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Abstract: 

Pipe weldment tests using the phased array ultrasonic testing technique generally employ a wedge to generate 

high refraction angles effectively. Tests on weldments or with limited access areas, however, fail to cover the 

examination volume because the front length of the wedge is attached to the phased array ultrasonic transducer. 

Therefore, it is essential to apply a shear wave phased array ultrasonic transducer that can generate high 

refraction angles without using any wedge attached transducer. 

This paper designs and produces a phased array ultrasonic transducer that can generate shear waves with high 

refraction angles to determine if flaws can be accurately detected and assessed in test specimens with EDM 

notches of various depths. The shear wave phased array ultrasonic transducer designed in this paper successfully 

detects flaws of various depths and shows a highly reliable level of precision. It is expected to deliver effective 

test results if applied to the examination of structures in power generation industry that have limited access. 

 
1. Introduction 
 
For the structures of nuclear power plants and other large-scale plants, pre-service or in-
service inspections are undertaken for a periodic assessment of their safety. The importance 
of in-service inspections of these facilities increases with the increase in their operation years. 
The safety of nuclear power plants in particular is closely related to the safety of the general 
public, making it vital to ensure the reliability of in-service inspections. As a number of 
nuclear power plants are currently being built in Korea, with plans for further construction 
also in place, the share of nuclear power generation in the total amount of energy produced is 
projected to increase in the future. Therefore, there should be continued investment and 
research for the development of testing techniques to maintain the safety of nuclear power 
plants. The reliability of these tests should also be enhanced. 
Ultrasonic testing has been widely used as a tool to examine the pressure vessels and pipe 
weldments of nuclear power plants. Recently, the phased array ultrasonic testing technique 
has been utilized to arrange piezo elements and to control the ultrasonic beam electronically, 
thereby reducing the time required for the tests while also enhancing the reliability of the 
tests [3]. To use a phased array ultrasonic transducer and conduct a pipe weldment inspection 
at shear wave angles of 45°, 60° or 70°, however, a wedge should be attached to the front 
face of the phased array ultrasonic transducer, and the examination volume of the weldment 
cannot be fully covered as the geometric shape and size of the wedge undermine the 
accessibility of the ultrasonic beam. To address this issue, we can optimize the wedge design 
and minimize the front length of a wedge, but the length reduction is minimal. Based on the 
principle of the phased array ultrasonic testing technique, shear waves can be created without 
attaching a wedge, but the resulting high angles typically lead to the generation of side lobes 
or grating lobes and the subsequent reception of complicated signals, making it difficult to 
analyze ultrasonic signals. 
In an effort to tackle these common problems with the phased array ultrasonic transducer, It 
has been conducted studies to forecast the location of side and grating lobes from the beam 
characteristics of a linear phased array ultrasonic transducer and to identify the steering 
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properties of the beam by the size of the piezo element [5-6]. It has been performed a 
simulation to calculate the sound field of a phased array ultrasonic transducer, with the wedge 
being taken into account, to study the impacts of grating and side lobes in line with the design. 
To generate shear waves effectively without attaching a wedge in a phased array ultrasonic 
transducer-based test, this paper designs a transducer with the minimum grating lobe through 
modeling and produces a phased array transducer on the basis of the modeling results. The 
produced transducer is utilized to assess the flaw detection accuracy in test specimens 
processed at various depths so that a highly accessible ultrasonic transducer can be designed 
to leverage the strengths of shear waves fully and enable effective high-angle tests and piping 
weld inspections. 

2. Transducer design 
2.1. Transducer design parameters 

Shear waves generally have shorter wave lengths than longitudinal waves and are thus 
sensitive to various attributes deriving from the grain size and/or structural characteristics. 
However, their penetration within materials is relatively low. Carbon steel and stainless steel 
in general, however, have excellent sensitivity compared to their penetration depth; therefore, 
shear wave modes are generated and applied in general ultrasonic tests. In phased array 
ultrasonic tests, which are recently drawing keen attention, a wedge produced considering 
Snell’s law is also attached to the transducer to generate shear waves on the test components. 
High refraction angles can also be generated without a wedge, but the sound lobes created at 
certain angles make it difficult to assess the signals obtained from flaws. In weldment tests 
where the use of a wedge limits the transducer’s accessibility, the wedge may be an obstacle 
as it prevents the examination volume from being fully incorporated. Fig. 1 represents the 
access limitation where the use of a wedge in a pipe weldment test at a nuclear power plant 
prevents the examination volume requirements in the American Society of Mechanical 
Engineers (ASME) Code from being met [8]. 

