional PA images of SCC by MRS-scan along line B (X = -25 mm). (a) 
Overhead view, (b) top view, (c) side view from +Y direction, (d) side view from -X 
direction, and (e) side view from -Y direction. The color in each image indicates reflection 
intensity shown in the color bar on the right. 
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We take a closer look at this property using Fig. 17. These 3D images were generated using 
sectors that have a specific azimuth angle of 0° (a right angle in front of the SCC center line). The 
sectors used to generate Figs. 17(a) and (b) were extracted from the MRS-scan dataset used in Figs. 
15 and 16, respectively. The threshold Ith used to draw voxels was also the same as that used for Figs. 
15 and 16. It should be noted that a part of the tip echoes were lost in images in Fig. 17 as compared 
to those composed of the sectors in a wide range of azimuth angles in Figs. 15 and 16. Although the 
outlines similar to Figs. 15 and 16 could be obtained by decreasing Ith or increasing the receiver gain 
in the hardware, the signal-to-noise ratios of the images in Figs. 15 and 16 were higher than those in 
Figs. 17(a) and (b). This was because, in the case of the SCC, a sector whose azimuth angle was right 
in front of the SCC center line was not always optimal to obtain maximum intensity for every part of 
the SCC cracks, as opposed to the case of a planar reflection source like the EDM slit. Those 
indicated that the MRS-scan that included sectors of multiple azimuth angles was advantageous for 
inspection of complicated-structure cracks like SCC. 

Fig. 17. Three-dimensional PA images of SCC by MRS-scan along (a) line A (X = +25 mm) 
and (b) B(X = -25 mm). These images were reconstructed only from sectors of a specific 
azimuth angle of 0°. The color in each image indicates reflection intensity shown in the 
color bar on the right. 
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4.3. Sizing of SCC cracks using voxel data 

 
In order to evaluate accuracy of 3D-PA by the MRS-scan, sizing of the SCC cracks was 

performed by using the voxel data. The visualization software of the system provides useful functions 
to cut voxel data at an arbitrary position and to show an intensity profile on the cut plane. It also has a 
function to measure the distance between two points on a screen with a computer mouse. Using these 
functions, depth ∆Z and X coordinates of SCC tips were measured on a slice at each Y position. The 
∆Z value was estimated from a distance between the rising edge of the back wall echo and the tip 
echo on each slice image.  

The results of sizing when the probe positions were X = 25 and -25 mm, are summarized in Figs. 
18 and 19, respectively. In these figures, (a) and (b) showed ∆Zs of the tips and X coordinates versus 
Y coordinates, respectively. Zero value of ∆Z showed that the tip echoes could not be distinguished at 
the position. Solid and broken lines in the figures were actual values obtained by an optical 
microscopy (OM) as was described later. The X-Y and ∆Z-Y plots were equivalent to top and side 
views of the SCC tips, respectively. These values were apparently divided into two groups: Br1 (open 
squares) and Br2 (solid triangles). It should be noticed that one of the branches was always less 
sensitive than the others, for instance, ∆Zs of Br1 in a range from Y = 40 to 80 mm in Fig. 18(a), and 
those of Br2 in a range above Y = 80 mm in Fig. 19(a). In other words the Br1 and Br2 could be 
detected well by ultrasonic beams incident from the negative and positive sides of X axis, 
respectively.  

 

 

Fig. 18. Results of sizing SCC cracks when probe position was X = 25 mm. (a) ∆Z-Y plot 
meaning the depth of cracks and (b) X-Y plot of SCC tips.  
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4.4. Sizing SCC cracks using an optical microscope 

 
The SCC specimen was cut and its cross sections were observed with an optical microscope to 

obtain the actual size of the SCC cracks. At first, the specimen was trimmed into a small cuboid piece 
including the SCC cracks. And the piece was sliced continuously into 58 slices perpendicular to the Y 
axis at 1.5 mm intervals as shown in Fig. 20.  

 

 
 

Fig. 20. Positions of cross sections observed with an optical microscope. The specimen was 
trimmed into a small cuboid piece, and then the piece was sliced continuously into 58 slices. 

Fig. 19. Results of sizing SCC cracks when probe position was X = -25 mm. (a) ∆Z-Y plot 
meaning the depth of cracks and (b) X-Y plot of SCC tips.   
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As preprocessing for optical microscopy, the surfaces of the slices were polished with grit 1200 
and etched with aqua regia. Some of the optical microscopic images are shown in Fig. 21. 

