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Abstract. In this study, we developed a novel non-destructive technique using 
flexible ultrasonic transducer (FUT) as a detector for laser ultrasound visualization 
(LUV). The LUV system employs the pulsed laser which combined with galvo-mirror 
for fast scanning over the inspected surface. FUT is a piezoelectric film made of 
PZT/PZT sol-gel composite which has some advantages like curve surface feasibility, 
high temperature durability and low installation cost. An about 9MHz FUT was 
incorporated with LUV system for acoustic waves propagation monitoring along the 
tube with 50 mm diameter and 3 mm thickness. The tube specimen had a 2mm deep 
internal defect. By utilizing LUV, the wave fronts of reflected echoes and scattered 
echoes from the defect was clearly observed. With this technique, at least two guided 
wave modes (L(0,1)) and (L(0,2)) are observed. It could be concluded that LUV 
system with FUT is a novel technique and it has excellent potential in inspection 
applications. 
 
  

Introduction 
The structure of metal pipe and tube had been widely using for industrial construction 

for many years. Especially in heavy industry manufacturing, they are used to transport 
inflammable, toxic liquid or gas also. For some long-term used and any flaws inside during 
pipe fabrication cases, defects such as corrosion, erosion and interior cracks may lead to 
leakages or explosion and cause to huge losses and serious injury to the environment and 
people. Therefore early detection, preventive maintenance and condition monitoring become 
an essential issue. Compare to destructive testing in material properties evaluation and defect 
inspection, non-destructive testing (NDT) provides an effective way in structure inspection 
due to no hazardous radiation, cost effective, real-time positioning, simple instrument setup 
and so on.  

To consider the complexity and dimension of pipeline system, NDT is suitable for 
defect detection and inspection to ensure the structure’s integrity necessary. One of NDT 
methods commonly used is Ultrasonic Testing (UT). The merits of UT makes outstanding 
performance which including: it can detect surface and subsurface flaws; large surface areas 
of complex parts can be inspected rapidly; non-radiation and minimum preparation. 
However, each NDT method has its own advantages and limitations for certain assignments. 
For UT, there are some disadvantages in pipeline inspection such as high degree of skill and 
experience required and interpret results for varied test conditions; focus on pulse-echo or 
through transmission inspection (one-dimensional information) for conversional equipment; 
in many applications, ultrasonic inspections may need to be conducted to curved surface or 
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complex geometries, but for commercial planar ultrasonic transducers, they are more suitable 
for flat surface and show poor inspection performance on curved surfaces. Therefore flexible 
ultrasonic transducers should be critical for NDT applications.  

The flexible ultrasonic transducer (FUT) consists of a metal foil, a piezoelectric ceramic 
film and a top electrode which had been developed by M. Kobayashi and C.K. Jen in 2004 [6]. 
This transducer made by sol-gel composite materials could be good choice due to curved 
surface adaptability, high temperature durability, broad band frequency response from 2 to 
20MHz, reasonable signal strength and high signal-to-noise. In 2006, M. Kobayashi and C.K. 
Jen utilized lead-zirconate-titanate (PZT)/PZT composite film for piezoelectric film by the 
sol-gel spray technique [7]. With this technique, the films can easily be produced at desired 
locations on the surface of the molds or dies through a shadow mask. In addition, the 
capability of these films as piezoelectric FUTs was confirmed in the pulse-echo testing at 
several frequency responses at MHz and showed the performance well at room temperature, 
even at 150°C [8, 9, 10]. 

Laser ultrasound imaging (LUI) or Laser ultrasound visualization (LUV) is the novel 
inspection technique based on the laser ultrasound technique (LUT) which generating guided 
waves on the specimen instead of conventional UT. The advantages of LUT is wideband, 
non-destructive, high resolution and non-contact. Especially, using laser as an ultrasonic 
generation enables the visualization of wavefields on a complex curved structure.  Therefore, 
visualizing ultrasound propagation is a useful tool for identifying defects in NDT since the 
received waveform can be interpreted easily by observing the wave propagation behavior 
like reflection, diffraction, refraction and mode conversion.  

In this study, we developed a LUV system with FUT to scan a curved structure with an 
interior crack. This development have an outstanding performance which include curved 
surface feasibility, fast-scanning in a specific area, high resolution and easy identification of 
defects from ultrasound propagation images. It provides more directive ways for technician 
to observe the wave propagation and defect detection of pipeline inspection in the future.   
 