 

Fig. 1: Access offset caused by a phased array probe wedge for the ASME code examination 
volume 

Especially when a test is conducted with limited single-side access, this serves as a factor to 
determine the inspectability of the other side of the piping weld, even when a wedge is not 
utilized. 
A phased array ultrasonic transducer can project a beam at a certain angle without using a 
wedge. Therefore, considering the parameters of the phased array ultrasonic transducer 
design, we designed a shear wave ultrasonic transducer capable of generating effective shear 
waves across the entire range of refraction angles. 
This paper took into account each of the transducer design parameters individually in the 
design of a shear wave phased array ultrasonic transducer. We first set the frequency at 5 
MHz, an amount that is applied in structural tests in general. For this study, the phased array 
transducer has been designed with a very small pitch, and a particular effort in reducing the 
radius mode propagation along the vibrator of the probe. So, when an element vibrates, it 



does it independently from the neighbors. As a result, we can observe a strong shear mode of 
vibration at each edge of the elements. Since the element is smaller than the wavelength, an 
element adopts a comportment close to the one of a punctual source.  The parameters for the 
selected shear wave phased array ultrasonic transducer are described in Table 1. 
 

Table 1: Phased array Probe Specifications 

Parameter 
Design 
Value 

Frequency 5 MHz 

No. of elements in primary 
axis 

32 

Primary axis pitch  0.3 mm 

Inter element spacing 0.1 mm 

Width of element 7.0 mm 

Total active length 9.5 mm 

Pulse duration < 700 ns 

Bandwidth (-6dB) 55% 

 
Grating lobes should be either nonexistent or minimized at the inspection angle used when 
the transducer is built using the selected parameters. 
The grating from the phased array ultrasonic transducer is generated by the constructive 
interference of adjacent piezo elements with time delays and identical phases. In other words, 
the grating takes place at the refraction angle where the signals are in phase and the delays 
correspond to a periodic basis. The grating lobe, in particular, has a wide beam and high 
sensitivity and thus deserves primary consideration in the design of a phased array ultrasonic 
transducer. Fig. 2 shows the directivity at individual angles calculated using the parameters in 
Table 1. We found that there was no sound beam interfering with or adjacent to the main 
beam at each refraction angle; a relatively small side lobe was observed on the both sides of 
the main beam, but being small in amplitude, it was believed not to affect the test signals. As 
pointed out in the directivity plot, the size of the main beam decreased and the angles at 
which the main beam was generated became wider as the angle increased. The directivity plot 
shown in Fig. 2 was calculated 30 mm depth away from the surface of the transducer. 
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Fig. 2: Directivity plot of the steering angle at 30 mm depth from the front surface of the 
elements 

2.2. Modeling 

We used the parameters of the selected phased array ultrasonic transducer to examine the 
directivity and ensure that no interfering sound existed, demonstrating to some extent that the 



selected transducer’s parameters were fairly valid. We then calculated 3D modeling on this 
basis to identify the sound fields that an actual 1D linear transducer has in the space. 
We employed CIVA [9], a modeling program developed by the CEA, and the Kirchhoff 
approximation as the solution for ultrasonic modeling. With the designed shear wave phased 
array ultrasonic transducer directly in contact with stainless steel, we generated shear waves 
at 0-80° on the material to examine the acoustic waves that are generated in the surrounding 
areas other than the main beam. Fig. 3 represents the sound field modeling results at 45°, 60° 
and 70°. 
We compared the directivity calculation results from Fig. 2 and the sound field modeling 
results and found that both results proved valid. There was no visible side lobe generated 
around the main beam field, and no grating lobe was observed close to the main beam. 
As result, the design parameters of the phased array ultrasonic transducer for shear wave 
generation proved valid. In an effort to find if the designed transducer produced adequate 
reflection signals for defects of varying depths, we conducted defect-response modeling on a 
carbon steel test specimen processed with electric discharge machining (EDM) notches at 
depths ranging from 10% through 80%. 
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Fig. 3: The beam modeling result for the design of the shear wave phased array probe 
parameter 

 
Fig. 4 shows the modeling results of the EDM notch block. The modeling results featured all 
of the EDM notches with depths ranging from 10% through 80%, with the tip and corner 
signals from each notch observed. 

