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This paper discusses the imaging with a phased array transducer attached with a stacked thin 

plate buffer using the calculations of wave propagation. The buffer is designed to guarantee 

the performance of phased array transducer based on the properties of dispersion nature of 

the S0 mode of Lamb wave. First, numerical analyses showed the limitations of the imaging 

with a stacked plate buffer due to the multiple reflections at the buffer ends. Then the 

effective detecting region (EDR) of the phased array transducer with a stacked plate buffer 

was investigated theoretically and numerically. The imaging results of the numerical 

calculations agreed with the theoretical predictions on the EDR. Final numerical analyses 

also presented the longer buffer provides the wider EDR as predicted by the theoretical 

investigations. 
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1. Introduction 
Pipe welds in factories and plants are affected by heat due to welding, and various 

stress changes and environmental changes in pipes occur during long-term use. Therefore, 

stress corrosion cracking and fatigue cracking are likely to occur in the heat-affected zone, 

which is the most important area for the maintenance of piping1-10). Especially in nuclear 

power plants, accurate sizing of cracks in the heat-affected zone is of great interest because 

it enables accurate decision of pipe-replacement schedule, resulting in reducing radioactive 

waste and ensuring the integrity of the plant at the same time11-13). 

Imaging techniques using phased-array ultrasound have been used for crack sizing in 

the heat-affected zone. Phased array ultrasonics is a technique for imaging the source of 

ultrasonic reflections inside a material by using a large number of signals emitted and 

detected separately from multiple vibrating elements. The beam forming and focusing are 

possible by adjusting the delay given to the vibrating elements, and new technologies have 

also been developed, such as a full matrix capture (FMC), which collects a very large number 

of waveforms by switching the vibrating elements, and a total focusing method (TFM), 

which is the imaging algorithm using the large number of waveforms collected by the FMC14-

22). 

However, when considering the installation of a phased array probe in plant piping to 

monitor crack propagation during operation, the high temperature resistance of the phased 

array probes becomes important when the piping is subjected to high temperatures. For 

example, in new nuclear power plants that use liquid sodium as a coolant, the temperature 

of the piping can reach several hundred degrees Celsius, while a typical phased array probe 

can only maintain its functionality up to about 60 °C. 

Buffer rods are often used for ultrasonic measurements at such high temperatures23, 24). 

The buffer rod is a rod-like material coupling an ultrasonic probe with a hot object. It 

transmits ultrasonic waves, and the rod is cooled by water or air cooling to keep the contact 

area with the ultrasonic probe below a temperature that the probe can withstand. Usually, a 

single ultrasonic probe is attached to the end of the rod and the buffer rod has never been 

used in phased array probes. The main reason is that ultrasonic propagation, such as focusing 

and beamforming by phased array, is only effective within the near acoustic field and cannot 

be realized in the far field including buffer rods. This is well known in optics as the 

diffraction limit25, 26). 

Meanwhile, Fukuchi et al. showed by numerical analysis that ultrasonic focusing in a 

material beyond the diffraction limit is possible using a buffer consisting of stacked thin 
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plates27). Our recent study presented that the multiple reflections at the buffer ends affects 

the phased array imaging28).  

In the present study, the characteristics of defect imaging in the material are 

numerically analyzed considering the features of the thin plate buffer. First, an overview of 

PA imaging using a thin plate buffer is described, and the characteristics that differ from 

those of conventional PA imaging are presented. Finally, the theory of effective detective 

region is confirmed and discussed using numerical calculations. 
 
2. Overview of the phased array imaging using a stacked plate 
buffer 

 Ultrasonic phased array imaging is a technique for acquiring images of reflection 

sources within an object by controlling the delay of each vibrating element of a phased array 

transducer and matching the phase of the received waveform with a delay calculated from 

the ultrasonic wave path. Fukuchi et al. showed that ultrasonic wave propagation can be 

controlled by attaching a thin plate buffer to the phased array transducer27). Here, the imaging 

of the reflection source is discussed.  

Figure 1 shows the group velocity dispersion curves of the aluminum alloy plate 

having the longitudinal and transvers wave velocities of 6400 m/s and 3170 m/s, respectively. 

