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 The ultrasonic transducer based on lead zirconate titanate (PZT) ceramics has 
been widely used for nondestructive evaluation (NDE) applications, but it has crucial 
limitations in the application of highly attenuative materials.  Since lead magnesium 
niobate-lead titanate (PMN-PT) and lead zinc niobate-lead titanate (PZN-PT) single-
crystal materials offer higher electromechanical coupling coefficients than PZT ceramics, 
they can present improved bandwidth and sensitivity.  Despite their major drawbacks 
such as a significantly higher cost and difficulties in manufacturing, PMN-PT and PZN-
PT single crystals will be expected to provide new challenges for NDE applications 
because of their considerably large piezoelectric coefficients.  In this work, we compared 
the performance characteristics of PMN-PT and PZN-PT single-crystal-based ultrasonic 
transducers for NDE applications.  From the results of Krimholtz, Leedom, and Mattaei 
(KLM) modeling and simulations, the ultrasonic transducers based on PMN-PT and 
PZN-PT single crystals with 1 MHz center frequency were fabricated.  As a conclusion, 
there were no significant differences in performance characteristics (signal amplitude and 
bandwidth) between prototype PMN-PT and PZN-PT single-crystal transducers under 
the same fabrication conditions.

1. Introduction

 As a piezoelectric material for ultrasonic transducers for nondestructive evaluation 
(NDE) applications, the lead zirconate titanate (PZT) ceramic has been widely used 
owing to its high performance and ease of manufacture.  Currently, an ultrasonic 
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transducer with a much higher sensitivity is being required for NDE applications, but 
the PZT ceramic ultrasonic transducer has crucial limitations in the application of highly 
attenuative materials.  In the effort to develop more sensitive ultrasonic transducers 
for NDE applications, new piezoelectric materials such as lead magnesium niobate-
lead titanate (PMN-PT) and lead zinc niobate-lead titanate (PZN-PT) single crystals for 
ultrasonic transducers have been studied.(1–5)  Because these relaxor-based single crystals 
have promising potential for ultrasonic transducer applications, they can offer ultrasonic 
transducers with significantly improved performance through enhanced bandwidth 
and sensitivity.(1,6–8)  The ultrasonic array transducer based on PMN-PT single-crystal 
elements for medical imaging was fabricated and compared with ceramic composite 
arrays.(9)  In the field of NDE application, the immersion transducer based on the 
PMN-PT single crystal was fabricated and compared with PZT-ceramic-based 
transducers.(4)  In our previous work, PMN-PT single-crystal ultrasonic transducers 
with 2.25 and 5 MHz center frequencies for NDE applications were fabricated and 
their performance characteristics were compared with those of PZT ceramic and PZT-
based 1–3 composite ultrasonic transducers.(10)  Despite their major drawbacks such as 
significantly higher cost and difficulties in manufacture, PMN-PT and PZN-PT single 
crystals can provide new challenges for NDE applications because of their considerably 
large piezoelectric coefficients.
 In this work, we fabricated two contact-type ultrasonic transducers with PMN-
PT and PZN-PT single crystals for NDE applications and compared their performance 
characteristics. Prototype ultrasonic transducers, the center frequency of which was 1 
MHz, based on PMN-PT and PZN-PT single crystals were fabricated and their signal 
amplitudes and bandwidths were compared.

2. Materials and Methods

2.1 Piezoelectric materials
 There are several design parameters for the piezoelectric ultrasonic transducer, such 
as central frequency, bandwidth, transducer diameter, resolution, near-field length, 
acoustical focal length, front matching layer, and backing material.(11–14)  Among them, 
the performance of the ultrasonic transducer mainly depends on the type of piezoelectric 
material.  In this study, PMN-28%PT single crystals were supplied by iBulePhotonics 
Co., Ltd. (Korea) and PZN-(6–7%) PT crystals were supplied by Microfine Materials 
Technologies Pte., Ltd. (Singapore).  Table 1 shows the material properties of PMN-
PT(10) and PZN-PT single crystals.  The material properties of the PZN-PT single crystal 
except the piezoelectric constant d33 were based on the manufacturer’s data.
 From the table, it is evident that the d33 of the PZN-PT single crystal is slightly larger 
than that of the PMN-PT single crystal.  However, it can be observed that the thickness-
mode electromechanical coupling coefficient k31, which corresponds to the fundamental 
thickness resonance of a bulk plate poled through its thickness, is higher for the PMN-
PT single crystal than for the PZN-PT single crystal.  The coupling factor k33, which 
corresponds to the length resonance of a thin solid cylinder poled along its axis, is also 
larger for the PMN-PT single crystal than for the PMN-PT single crystal.  From these 