 

Fig. 4: Flaw response modeling result for the EDM notches



3. Testing equipment and methodology 
3.1. Testing equipment 

We produced an ultrasonic transducer to test the design parameters proven through modeling. 
Fig. 5 represents the shear wave phased array ultrasonic transducer as manufactured in this 
study. The phased array ultrasonic transducer was built on the basis of the design results. The 
produced transducer was used in the test to determine if shear waves would be generated at 
various angles, as initially intended in the design, and if ultrasonic response signals could be 
obtained from the defects, as in the modeling results. For testing purposes, we produced test 
specimens with shapes identical to those used in the modeling process. Fig. 6 depicts the 
EDM notch test specimens used in the test. 

Fig. 5: Shear wave phased array transducer 

Fig. 6: Stainless steel EDM notch block 

The test specimens used in the test were made of stainless steel with a size of 470 mm × 20.5 
mm × 32 mm; EDM notches were processed to depths ranging from 10% to 80% of the 
thickness. Table 2 shows the depths of the processed EDM notches and their percentages in 
terms of the total thickness. 

Table 2: Detailed Dimensions of the EDM Notches 

No 
Depth 
(mm) 

Depth 
(%) 

No 
Depth 
(mm) 

Depth 
(%) 

1 2.5 10 5 12.5 50 

2 5.0 20 6 15 60 

3 7.5 30 7 17.5 70 

4 10.0 40 8 20 80 

Utilized in the test was FlashFocus, a phased array ultrasonic pulser-receiver from the 
Japanese manufacturer KJTD, which is capable of 128-channel activation. We connected 
FlashFocus to a computer via the TCP/IP communication protocol to control the device and 
acquire signals. 

3.2. Testing method 

We connected the manufactured shear wave phased array ultrasonic transducer to the 
FlashFocus to detect the EDM notches embedded in the stainless steel test specimen at 
different depths and to measure the depth of the notches. We entered the settings to run the 



transducer and generated ultrasonic beams ranging from 0° through 80°. The settings for the 
equipment used in the test are described in Table 3. 
 

Table 3: Experimental Parameters for Data Acquisition 

Parameter Setting 

Gain 25 dB 

Digitizing 
frequency 

100 MHz 

Inspection mode Pulse echo 

Steering angle 0°~70° 

Angle resolution 0.5° 

Voltage 100 V 

Focusing 
Dynamic Depth 

Focusing 

 
To measure the depth of the EDM notches on the test specimen, we moved the phased array 
ultrasonic transducer to fix the transducer and obtain a signal at the position where the 
amplitude of the signals reflected from the tips of the notches reached its maximum 
amplitude. We then moved the transducer to the other side of the EDM notches to acquire the 
same signal. The two signals were overlapped on the left and right sides of the tip signals 
from the notches to measure the depth. 
 
4. Results and considerations 
 
Signals obtained from the left and right sides of the EDM notches were evaluated to measure 
the various depths. All of the tests were carried out under the same conditions. The shear 
wave phased array ultrasonic transducer successfully detected and evaluated the depth of all 
of the EDM notches with a depth from 10% through 80%. 
Fig. 7 presents the detection results of the EDM notches at depths of 10% and 20%. The 
signals obtained from the left and right sides of the notches are overlapped in the figure. The 
refraction angle increased from 0° to 80° counterclockwise from the left to right top. In the 
center are the reflection signals from the notches, and the refraction angle increases clockwise 
from the right to left top. 
 

 

(a) 10% notch (b) 20% notch 
Fig. 7: Overlaid image of the sectorial scan signal between the left and right sides of a notch: 

(a) 10% and (b) 20% depth EDM notch 
 
In the notch signals in the center, the signals scattered from the tips and those reflected from 
the bottom corners of the notches were separated. We measured the tip signals reflected from 
the tips of the notches to evaluate the depth. The evaluation results suggest that the depths of 
the 10% and 20% notches were 2mm and 5mm, respectively. Multiple signals reflected from 
the back-wall of the test specimen were observed at 0° at the left and right edges, as shown in 
Figs. 7(a) and 7(b); these signals were produced by the waves generated at 0° and spread via 
longitudinal waves at a faster than the shear waves. 