The horizontal axis represents the product of the frequency (f) and the thickness (d). The 

mode structures of fundamental order symmetric (S0) and antisymmetric (A0) modes at 1 

MHz mm are also shown. In the low fd range, dispersion nature of the S0 mode is relatively 

small, which leads the effect that ultrasonic pulse signal maintains its waveform in the buffer 

plate. Also, the S0 mode in the low fd range has a longitudinal vibration parallel to the 

longitudinal axis direction, while the A0 mode has a bending vibration in the vertical 

direction. This indicates that only the S0 mode is efficiently excited when a phased array 

transducer, which excites longitudinal waves from each element, is in contact with the plate 

end. 

The S0 mode in this low fd range propagates in the stack plate buffer and PA imaging 

is attempted in this study. Figure 2 shows the calculation model used here, which assumes 

that the stacked plate buffer is attached to the phased array transducer with 16 elements of 1 

MHz center frequency and contacts with a specimen at the other plate-end. The longitudinal 

force from the phased array transducer is applied at the end of plate.  

The calculations of two-dimensional wave propagation were conducted under the 

conditions of plane strain with COMSOL Multiphysics®. The phased array transducer is 
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assumed to be a 16-element linear array transducer, and the thin plates with the identical 

thickness are lined up and are perfectly contacting to the vibration elements. The width of 

each channel is 0.9 mm and the gap between the elements is 0.1 mm. For all the thin plates 

in the stacked plate buffer, the left and right surfaces are under traction free boundary 

condition. From the phased array transducer, vertical dynamic normal force is applied to the 

upper end of each plate with a center frequency of 1 MHz. The S0 mode of Lamb wave 

propagating through the stacked plate buffer is transmitted into the specimen. The specimen 

is perfectly contacted with the lower end of the buffer. The absorption region is attached to 

the left, right and lower edge of the specimen and suppress all the waves pass through the 

boundaries of the specimen and absorption region. In this way, the specimen can be assumed 

to be large enough. Two circular hole defects with 3 mm diameter are on the specimen in the 

first calculation. The center of the bottom of the stacked plate region is defined as the origin 

of the 𝑥𝑥𝑥𝑥 coordinates, and the positions of the defects are expressed as (x, y). The positions 

of Defect 1 and Defect 2 are (-10 mm, 20 mm) and (5 mm, 30 mm), respectively. 

In these calculations, two different imaging algorithms are used, plane wave 

imaging (PWI) and total focusing method (TFM). In PWI, a set of Q plane waves at Q 

different angles are emitted and the back-scattered signals at all elements are recorded, 

resulting in Q×N waveforms, where N is the number of activated elements transmitted and 

received29). In this research, the Q mentioned above is 1, all the elements of the phased array 

transducer emit incident waves at the same time and create a plane wave propagating to the 

longitudinal direction of the buffer plates. Because only one calculation of the wave 

propagation should be done for this simulation, the imaging analysis was possible in a short 

time. 

The TFM functionality involves transmitting with each element of the transducer one 

by one and receiving at all the elements for each shot. A set of N×N signals is therefore 

recorded, where N is the number of activated elements transmitted and received30). 

         Firstly, the defect imaging using the PWI without buffer (L = 0) were obtained using 

the calculated waveforms as shown in Fig. 3 (a). Then, the PWI imaging with a buffer of L 

= 25 mm was obtained as shown in Fig. 3 (b). The colors of the images represent intensities 

calculated by the PWI, normalized by the maximum intensity of each figure. The two defects 

inside the specimen can be clearly shown on the imaging area at the right positions. However, 

when the stacked plate buffer of L = 25 mm is used to connect the transducer and the 

specimen, the reflection from Defect 2 is distorted and can only be less clearly shown in the 

image. In this condition, the phased array transducer cannot perform as well as it directly 
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attached to the specimen. In addition, distinct spurious image behind the defect images were 

also obtained. To avoid the image distortion and the spurious images, the effective detecting 

region (EDR) is discussed in the next section. 
 
3. The theoretical descriptions on the effective detecting region 

 Before analyzing the EDR, wave distortion by the dispersion nature of Lamb 

waves is discussed using the simple expression of the wave velocities of an S0 mode. We 

now assume that the incident wave from the vibration element is the pulse with the time 

width of 𝛥𝛥𝛥𝛥 as shown in Fig. 4(a), and that its frequency spectrum has the bandwidth of 𝛥𝛥𝛥𝛥 

in the frequency range as in Fig. 4 (b). The maximum speed of 𝑐𝑐max and minimum speed of 

𝑐𝑐min  are found in the group velocity dispersion curve in Fig. 1 in the frequency range. 