Sensors and Materials, Vol. 27, No. 1 (2015) 109

figures, it may be difficult to distinguish which material is better.
 The center frequency of the prototype ultrasonic transducers was about 1 MHz.  The 
diameter of the single elements of the PMN-PT and PZN-PT single crystals was 12.7 
mm.  The calculated thicknesses of the PMN-PT and PZN-PT single-crystal elements 
for the thickness mode of vibration were 1.80 and 1.38 mm, respectively.  The electrical 
properties of the piezoelectric samples such as impedance and phase were measured 
using an impedance analyzer (Hewlett Packard, HP4194A, USA) and are shown in Fig. 1.   
The resonance frequencies of the PMN-PT and PZN-PT single crystals were about 1.10 
and 1.35 MHz, respectively.

2.2 Modeling, fabrication, and experiments
 The structure of the piezoelectric ultrasonic transducer is shown in Fig. 2 and its 
major components are a piezoelectric material, a front matching layer, and a back 
acoustic layer.(10)  The front matching layer or wear plate of the ultrasonic transducer acts 
as an acoustic transformer between the piezoelectric material and the load material.  In 
this study, considering a highly attenuative material as a load material, the austentitic 
stainless steel SUS316 was selected.  The optimal acoustic impedance of the front 
matching layer (Z2) can be determined under the quarter-wavelength propagation 
condition.(12)

 Z2 = (Z1 ∙ Z3)1/2 (1)

Here, Z1 is the acoustic impedance of the piezoelectric material and Z3 is that of the load 
material.
 The acoustic impedance of the load material, SUS316 is about 45 to 50 MRayL.  On 
the basis of eq. (1), the calculated acoustic impedances of the front matching layer were 
found to be 36.0 to 37.9 MRayL for PMN-PT and 32.1 to 33.8 MRayL for PZN-PT.  As 
a front matching layer, alumina ceramics, the acoustic impedance of which is about 43 
MRayL, were selected.  The calculated approximate thickness of the front matching layer 
(alumina disc) for both piezoelectric materials in this study was 2.6 mm.

Table 1
Material properties of PMN-28%PT and PZN-(6–7%)PT single crystals.
Property PMN-PT single crystal PZN-PT single crystal
Density (kg/m3) 8000 8350
Dielectric constant after poling at 1 kHz 5500 6500

Coupling factor k33            0.92            0.90
k31            0.67            0.50

Piezoelectric charge constant, d33 (pC/N) 1780   21001)

Longitudinal wave velocity (m/s) 3600 2750
Acoustic impedance (MRayL)        28.8        22.9

1)Value measured using the d33 meter.
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 The sensitivity and bandwidth of the piezoelectric ultrasonic transducer depend on 
the condition of the backing material.  In general, the backing material should be highly 
attenuative and should control the vibration of the transducer by absorbing the energy 
radiated from the back face of the piezoelectric material.  To find the appropriate backing 
materials for ultrasonic transducers, Krimholtz, Leedom, and Mattaei (KLM) model 
simulations were performed.(15)  Figure 3 shows the description of the transmission 
line for the piezoelectric transducer in the thickness mode of vibration based on the 
KLM model.  In the KLM model, the electrical and mechanical parts are connected by 
the electrical transformer.  The electrical part consists of the series inductance LS, the 
electrical transformer ratio Φ, and the capacitances C0 and C’.  In Fig. 3, Zb, Ze, Zp, Zcouple, 
and Zl are the characteristic acoustic impedances of the back acoustic material, bonding 
layer, piezoelectric material, coupling material, and load material, respectively.(10)

 The simulation conditions of the KLM model for components of both ultrasonic 
transducers such as epoxy resin, ultrasonic couplant, and load material were similar 
to those in our previous work.(10)  The load material was austenitic SUS316, and 
the material properties of PMN-PT and PZN-PT single crystals for the KLM model 

Fig. 1. (Color online) Measured electrical impedance and phase for (a) PMN-PT single-crystal 
disc and (b) PZN-PT single-crystal disc.

