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Abstract: A wider operational bandwidth, a higher electromechanical coupling factor, and lower
acoustic impedance are important requirements for ultrasound transducers for use across many
applications. Conventional 2-2 piezoelectric composite transducers have been widely researched
because of their wider bandwidth and higher sensitivity over their piezoelectric ceramic counterparts.
In this paper, the fabrication of a novel 2-2 piezoelectric composite using magnetic force assembly is
proposed to explore the potential of the transducer and to minimize mode coupling effect compared
to 1-3 composites. To determine the desired transducer performance, such as the electromechanical
coupling factor, the operational bandwidth, and the acoustic impedance, the design of a 2-2 com-
posite should be considered using the mode-coupling theory and an effective medium model. The
experimental results indicate that the electromechanical coupling factor and the —6 dB fractional
bandwidth of the composite achieve values of 0.58 and 65.2%, respectively, which are comparable to
those of traditional 1-3 piezoceramic/epoxy composites.
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1. Introduction

Piezoelectric composite ultrasound transducers are preferred in many applications,
such as underwater sonar, biomedical imaging, and nondestructive testing (NDT) appli-
cations, due to their wide operational bandwidth and high electromechanical coupling
factor [1-4]. A broadband transducer can offer better imaging performance with a higher
spatial resolution. Piezoelectric composites are composed of an active piezoelectric phase
and a passive polymer matrix. They have a certain connection mode, volume ratio, and
spatial geometric distribution. For piezoelectric composites, a piezoelectric material with
strong piezoelectric characteristics such as lead zirconate titanate (PZT) or lead titanate (PT)
is generally selected as the piezoelectric phase, and the polymer matrix is generally epoxy
resin in order to lower acoustic impedance. Piezoelectric composites are composed of two
phases with self-connected 0, 1, 2, and 3 dimensions, so there are 10 combinations, namely
0-0, 0-1, 0-2, 0-3, 1-1, 1-2,1-3, 2-2, 2-3, and 3-3 [5,6]. The first and second number represent
the connected dimension of the piezoelectric phase and the polymer phase, respectively.

Among them, 2-2 composites have been adopted for transducer design and fabrication
in the last two decades. The benefits of 2-2 composites in some applications, for example, for
the active elements of sensors, actuators, and transducers for medical-imaging applications,
are widely known [7]. While 1-3 composites have a complex structure with piezoceramic
rods that are incorporated into the polymer phase, 2-2 composites are composed of alternat-
ing beam-shaped pillars that are composed of ceramic and polymer materials. Moreover, 2-2
composites can minimize the mode coupling effect, and their electromechanical coupling
coefficient, center frequency, and bandwidth are comparable to those of 1-3 composites [8].

There are many fabrication techniques for piezoelectric composite, such as dice-and-
fill [8], hot pressing [9], the fused deposition of ceramics [10], tape casting [11], laser
cutting [12], and interdigital pair bonding [13]. Due to its design flexibility and simple
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fabrication process, the most widely employed method for the fabrication of piezoelectric
composites is the dice-and-fill technique. When using the conventional dice-and-fill method
for the fabrication of 2-2 composites, a piece of bulk piezoelectric material is first parallelly
diced with a mechanical dicing saw; then, the diced piezoelectric material is backfilled with
epoxy resin. Finally, the base ceramic support and unwanted top part are removed with a
grinder. However, the dice-and-fill method is affected by the thickness of the dicing saw,
which is expensive and can cause errors in the fabrication process.

Therefore, in this paper, a magnetic force assembly method is introduced for the
fabrication of a 2-2 composite transducer, representing a novel method. The design of
the dimensions and the simulated performance of the transducer fabricated with the
composites are also included.

2. Theoretical Design

Transducer sensitivity is related to the electromechanical coupling coefficient (ks3),
while the resolution is related to the center frequency (f.) and bandwidth. To obtain suffi-
cient performance, the following properties were targeted for the 2-2 composite transducer
made via magnetic force assembly (Table 1).