Because the propagating velocities of the S0 mode varies with frequency, the waveform 

shown in Fig. 4 (a) can be distorted and spread as it propagates. After propagation at the 

distance of L in the plate, the pulse wave in Fig. 4 (a) is distorted and time duration of the 

wave at the propagation distance of L is ranging from 𝐿𝐿/𝑐𝑐max to 𝐿𝐿/𝑐𝑐min + Δ𝛥𝛥 as shown in 

Fig. 4 (c).  

 Considering the imaging with PWI with the plate buffer, all the elements emit the 

signal with no delay and a plane wave is generated in the specimen. The echoes from a defect 

are individually received by each element. In this condition, it is natural to assume that the 

incident plane wave can propagate only the region extending straight out from the stack plate 

buffer. Assume that the distance between the surface of the specimen and the defect (or the 

position where the intensity value will be acquired in the image) is 𝑎𝑎, the farthest end of the 

buffer from the defect is 𝑏𝑏, the length of the buffer plate is 𝐿𝐿, as shown in Fig. 5, and the 

sound speed in the specimen is 𝑐𝑐. Figure 6 shows the waveforms at the two elements. (a) is 

at the element which is attached to the buffer plate at the nearest plate from the defect, and 

(b) is for the farthest plate from the defect. In the both cases, the reflected waves from the 

interface between the stacked plate buffer and the specimen which is one-round-trip echo 

and two-round-trip echo, respectively, are received at the same time. Between these two 

reflected waves the defect echo can be seen at the time different from the time the two 

reflected waves are received. The beginning time and ending time of these echoes are shown 

in these figures, following the simple representation of wave dispersion as shown in Fig. 4. 

To avoid the overlapping of the echo from defect and the reflected waves from the interface 

in Fig. 6 (a), the following equation should be satisfied, 

2𝐿𝐿/𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚 + Δ𝛥𝛥 < 2𝐿𝐿/𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚 + 2𝑎𝑎/𝑐𝑐                                 (1) 
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2𝐿𝐿/𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚 + 2𝑎𝑎/𝑐𝑐 + 𝛥𝛥𝛥𝛥 < 4𝐿𝐿/𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚                                  (2) 

Meanwhile, in Fig. 6 (b), the following equation should be satisfied, 

2𝐿𝐿/𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚 + Δ𝛥𝛥 < 2𝐿𝐿/𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚 + (𝑎𝑎 + 𝑏𝑏)/𝑐𝑐                              (3) 

2𝐿𝐿/𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚 + (𝑎𝑎 + 𝑏𝑏)/𝑐𝑐 + 𝛥𝛥𝛥𝛥 < 4𝐿𝐿/𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚                             (4) 

The following set of equations can be founded after simplifying the equations (1)-(4), 

2𝐿𝐿/𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚 + Δ𝛥𝛥 < 2𝐿𝐿/𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚 + 2𝑎𝑎/𝑐𝑐              (5) 

2𝐿𝐿/𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚 + (𝑎𝑎 + 𝑏𝑏)/𝑐𝑐 + 𝛥𝛥𝛥𝛥 < 4𝐿𝐿/𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚                     (6) 

Then, 𝑎𝑎 and 𝑏𝑏 can be expressed as, 

 𝑎𝑎 > 𝑐𝑐(𝐿𝐿/𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚 − 𝐿𝐿/𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚 + Δ𝛥𝛥/2) ≡ 𝑎𝑎0                    (7) 

  𝑏𝑏 < 𝑐𝑐(4𝐿𝐿/𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚 − 2𝐿𝐿/𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚 − Δ𝛥𝛥) − 𝑎𝑎             (8) 

In the case of 𝑎𝑎 < 𝑏𝑏, the equation (4) can be expressed as, 

 𝑏𝑏 < 𝑐𝑐(2𝐿𝐿/𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚 − 𝐿𝐿/𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚 − Δ𝛥𝛥/2)  ≡ 𝑏𝑏0                    (9) 

Summarizing Eqs. (7) and (9), the effective detecting region for PWI can be represented as 

the region surrounded by the red lines in Fig. 7. 