(a) (b)

Fig. 2. (Color online) Structure of piezoelectric ultrasonic transducer.
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simulation are illustrated in Table 1.  In this simulation, the thickness, sound velocity 
and acoustic impedance of the bonding layer were 1 μm, 2500 m/s, and 2.7 MRayL, 
respectively.  The thickness, sound velocity, and acoustic impedance of the ultrasonic 
couplant between the load material and the front matching layer were 1 μm, 1650 m/s, and 1.8 
MRayL, respectively.  Because the conditions of the front matching layer, bonding layer, 
and ultrasonic couplant were fixed, the simulation results depended on the effect of the 
backing materials.
 The KLM modeling package (PiezoCAD, Sonic Concepts, Woodinville, WA) was 
used to analyze the transducer performance under various conditions for the acoustic 
impedances of the backing material.
 Figures 4(a) and 4(b) respectively show the simulation results for pulse-echo 
waveforms and the frequency spectra of the 1 MHz PMN-PT and PZN-PT transducers 
at approximately 6 MRayL acoustic impedance of the backing material simulated using 
PiezoCAD software.  The signal shapes, peak amplitudes, and bandwidth of both transducers 
were very similar.  Moreover, it can be considered that no significant differences in 
signal amplitude between both transducers were found.  From the simulation results, as 
a backing material condition, in this study, the acoustic impedance of the back acoustic 
material of 6 MRayLwas considered.
 The fabrication of the ultrasonic transducer was illustrated in our previous work.(10)  
From the simulation results for the acoustic impedances of the backing material, epoxy 
resin and metal powder were mixed.  In this study, tungsten powder with a mean particle 
size of 25 μm was selected.  The weight ratio of epoxy resin to tungsten powder was 1:2; 
hence, an acoustic impedance of about 6.5 MRayL was obtained.
 Figure 5 shows the finally fabricated 1 MHz prototype ultrasonic transducers.  
To compare the performance characteristics of both transducers, the back wall echo 
amplitude and its frequency characteristics were evaluated by the ultrasonic pulse-echo 
measurement technique.  The ultrasonic experimental setup consisting of the prototype 
ultrasonic transducers, a pulser/receiver (Panametrics, 5601 A/T), an oscilloscope (LeCroy, 
WaveRunner), a 30-mm-thick test block (Austenite SUS316), and a personal computer 
was used.(10)

Fig. 3. Description of transmission line for piezoelectric transducer in thickness mode of 
vibration based on the KLM model.(10)
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3. Results and Discussion

 An impulse driving signal from the pulser was applied to the prototype ultrasonic 
transducer and the reflected signal from the bottom of the test block was received by the 
transducer.  The pulse-echo impulse responses for prototype transducers are shown in 
Figs. 6 and 7.  The performance parameters of the prototype transducers are summarized 
in Table 2.  The peak amplitudes of the first echo signals for the PMN-PT and PZN-PT 
transducers are about 3.34 and 3.60 V, respectively.  The response signal of the PZN-
PT transducer is slightly greater than that of the PMN-PT transducer.  The PZN-PT 
transducer produces the first echo signal, which is approximately 0.65 dB better than 
that of the PMN-PT transducer, but the difference in peak amplitude is only 0.26 V.  The 
center frequencies and bandwidths of the PMN-PT and PZN-PT transducers are 1.26 
MHz and 6.3% and 1.43 MHz and 8.4%, respectively.  From the experimental results, 
it can be considered that there are no significant differences in signal amplitude or 
bandwidth between both transducers.

Fig. 4. (Color online) Comparison of the KLM model simulation results of pulse-echo impulse 
response for 1 MHz ultrasonic transducers with (a) PMN-PT single crystal and (b) PZN-PT single 
crystal.

(a) (b)

Fig. 5. (Color online) Photo of fabricated (a) PMN-PT and (b) PZN-PT ultrasonic transducers.

(a) (b)
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Fig. 6. (a) Pulse-echo impulse response and (b) frequency spectrum of 1 MHz PMN-PT 
transducer.

(a) (b)

Fig. 7. (a) Pulse-echo impulse response and (b) frequency spectrum of 1 MHz PZN-PT 
transducer.

Table 2
Performance parameters of prototype transducers with the 1 MHz PMN-PT and PZN-PT single 
crystals.

Performance parameter Piezoelectric material
PMN-PT single crystal PZN-PT single crystal

Peak amplitude (V)   3.34   3.60
Center frequency (MHz)   1.26   1.43
Bandwidth (%) 6.3 8.4

(a) (b)
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4. Conclusions

 In this paper, the simulation, fabrication, and test of the 1 MHz PMN-PT and PZN-PT 
ultrasonic transducers were described.  The optimal conditions of the backing material 
for each transducer were obtained by KLM model simulation.
 The pulse-echo signals for the test material obtained by both transducers showed 
similar results.  Although there is a small difference in piezoelectric properties such as 
piezoelectric constant and electromechanical coupling factor between PMN-PT and PZN-
PT single crystals, it is considered that there are no significant differences in performance 
characteristics such as peak amplitude and bandwidth between both transducers under 
the same fabrication conditions.
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