The bottom surface of the specimen and two main branches (Br1 and Br2), which were formed 
from a series of successive fine cracks, were clearly seen in the optical microscopic images. The 
incidence surface where the probe was set was opposite to the bottom surface in the photo. The crack 
depth of Br2 was found to become significantly shallower than that of Br1 in a range above 
approximately Y = 80 mm. Moreover, Br1 had a sub-branch (Br1s) near its end as seen in Fig. 21(e). 
It should be noticed that the distance between Br1 and Br2 increased as increasing in depth; the two 
main branches extended radially from the bottom surface to the inner region of the specimen. The 
slopes of the branches affected the reflectivities of Br1 and Br2 and caused the less-sensitive effect for 

Fig. 21. Optical microscopic images. Slice positions are (a) Y = 43.4 mm (slice No. 10), (b) 53.9 (17), 
(c) 65.9 (25), (d) 79.4 (34), (e) 92.9 (43) and (f) 106.4 (52).  

(a) (b) (c)

(d) (e) (f)
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each branches described in section 4.3. That is, the ultrasonic beams incident from the negative side of 
the X axis returned well to the probe in the case of Br1. On the other hand, those incident from the 
positive side of the X axis returned well in the case of Br2. These facts suggest that inspections from 
both sides of the SCC cracks make sizing more accurate and certain than those from one side. 

The coordinates at the ends of these branches were extracted and plotted as lines onto the graphs 
in Figs. 18 and 19 in order to compare the sizing results of 3D-PA with the actual profile of the SCC 
cracks. The solid and broken lines correspond to Br1 and Br2, respectively. Although Br1s was shown 
as the dotted line in a range roughly from Y = 80 to 100 mm, Br1 and Br1s could not be distinguished 
clearly. The coordinates were measured on the basis of the relative position of each slice to the bottom 
and side surfaces of the specimen. In both Figs. 18 and 19, the values measured from voxel data 
agreed rather well with those measured by the optical microscopy apart from the less sensitive 
regions.  

The maximum error and the root mean square error (RMSE) are summarized in Table 2. 
According to these results, it is concluded that Br1 and Br2 each had an advantageous incident 
direction for sensitive detection.  

 

Table 2 Maximum error and RMSE of sizing SCC cracks 
Probe 
position 

Azimuth angles 
of sectors Br1 Br2 

X (mm) (deg) 
X (mm) ∆Z (mm) X (mm) ∆Z (mm) 

max RMSE max RMSE max RMSE max RMSE 
+25 -42 to 45 2.1 0.8 -10.4 3.4 -1.8 1.0 -2.4 0.9 
-25 -42 to 45 -2.6 1.1 -4.0 1.2 -3.7 1.9 -9.4 4.0 
±25 -42 to 45 -2.2 1.0 -2.0 0.6 -1.8 1.0 -2.3 0.9 

 
 
 
4.5. Combination of different scanned data 

 
The results obtained so far naturally led us to the idea that the combination of scanning on both 

sides of the SCC cracks improves the accuracy of sizing. Fig. 22 shows results by the combination of 
sizing two sets of voxel data whose incident points were at X = 25 and -25 mm. The ∆Z value in Fig. 
22(a) was chosen as a larger (deeper) one between those at X = 25 and -25 mm for each Y position, 
based on the idea that the larger ∆Z values were considered to be brought about by proper detection of 
the crack tips. The X values in Fig. 22(b) were determined depending on if the ∆Z in a pair was 
chosen. The minus sign of ∆Z means that the detected depth by sizing was less than the value 
measured by the optical microscope. Although Br1 and Br1s could not be distinguished clearly, the 
deeper ∆Z was successfully detected.  