1. Laser Ultrasound Visualization 

Laser ultrasound Visualization (LUV) is a novel inspection technique based on laser 
ultrasonic generation in NDT. For conventional UT, the inspection primarily focuses on the 
thickness variation of structure through pulse-echo and through-transmission technology. 
However, the received signal only provides local information in a small region and generate 
complex propagating waveforms due to multipath reflection, refraction and mode conversion 
for a component of complicated structure. The analysis of one-dimensional waveforms are 
hard to interpret and relied on experience of technicians. From this point of view, an 
ultrasonic propagation imaging combining with an automatic scanning system had 
developed to overcome the shortages of traditional UT. It effectively shorten the analysis 
time and satisfy the requirements for easy interpretation of ultrasonic propagation without 
reference data. In previous studies [2, 3, 4, 5], a Q-switched pulsed laser and a 
Galvano-motorized mirror are utilized as an ultrasonic generator, and a PZT ultrasonic 
transducer for receiver is fixed on the specimen during scanning and observed the ultrasonic 
waves propagation. The application of wavefields visualization includes measurement of the 
phase and group velocities of Lamb waves, wave propagation on different structures and 
defect detection had been demonstrated successfully. In this study, we used FUT for 
ultrasonic receiver instead of commercial PZT ultrasound transducer since the adaptability 
for curved surface of FUT. It will enlarge the contacted surface between specimen and 
ultrasonic receiver, which can increase the intensity and SNR of acquired ultrasound signal. 
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2. Flexible Ultrasound Transducer Fabrication 
The fabrication process of sol-gel spray technique was used in this study. Piezoelectric 

powders, lead-zirconate-titanate (PZT) and PZT sol-gel solution are offered by Prof. Makiko 
Kobayashi. The fabrication processing is as following; first, fine and submicron PZT powder 
are dispersed into sol-gel solution by ball milling. Next, the mixture liquid was sprayed 
directly onto 40mm×40mm length and 50μm thickness stainless steel substrate by an airbrush. 
After each coating, the thermal process includes drying process by a plate heater at 150°C 
and firing in a furnace at 650°C. Those coating and thermal process are repeated until the 
sprayed film had reached to desired thickness. Then film are electrically poled using a corona 
discharging technique. For corona poling, a high positive voltage power was fed into a thin 
and sharp needle above the film. After polarization through corona discharging at room 
temperature, silver paste was painted onto the top of film for electrode. The flow chart of 
FUT fabrication process is shown in Fig. 1. In this study, we fabricated four FUTs with two 
different thickness of film which are around 80μm and 140μm as shown in Fig. 2. and 
relative dimension of each FUT was listed in Table 1.  

 

 
Figure 1. Flow chart of FUT fabrication process. 

 

 
Figure 2. Fabricated FUTs. (a) PzPzss01. (b) PzPzss02. (c) PzPzss03. (d) PzPzss04.  
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Table 1. Related parameters of fabricated FUTs 
Label Sol-gel Powder Substrate Dimension 

(mm) 
Thickness of substrate  

(mm) 
Thickness of film  

(mm) 

PzPzss01 PZT PZT SS304 40╳40 0.058 0.083 

PzPzss02 PZT PZT SS304 40╳40 0.057 0.072 

PzPzss03 PZT PZT SS304 40╳40 0.054 0.146 

PzPzss04 PZT PZT SS304 40╳40 0.056 0.138 

 
3. Experiment 
3.1 FUT performance Testing 

To determine the ultrasonic performance of FUT, four FUTs are tested by pulse-echo 
technique. The experiment setup of FUT performance testing was shown in Fig. 3. A pulser 
receiver (OLYMPUS, Panametric 5900) was used to drive FUT which connected with an 
un-packaged BNC cable. The positive anode contacts with silver paste which spread onto the 
PZT film, and the negative anode contacts with substrate of FUT. The testing target is an 8.5 
mm thickness aluminium plate. The measured waveform of pulse-echo testing from each 
FUT are recorded with the digital oscilloscope (LECROY, WR44Xi) and transferred to 
computer for further data processing.  

 
Figure 3. Schematic diagram of ultrasonic performance for FUT. 

