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1. Introduction 

Ultrasonic non-destructive testing (NDT) 
is used in various industries for cost effectiveness 
and sub-surface defect/flaw detection capability. 
Ultrasonic transducers made by sol-gel composite 
could be good candidates for industrial applications 
because of high temperature durability, 
high-signal-to-noise ratio (SNR), and physical 
flexibility when sol-gel composite films are 
fabricated onto flexible substrate, such as metal foil. 
Since industrial structures have many curved 
surfaces and the surface temperature could be high 
during operation so flexible high temperature 
ultrasonic transducers have been desired. 

Fabrication cost of stencil printing method 
could be lower than spray method due to short 
fabrication time. However, fabrication of flexible 
ultrasonic transducer made by stencil printing 
method is difficult and low film adhesion strength 
was an issue. In this study, PZT/PZT films were 
fabricated by stencil printing method on metal foil 
substrates. In order to improve adhesion strength, 
films were coated with silicone.  

 

2. Fabrication process 
Plastic stencil masks were used for patterning 

facility, curved surface suitability and low cost. 
Mask pattern was ~10mm diameter circle. Mask 
pattern was made by laser cutting. Films were 
fabricated on stainless steel substrates with 
dimensions of 30m thickness, ~20mm length, and 
~20mm width. Stainless steel substrates were 
chosen because of high temperature durability. 

After stencil masks and substrates were 
prepared, the stencil mask was placed on a substrate 
and covered with paint material, i.e. mixture of PZT 
powder and PZT sol-gel solution, by a squeegee. 
The similar materials with spray method could be 
used for stencil printing method, though it made 
slight modification because suitable viscosity for 
stencil printing method was higher than that spray 

method. In this time, stencil printing methods with 
non-fixing and fixing conditions were compared. 
The substrate fixing condition was accomplished by 
rotary pump. After stencil printing process, similar 
thermal treatments with traditional spray method, 
such as drying process at 150 C by a hot plate, 
annealing process at 650 C by a furnace, were 
carried out. Room temperature poling was operated 
by corona discharge. Since film which was 
fabricated by stencil printing is fragile, film was 
covered by silicone by painting. The cross section 
image of film structure was shown in Fig. 1.  

     

 
Fig.1 PZT/PZT flexible ultrasonic transducer. 

 
3. Experimental results  

The optical images of two samples were 
shown in Fig. 2. Film thickness of each sample 
without fixing and with fixing was ~35m and 
~110m, respectively. Piezoelectric constant d33 of 
each sample without fixing and with fixing was 
21.2 pC/N and 34.7 pC/N, respectively. Ultrasonic 
measurements from 4mm thick aluminum plate 
were attempted and clear reflected echoes were 
observed as shown in Figs. 3-4 by both ultrasonic 
transducers and signal strength was comparable 
with traditional spray coating method. FFT results 
of Figs. 3-4 are shown in Figs. 5-6 and center 
frequency of without and with fixing stencil 
printing samples was ~8.14MHz and ~13.05MHz, 
respectively. By non-fixing stencil printing, lower 
center frequency was achieved even though the film 
thickness was lower. Suspected reason was higher 
porosity. However, yield ratio by non-fixing stencil 
printing was much lower. Since lower frequency is 
generally preferable for NDT applications so 

the lag by the injection tube (1/16 in. o.d., 500mm, 
BA). The waveforms of sol-gel SiOx coated quartz 
harmonic device were recorded using BUS circuit 
at every 3s with 1000 times averaging, and was 
analyzed by developed method[6], and plotted 
relative delay time change as the sensor output. 

 
Fig.2 Measurement system. (a) Block diagram. (b) 
Schematics of tube sample. 

 
Fig.3 Observation of inner surface by laser 
microscope showing reflection intensity. (a)BA, 
(b)EP, and (c) ECB. 

4. Result 

Variation of sensor output by surface treatment 
due to switching dry gas to wet gas is shown in 
Fig.4, where negative response represents water 
concentration increase. ��  is the lag due to the 
injection tube and �� is the moisture transit time 
through the sample. As ��  decreased, �� 
decreased. There was significant difference in the 
adsorption characteristic between EP and ECB 
treatments. Results of switching wet gas to dry gas 
are shown in Fig.5. Although each sensor started to 
respond at the same time [Fig.5(a)], the water 
concentration decayed earlier as ��  decreased. 
Logarithmic-scale plot is shown in Fig. 5(b), 
originating the decay curve from switching time. It 
was clear that the response was proportional to the 
power of -1/2, suggesting the concentration 

decrease inversely proportional to time [4]. 

 
Fig.4 Variation in moisture transit time through 
100mm tube by surface treatment.  

 
Fig.5 Variation of desorption characteristic by 
surface treatment. (a) sensor output. (b) logarithmic 
plot from wet-dry switching. 

5. Conclusion 

The variation of AD characteristics by inner 
surface treatment of stainless steel tube only with 
100mm length was detected using sensitive and fast 
ball SAW TMA. 
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material preparation optimization should be 
investigated for fixing stencil printing process in 
order to increase porosity.                                    
 
 
 
 
 
 
         (a)                   (b) 
Fig.2 PZT/PZT ultrasonic transducer optical images 
made by (a) non-fixing and (b) fixing stencil 
printing. 
 
 
 
 
 
 
 
Fig.3 Ultrasonic measurement result from 4mm 
thick aluminum plate by Fig.2 (a).  
 
 
 
 
 
 
 
Fig.4 Ultrasonic measurement result from 4mm 
thick aluminum plate by Fig.2 (b). 
 
 
 
 
 
 
 
Fig.5 FFT result of Fig. 3. 
 
 

 
 
 
 
 
 
Fig.6 FFT result of Fig. 4. 
 

In order to demonstrate flexibility, the steel 
pipe with ~4mm thick and ~40mm outer diameter 
was measured by the ultrasonic transducer shown in 
Fig. 2(b) and measurement result was shown in Fig. 
7. It should be noticed that almost same signal 
strength was achieved with that from flat surface 
measurement shown in Fig. 4.  

 
 
 
 
 
 
 

Fig.7 Ultrasonic measurement result from steel pipe 
with 4mm thick and ~40mm outer diameter. 

 
4. Conclusions 

PZT/PZT flexible ultrasonic transducers were 
manufactured by stencil printing process. PZT/PZT 
films by stencil printing obtained high bending 
durability by silicone overlapping. Signal strength 
was comparable with traditional spray coating 
process. A steel pipe with 4mm thick and ~40mm 
outer diameter was successfully monitored by a 
PZT/PZT flexible ultrasonic transducer by stencil 
printing.  
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