        In the case of TFM, the waveform emitted from a single element is reflected back 

and all elements receive the reflected waves. TFM can image not only the straight region 

extending from the buffer width, but also the region outside of it. Assuming that the distance 

between farthest plate from the defect is 𝑏𝑏 and the closest plate from the defect is 𝑎𝑎, these 

are limited by the same equations as Eqs. (7) and (9). However, the definition of 𝑎𝑎  is 

different from Eqs. (7) and (9), and the EDR is represented as in Fig. 9. It should be noted 

that the first reflections from the interface are not exactly the same in Fig. 6. If the incident 

and receiving elements are different, diffracted waves are expected to be measured instead 

of the first reflected wave in Fig. 6. Similarly, the two-round trips will also be slightly 

different, but we consider their effects to be small, and we have assumed here that it should 

be the same as in Eqs. (7) and (9).  
 
4. Numerical analysis of the EDR for the imaging with a 
stacked plate buffer 

 
 

To prove the simple theory of the EDR as described in the previous section, the 

calculations of the wave propagations and the imaging are conducted.  For PWI, the 

positions of defects on the model are shown in Fig. 10 (a). The defects are set near the 
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boundaries of the EDR drawn in red contour.  As shown in Fig. 10 (a), Defect 1 and 4 are 

located outside of the EDR with positions of (-12 mm, 11 mm), (3 mm, 33.5 mm), 

respectively, and Defect 2 and 3, with the positions of (-7 mm, 15 mm), (5 mm, 24 mm), 

respectively, are within the EDR. Figure 10 (b) is the imaging result with PWI. The colors 

of the images in this section also represent intensities calculated by each phased array 

algorithm, normalized by the maximum intensity of each figure.  In the region between 

stacked plate buffer and the EDR contour, the high intensity image can be seen due to the 

large first reflection at the interface between the plate buffer and the specimen, which 

indicates the defects cannot be found in the PWI image in this region as predicted by the 

EDR. And also, as expected by EDR, Defect 1 and 4 are not visualized in the image and 

Defect 2and 3 can be found the image. 

For TFM, the defects are set near the boundaries of the EDR drawn in red contour. 

As shown in Fig. 11 (a), Defect 1, 2, 3 and 4 are located outside of the EDR, with the 

positions of (0 mm, 35 mm), (-12 mm, 28 mm), (-20 mm, 20 mm), (-25 mm, 10 mm), 

respectively, while other defects, Defect 5, 6, 7 and 8, with the positions of (0 mm, 25 mm), 

(8 mm, 22 mm), (15 mm, 15 mm), (18 mm, 8 mm) are located within the EDR. The imaging 

result with TFM is shown in Fig. 11 (b). Different from the result in PWI, the high intensity 

image does not appear in the region between stacked plate buffer and the contour of the EDR, 

which indicates that the second reflected wave in the buffer is evaluated to be smaller in 

TFM than in PWI. In PWI, reflected waves with the same phase are repeatedly reflected 

back and forth in all plates, whereas in TFM, they are incident individually and the phases 

of these incident waveforms are not aligned in the calculation. Therefore, the round-trip 

waveform of the incident wave in the buffer is relatively larger in PWI. As a result, defects 

still can be found in this region using TFM. And as expected by EDR, Defect 1, 2, 3, and 4 

are not visualized in the image, and Defect 5, 6 and 7 can be found in the image. However, 

Defect 8 cannot be seen in the image even though it is inside the EDR. This is the limitation 

of beam steering range in phased array transducers due to the directivity property31).  

According to the theoretical discussions in Sect. 3 and the result of the calculations of 

EDR, the stacked plate buffer is optimized here. From the equations shown in Sect. 3, it was 

derived that the EDR extends in proportion to the buffer length L. To solve the problem 

mentioned in Sect. 2 and in the calculations conducted in Sect. 4, imaging simulations with 

different buffer length L are done in this section for PWI and TFM. The results for L = 50 

mm and 100 mm are shown in Figs. 12 and 13, respectively, which is double and quadruple 

of the previous length of buffer in Figs. 10 and 11. Figures 12 and 13 are for PWI and TFM, 
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respectively. The results of the defect imaging both by PWI and TFM show that the reflected 

waves from the interface between the stacked plate buffer and the specimen are removed 

from the imaging area when using the buffer with length of 100 mm as expected. 