As expected, the result by the combination method showed fairly good agreement with the sizes 
measured by optical microscopy. The maximum error and RMSEs of the method are also summarized 
in Table 2. The RMSEs of ∆Z were less than 0.9 mm for both Br1 and Br2. The maximum error of ∆Z 
was -2.3 mm for the worst case of Br2 at Y = 40.4 mm that was almost at the end of the SCC area. 
However, the errors of ∆Z at the deepest positions were rather small: 0.4 mm for Br1 and -0.4 mm for 
Br2, where the deepest positions were (Y, ∆Z) = (79.4 mm, 11.2 mm) for Br1 and (65.9 mm, 11.5 
mm) for Br2. These values entirely satisfy the acceptance criteria of the PD qualification examination: 
RMSE of less than 3.2 mm and maximum error of less than -4.4 mm [14]. The RMSEs of X were less 
than 1.0 mm for both Br1 and Br2 showing good agreement with the sizes measured by optical 
microscopy as well. 
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Fig. 23 shows 3D images of the voxel data synthesized from two sets of raw data each recorded 

by the MRS-scan on the lines of X = 25 and -25 mm. The total number of voxels included in the 3D 
image was 58,244,556 where each voxel was a cube of 0.2 mm per side. Only the voxels that had 
intensity values above a threshold Ith = Iav + 2σ were drawn in the figure. The same values of Iav and σ 
were used as in Figs. 15 and 16. One characteristic in Fig. 23 was that two back wall echoes lie across 
the SCC echo because of the combination of two data sets. The tip and corner echoes of both Br1 and 
Br2 were clearly observed avoiding the less-sensitive effect caused by the reflectivities of Br1 and 
Br2. 

Although the quantitative evaluation of the SCC cracks has already been discussed, there is still 
some interest in a positional relation of the actual cracks and the 3D echoes. Then, fusion of the 
images obtained by 3D-PA and optical microscopy was tried to grasp their positional relation 
intuitively. Fig. 24 shows their resultant fusion images. The crack traces in the 3D image were 
extracted through binarization of the optical microscopy images and aligned in a line in accordance 
with the original cross-sectional positions. The crack traces looked discontinuous due to the 
experimental limitation. However actual Br1 and Br2 were probably continuous and had planar 
configuration. From these images, the positional relation of the actual cracks and their corresponding 
echoes could be understood intuitively. The Br1 and Br2 including the sub-branch appeared to be 
visualized quite well. 

Fig. 22. Results of sizing SCC cracks obtained by combining results of two probe positions 
of X = ±25 mm. (a) ∆Z-Y plot meaning the depth of cracks and (b) X-Y plot of SCC tips.      
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Fig. 23. Three-dimensional PA images of SCC cracks by MRS-scans along lines A and B (X 
= ±25 mm). (a) Overhead view, (b) top view, (c) side view from –Y direction, (d) side view 
from +X direction, and (e) side view from +Y direction. The color in each image indicates 
reflection intensity shown in the color bar on the right. 
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4.6. Real-time 3D-PA 

 
The 3D images that have been discussed so far are based on offline data processing. First, 

waveform data are recorded by 3D scans sometimes accompanied by motion of a probe; then the 
recorded data are transformed into voxel data and displayed in a monitor with some manual 
operations. The process time of the transformation ranges from several seconds to a few minutes 
depending on voxel size and amount of recorded data to be used for calculation. In the case of the 
MRS-scanning of the SCC specimen previously discussed in this paper, it took a few minutes to 

Fig. 24. Fusion of three-dimensional PA image and optical microscopic images. 
The crack traces in the 3D image were extracted through binarization of the 
optical microscopy images and aligned in a line in accordance with the original 
cross-sectional positions. The crack traces looked discontinuous due to the 
experimental limitation. (a) and (b) are views from different angles. The color in 
each PA image indicates reflection intensity shown in the color bar on the right. 
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obtain voxel data because a large amount of data had to be processed. Although offline processing 
satisfies detailed inspection in terms of accuracy, it would not be fast enough for rough inspection just 
to find flaws moving a probe freely before or without precise sizing. In such a case, online sequential 
processing is suitable. The system used in the investigation allows operators to perform 3D scanning 
continuously in a short period of time or practically real-time. The data reconstruction process was 
significantly improved by recent parallel computing.  

Fig. 25(a) is a photo of the real-time 3D scanning of the SCC specimen. The scanning pattern is 
the RS-scan. In real-time scanning, voxel data are reconstructed for each scan regardless of positions 
of a probe. Therefore, some volume (typically about a 5 to 10 centimeter cube) under the probe can be 
inspected at a time while moving the probe freely. The frame rate is approximately 5-10 fps (frames 
per second) depending on the amount of recorded data. In the case of the SCC specimen in this study, 
the frame rate was 5 fps. The 3D image on a display can be moved, rotated and zoomed with a 
computer mouse during real-time scanning. When the scanning is paused, the measurement functions 
for sizing can be used as well. If there is no flaw under the probe, only a back wall echo is observed as 
shown in Fig. 25(b). On the other hand, if some flaws exist, corner and tip echoes are observed in 3D 
as shown in Fig. 25(c). Overlaying a back wall plane with echoes can improve distinguishability of 
flaw echoes as shown in Figs. 25(d) and (e). 