 
3.2 LUV with FUT 

An aluminium pipe with an outer diameter of 50 mm, thickness of 3 mm and an interior 
crack as illustrated in Fig. 4. Fig. 5 shows a schematic diagram of the measurement system 
for LUV with FUT, which includes a pulsed Nd: YLF laser, a FUT, a pulser-receiver, a fast 
rotational scanning stage, and a computer with fast A/D converter. The pulsed Nd: YLF laser 
with a wavelength of 1064 nm, an energy of about 10 mJ, and 0.7 mm beam diameter is used 
for the generation of ultrasonic acoustic waves propagating in the aluminium pipe. The 
pulsed laser has a maximum repetition rate is up to 20 KHz. The FUT (Pzpzss01) was 
mounted on the pipe with ultrasonic gel. The scanning stage is a two axial rotational servo 
motor and controlled by the computer which drives two mirrors to scan the Nd: YLF laser 
beam on the exterior surface area of pipe. The computer with a fast A/D converter is used for 
controlling the scanning stage. With the LUV system, an ultrasonic signal can be generated 
with the pulsed laser at a desired position located on a scanning plane. The pulsed laser is 
scanned along axial and the detected signals pile up into a data cube with the dimensions of 
(X,Y, t) in the different direction. While the data cube is time-gated at various elapsed times, 
a series of pictures are created. With the aid of reciprocal theorem, these pictures represent 
many instantaneous frames representing wave fronts generated by the FUT and detected at 
the scanning area. In this way, the LUV system is operated [11]. The measurement points 
arranged on a 470 ╳ 150 grid with a scan pitch of 0.1 mm while laser beam scanning onto the 
exterior surface. 
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Figure 4. Aluminium pipe with interior defect.  

 
Figure 5. Schematic diagram of LUV with FUT. 

 
4. Result and Discussion 

The results of ultrasonic performance of FUTs are shown in Fig. 6. Fig. 6 (a) presents 
the received time domain signal of Pzpzss01 through pulse-echo testing. We can observe the 
reflected echoes between probe and bottom surface of the aluminium plate clearly. Fig 6. (b) 
shows the frequency spectrum after a Fast Fourier Transform (FFT) from the acquired signal 
and the central frequency is around 9.18 MHz and broadband. The other FUTs also exhibit 
good SNR and performance through pulse-echo testing as shown in Fig. 7(a), 8(a), 9(a). And 
the central frequency is 9.18, 4.89 and 6.45 MHz for Pzpzss02, Pzpzss03 and Pzpzss04,   
respectively. In this study, we had fabricated two different thickness of film on FUT, one is 
about 80μm for Pzpzss01, Pzpzss02 and another is about 140μm for Pzpzss03, Pzpzss04. In 
FUT fabrication processing, the thickness of film mainly effects the frequency response. The 
frequency of FUT will increase as thickness of film decreased.    

 
Figure 6. Ultrasonic performance of Pzpzss01. (a) Time domain signal from pulse-echo testing. (b) 

Power density spectrum of film with thickness 83μm. 
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Figure 7. Ultrasonic performance of Pzpzss02. (a) Time domain signal from pulse-echo testing. (b) 

Power density spectrum of film with thickness 72μm. 

 
Figure 8. Ultrasonic performance of Pzpzss03. (a) Time domain signal from pulse-echo testing. (b) 

Power density spectrum of film with thickness 146μm. 

 
Figure 9. Ultrasonic performance of Pzpzss04. (a) Time domain signal from pulse-echo testing. (b) 

Power density spectrum of film with thickness 138μm. 
 

Fig. 10 presents visualized images of ultrasonic wave propagating along the pipe at 
different time. By utilizing LUV with FUT, at least two guided wave modes are propagated 
along the tubes. One is faster mode (L(0,2)) and another is slower mode (L(0,1)) with larger 
amplitude. The ultrasonic waves passed through the diameter of 2 mm hole and scattered in 
the image at 6.04 s. The wave fronts of reflected echoes and scattered echoes from the 
defect was clearly observed. This result demonstrates the validity of the FUT for curved 
structure inspection instead of commercial ultrasonic transducer.  
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Figure 10. Ultrasonic waves propagation at different time. 

 
5. Conclusion 

In this study, we developed a novel non-destructive technique which used FUT instead 
of commercial ultrasonic transducer for LUV. The FUT can enlarge the contacted surface 
area between object and detector since the adaptability and flexibility for curved surface. The 
fabricated FUT shows a good performance in pulse-echo testing, which is wideband and high 
frequency. In fabricating process of FUT, the frequency of FUT will increase as thickness of 
film decreased. An aluminium pipe with interior crack was inspected in this study. The wave 
propagation behaviour which includes guided waves for pipe, reflected echoes and scattered 
echoes from defect can observed clearly. Therefore LUV system with FUT is a novel 
technique for non-destructive evaluation and it has excellent potential in curved structure 
inspection applications.  
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