Table 1. Required 2-2 composite transducer performance.

ka3 Center Freq. Acoustic Impedance(Z) Bandwidth
>60% 5 MHz <20 MRayl >65%

All of the properties were selected by considering the properties of the active piezo-
electric material (PZT-5H) and the polymer matrix (epoxy) and the limited technical level
of fabrication. Additionally, the design of the transducer consists of the active piezoelectric
column and polymer matrix dimensions.

2.1. Design of Active Piezoelectric Material Dimension

Mode-coupling may occur in resonators with multi-axial resonance frequency modes
at the target frequency, which couples with the desired axial mode of the transducer
and causes significant performance degradation [14]. Therefore, the design of an active
piezoelectric column should be focused on avoiding the mode-coupling effect. In this work,
the mode-coupling theory was adopted during the design process.

Figure 1a shows a rectangular solid beam with length N in the y-direction, width L in
the x-direction, and height H in the z-direction, which represents a piezoceramic/epoxy
2-2 composite with its z-axis as the polarization direction and with the electrodes on the
surface occurring normally on the z-axis. If the beam is long enough such that N » L and
H, then the resonance frequency determined by the length dimension (=N) will appear at
frequencies that are far below those of the lateral (=L) and beam (=H) modes. Therefore,
the width-to-height ratio G (=L/H) is the key factor to avoid the mode-coupling effect at
high frequencies. According to mode-coupling theory, the biquadratic frequency equation
of the rectangular solid beam can be expressed as [7]

fe =P = =fefin (1)
where
fa = ﬁ - (2)

and

®)



Crystals 2022, 12, 740

30f8

Piezoceramic

which are the resonance frequencies of the uncoupled lateral (=L) and beam (=H) modes,
respectively; v = c13/+/c11¢33 is the coupling coefficient; ¢4, ¢13, and c33 are the elastic
stiffness coefficients; and p is the density. Equation (1) provides the following solutions:

Css 1 Ciy 1Ci\> 4Cy
S N NI S I B e S 4
fan= |21+ e \/( +G2C33) - @

where f_ and f. describe the lower and upper frequency branches, respectively. Addi-
tionally, the coupled lateral (=f1) and beam (=f1;) resonance frequencies are controlled by
these two frequency branches in terms of G. Therefore, the theoretical curves of the coupled
(f+ and f_) and uncoupled (f, and f},) resonance frequencies at different G can be created
by substituting the related piezoelectric properties into Equations (2) and (3), respectively.

Polyn/ler matrix

10,000

f (Hz-m)

1000

L u ! P
0.1 0.5 1 3 10

G (=L/H)
(a) (b)

Figure 1. (a) Configuration of the 2-2 composite investigated in this study; (b) theoretical curves of
the coupled and uncoupled resonance frequency as a function of G.

Using the electromechanical properties of PZT-5H listed in Table 2, the theoretical
curves of the coupled and uncoupled resonance frequencies in terms of G are plotted for the
short-circuit conditions in Figure 1b. In the case of G < 0.5, the PZT-5H beam is a tall and
narrow beam, resulting in the coupled lateral mode resonance frequency (=f1) appearing at
a frequency that is well above the coupled beam mode resonance frequency (=f1) and that
is not mode-coupled with f. In the case of G > 3, the PZT-5H beam takes the shape of a thin
and wide plate, resulting in the coupled lateral mode resonance frequency (=f1) appearing
at a frequency that is well below the coupled beam mode resonance frequency (=fy) and
that is not mode-coupled with fiy. However, in the case of 0.5 < G < 3, significant mode
coupling occurs between f1, and fy. Therefore, in order to produce a high-performance
ultrasonic transducer, the use of uncoupled and low-frequency beam modes (i.e., fi) with
a higher electromechanical coupling factor (=ks3) is more advantageous, and the layout of a
PZT/epoxy 2-2 composite with G < 0.5 is the first design standard in this work.

Table 2. Material properties of PZT-5H and Epo-Tek 301 epoxy for 2-2 composite design.