Lastly another demonstrative experiment of the real-time scanning is introduced. Fig. 26(a) is a 
photo of an acrylic test piece engraved with the alpha-numeric ‘3D’. The size of the test piece is 100 × 
100 × 40 mm and the depth of the engraved alpha-numeric is 10 mm from the bottom surface. The 
detailed dimensions are shown in Fig. 26(b). The specifications of the probe used in the measurement 
are the same as described previously. In this case, the probe directly transmits longitudinal waves of a 
center frequency of 2 MHz into the specimen without a wedge. The scanning pattern is slightly 
different from the RS-scan. It is composed of a number of sectors rotated around an axis horizontal to 
the surface of the specimen. This scanning pattern is called the fanning S-scan because the sectors are 
arranged like a fanning motion with respect to a fixed incident point as illustrated in Fig. 26(c). In this 
experiment, ranges of the fanning angle and central angle of a sector are both set as ±31.5° at an 
interval of 1° so that the total number of beams becomes 4,096 (64×64). Fig. 26(d) shows a photo of 
the experiment scanning the acrylic specimen real-time. And 3D images displayed on a monitor 
during the scan are shown in Figs. 26(e) and (f). Fig. 26(g) is the same echoes as (f) viewed from a 
different angle. The echoes of the engraved alpha-numeric are clearly observed and in an easily 
readable state. As the probe is moved, the appearance of the 3D image also changes real-time 
following the probe position as shown in Figs. 26(e) and (f). It is, so to speak, just like searching with 
an ultrasonic spot light. In combination with offline and real-time techniques, ultrasonic testing 
becomes more efficient and more reliable.  

 
5. Conclusions 

 
The 3D-PA technique has significant advantages over conventional 2D-PA technique in terms of 

inspection speed brought about by scanning and evaluation in the 3D space. This paper focused on 
visualization and quantitative evaluation of actual flaws such as SCC cracks by using voxel data 
converted from 3D-scanned data. Not only the deepest part of the SCC cracks but also the whole 
cracking area was successfully detected. A fusion of more than one MRS-scan considerably improved 
the inspection of flaws, because the flaws were stereoscopically insonified by a number of ultrasonic 
beams coming from various directions while moving the probe. This technique has significant 
advantages in inspection especially for flaws having complicated structures like SCC cracks. The 
depth sizing accuracy of the SCC cracks was an RMSE of 0.9 mm, which was more than that usually 
obtained by the conventional 2D-PA. This was brought about by the multiple-direction insonification 
and the extremely focused beams generated by the matrix array probe, coupled with the fact that the 
SCC was induced in base metal. In the case of SCC in or near a welding area, the RMSE will 
probably deteriorate due to the heterogeneity of grain orientations and a strong anisotropy that cause 
skewing and distortion of ultrasonic beams and significant scattering of waves involving high 
attenuation and sometimes backscattered signals [22]. 

In the case of rough inspections just to find flaws moving a probe freely without precise sizing, 
online real-time 3D-PA demonstrated a significant effect, providing fast and easy comprehension of 
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flaw signals. In combination with both techniques, UT will become more efficient and more reliable. 
All steps in the inspection processes are not necessarily performed by the 3D-PA. It is important to 
select either the 2D or 3D technique properly for individual cases, because each has its own 
advantages for specific uses.  

 

 

(a)

(b) (c)

(d) (e)

Fig. 25. Real-time 3D scanning of SCC cracks. (a) is a photo of real-time scanning. If there 
is no flaw under the probe, only a back wall echo is observed as shown in (b). On the other 
hand, if some flaws exist, corner and tip echoes are observed as shown in (c). Overlaying a 
back wall plane with echoes can improve distinguishability of flaw echoes as shown in (d) 
and (e). 
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Fig. 26. Real-time 3D scanning of acrylic test piece engraved with characters of ‘3D’. (a) 
and (b) are photos of the test piece. (c) is a schematic image of fanning S-scan. (d) shows 
real-time scanning of the test piece. (e) and (f) are 3D echoes of the characters and a back 
wall echo changing accompanied by probe motion. (g) is the same echoes as (f) viewed from 
a different angle. 
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