However, it should be noted that even though the influence from the interface between 

the stacked plate buffer and the specimen is removed from the imaging area by extending 

the length of the buffer, the distortion of the waveform of the Lamb wave propagating in the 

buffer plate due to the dispersion property is not considered. Ultrasonic attenuation due to 

the damping is not considered in these calculations, either. And there is the limitation of the 

buffer length due to the Lamb wave dispersion and the ultrasonic attenuation in the practical 

situation. 
 
5. Conclusions 

We proposed a stacked thin plate buffer to solve the problems when using phased array 

transducer to measure at high temperature. First, we describe the dispersion nature of the A0 

and S0 mode Lamb wave at low fd range. From the properties of the S0 mode Lamb wave 

the size of the plates with thickness of 0.9 mm which make up the buffer are decided. 

Numerical calculations are applied, and the results showed the problem because of the 

reflection from the interface of the stacked plate buffer and the specimen. Second, the 

analysis of EDR is illustrated theoretically and show the limitation of the phased array 

transducer when attached with a stacked plate buffer. Numerical simulations of defect 

imaging with PWI and TFM agree well with the theoretical illustration. Based on the 

prediction from EDR, the spurious image of the second reflection from the interface between 

the buffer and specimen was removed by extending the buffer length. 
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Figure Captions 
 

Fig. 1. (Color online) Group velocity dispersion curve of Lamb wave in the low fd range. 

 

Fig. 2. (Color online) Geometries of the calculation model. 
 

Fig. 3. (Color online) Defect imaging with and without a stacked plate buffer. 
 

Fig. 4. (Color online) Schematic to show the distortion of incident pulse propagating in a 

thin plate. 
 

Fig. 5. (Color online): Model to show the effective detecting region for PWI. 

 
Fig. 6. (Color online) Typical waveforms at the two elements, one is the element attached to 

the plate nearest from the defect, and the other is the element attached to the plate farthest 

from the defect when PWI is used. 

 

Fig. 7. (Color online): The effective detecting region (EDR) for PWI. 

 

Fig. 8. (Color online): Model to show the effective detecting region for TFM. 

 

Fig. 9. (Color online) The effective detecting region in TFM. 

 

Fig. 10. (Color online): Calculation model and result for PWI with a stacked plate 

buffer. 

 

Fig. 11. (Color online): Calculation model and result for TFM with a stacked plate 

buffer. 

 

Fig. 12. (Color online): PWI images with a stacked plate buffer with different length. 

 

Fig. 13. (Color online): TFM images with a stacked plate buffer with different length. 
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Fig. 1. (Color online) Group velocity dispersion curve of Lamb wave in the low fd range. 
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Fig. 2. (Color online) Geometries of the calculation model. 
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(a)No buffer   (b)Using a buffer of L = 25mm 

             
 

Fig. 3. (Color online) Defect imaging with and without a stacked plate buffer. 
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(a) Incident pulse (b) Frequency spectrum of (a) (c) Waveform at the plate end 

 

Fig. 4. (Color online) Schematic to show the distortion of incident pulse propagating in a 

thin plate. 
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Fig. 5. (Color online) Model to show the effective detecting region for PWI. 
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Fig. 6. (Color online) Typical waveforms at the two elements, one is the element attached to 

the plate nearest from the defect, and the other is the element attached to the plate farthest 

from the defect when PWI is used. 
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Fig. 7. (Color online) The effective detecting region (EDR) for PWI. 
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Fig. 8. (Color online) Model to show the effective detecting region for TFM. 
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Fig. 9. (Color online) The effective detecting region in TFM. 
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(a) Geometries of the calculation model     (b) Image with a stacked plate buffer 

of L= 25 mm 
 

Fig. 10. (Color online) Calculation model and result for PWI with a stacked plate 

buffer. 
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(a) Geometries of the calculation model     (b) Image with a stacked plate buffer of L= 25 

mm 
 

Fig. 11. (Color online) Calculation model and result for TFM with a stacked plate 

buffer. 
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(a) L = 50 mm  (b) L = 100 mm 

 
 

Fig. 12. (Color online) PWI images with a stacked plate buffer with different length. 
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(a) L = 50 mm (b) L = 100 mm 

 

Fig. 13. (Color online) TFM images with a stacked plate buffer with different length. 

 

 

 