Fig. 8 illustrates the signals obtained from the EDM notches at depths of 30% and 40%. 
Shown in the center of the signals are the tip signals and back-wall signals reflected from the 
tips and corner of the notches; the back-wall signals reflected from the longitudinal waves are 
shown on the left and right sides. The amplitude of the tip signals was highest, at a refraction 
angle of 45°. Observed at refraction angles of 10° and 20° were signals generated by those 
propagate by shear waves and mode-converted at the tips and corners of the notches. We used 
the obtained signals to evaluate the depth, which was measured at 7.5mm for the 30% 
notches and 10.4mm for the 40% notches. 
 

 

(a) 30% notch (b) 40% notch 
Fig. 8: Overlaid image of the sectorial scan signal between left and right sides of a notch: (a) 

30% and (b) 40% depth EDM notch 
 
Fig. 9 represents signals obtained from EDM notches at depths of 50% and 60%. The tip 
signals from the notches at 50% and 60% of the depth generated the best signal responses at a 
refraction angle of 45°. The depth measurement results for the 50% and 60% notches were 
12.8mm and 15.4mm, respectively, showing an error of approximately 2% against the actual 
depth. Also observed in the signals from 50% and 60% notches were mode-converted signals 
at low angles. 
 

 

(a) 50% notch (b) 60% notch 
Fig. 9: Overlaid image of the sectorial scan signal between left and right sides of a notch: (a) 

50% and (b) 60% depth EDM notch 
 
Fig. 10 shows the signals obtained from the EDM notches at depths of 70% and 80%. We 
moved the transducer and obtained the signals to ensure that the signals that reflected from 
the tips of the 70% and 80% notches were set at a refraction angle of 45°. The depths of the 
signals obtained at 70% and 80% were respectively 17.8mm and 20.7mm, with the errors 
against the actual depth being 1.7% and 3.75%, respectively. The signals in Figs. 10(a) and 
10(b) contain no mode-converted signals of the type observed in Figs. 7-9, as the transducer 
was moved closer to the defect to observe the tips of the high notches. 
 



 

(a) 70% notch (b) 80% notch 
Fig. 10: Overlaid image of the sectorial scan signal between left and right sides of a notch: (a) 

70% and (b) 80% depth EDM notch 
 
Table 4 summarizes the measurement results of the signals obtained from the processed EDM 
notches within the test specimens. The results indicate that the differences from the actual 
depths ranged from 0.5mm to -0.7mm. The percentage errors from the actual defect were 
20% at a maximum, but the percentage errors were consequently calculated to a high order as 
those of the same order found in the defects at a low depth. 
 

Table 4: EDM notch depth sizing evaluation results (unit : mm) 
 
 

No. 

Actual 
Measured 

Height 

Error 

Depth 
(%) 

Height Length 
Depth 
(%) 

#1 10 2.50 2.00 0.50 20 

#2 20 5.00 5.00 0 0 

#3 30 7.50 7.50 0 0 

#4 40 10.00 10.40 -0.40 -4 

#5 50 12.50 12.80 -0.30 -2.4 

#6 60 15.00 15.40 -0.40 -2.6 

#7 70 17.50 17.80 -0.30 -1.7 

#8 80 20.00 20.70 -0.70 -3.5 

 
5. Conclusion 
 
To improve accessibility when using the phased array ultrasonic testing technique to examine 
the pipe weldments of nuclear power plants or industrial structures, we developed a shear 
wave phased array ultrasonic transducer that can test at all testing angles of choice without 
using any wedge. The following results were obtained: 
 

1. We designed a phased array ultrasonic transducer that can be directly attached to the 
surface of a testing target without the need for a wedge to generate shear waves that 
are valid even at high refraction angles. 

2. We evaluated the orientation of the shear wave phased array ultrasonic transducer in 
terms of the design parameters and conducted ultrasonic modeling to check the beam 
validity based on sound field calculations using the refraction angle. We have 



obtained flaw response signals from reflection signals of varying depths to verify the 
feasibility of the design. 

3. We finally produced the shear wave phased array ultrasonic transducer to acquire and 
evaluate signals from EDM notches of varying depths to investigate the field 
applicability of the proposed transducer. 

4. The proposed ultrasonic transducer generates high testing angles without an attached 
wedge. This shear wave phased array transducer can improve the reliability of tests 
when applied to weld with wide weld crowns or test targets of limited access. 