PZT-5H Epoxy

C11E (1019 N/m?2) 15.1 0.53

C15F (1019 N/m?) 9.80 0.31
Ci13E (1019 N/m?) 9.60 -
Csf (1019 N/m?) 124 _

p (kg/m3) 7750 1100
€33s /60 1700 4
k33 (%) 75 .

ke (%) 52 -
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2.2. Design of 2-2 Composite Transducer

For desired transducer performance: k33, center frequency (f.), and the acoustic
impedance (Z), the dimensions of the 2-2 composite should be considered. Specifically,
due to the biphasic nature and the large differences in the material properties between
the ceramic and the polymer, the surface displacement is often non-uniform, so accurately
predicting composite transducer performance is challenging [15].

The most used method for designing piezoelectric composite transducers is the ef-
fective medium model, which can be derived from the assumption that a composite is a
homogeneous medium with new effective material parameters so long as the beam size and
spacing are sufficiently fine compared with all of the relevant acoustic wavelengths [16,17].
We followed the same procedure as a previous paper [16] and used all of the proposed
assumptions to derive the effective parameters of a 2-2 composite:

2V’ (CE - C12)2
_E E 13 /
Can = V |3y — + Ve 5
» B Vien + ) + V/(ch +ch) ! ©
_ 2V'es1 (e — o1z
33 =V |ess — (13/ E) - (6)
V(Cll + C12) + V (Cll + C12)
2V (e31)?
S S 31 /
€n=V]|en+ + Ve 7
3 3 V(C11 + 512) + Vv’ (Cfl + ClEZ) 1 @
e =tk + e’ /e, 8)
p=Vp'+V'p ©)

In the above expressions, the upper bar denotes the composite, in which c;;, ej;, and ¢;;
are the elastic stiffness, piezoelectric constant, and dielectric constant, and the superscripts
E and S refer to the constant electric field and strain quantities, respectively. V and V' are
the volume fractions of the piezoceramic and polymer, where V + V’ =1, and p® and p?
are the densities of the ceramic and the polymer, respectively. Finally, all of the relevant
effective parameters for the thickness mode can be derived from the conventional definition

1

ks = e/ (B ) (10)
_ 1/2

Z = (cbp) an
1/2

@ = (cB/p) (12)

fr=71,/2H (13)

where L and v; are the thickness of the composite in the poling (x3) direction and the longi-
tudinal wave speed, and f; is the resonance frequency calculated by the effective medium
model. Using the above equations, we derived effective 2-2 composite parameters such
as the density, electromechanical coupling coefficient, longitudinal wave speed, acoustic
impedance, and thickness resonance frequency as a function of the volume fractions.

3. Fabrication

Figure 2 illustrates the fabrication process for a 2-2 composite transducer. We chose
PZT-5H as the active material and deposited one nickel (Ni) layer on the top surface of
the PZT-5H as a magnetic material. To generate a high magnetic force, the thickness of
the Ni needed be considered. Ni electro plating was applied to deposit 10 um of Ni. After
deposition, the piezoceramic with Ni layer deposited on top if it was diced into the pre-
determined size (200 um x 500 pm x 5 mm). Before using a magnet for self-assembly, a
PDMS mold with grating patterns carved into it with a saw needed to be prepared. The
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grating pattern is the key element for this magnetic force assembly technique. The width
of the grating was about 210 um, which was a little bit larger than what was required for
the piezoceramic size in order to fit the piezo pillars directly into the gratings; the pitch
of gratings was about 320 pm. with a magnet with 25 mm diameter was applied for the
self-assembly process. Because of the strong magnetic force, the piezo pillars with the
deposited Ni layer were able to move into the grating easily. Once the piezo pillars were
perfectly located in the gratings, they could no longer move from side to side. Then, we
filled in the mold with epoxy so that the whole sample was covered. One of the properties
of epoxy is its good liquidity, and this allowed it to easily fill in the gaps. After the epoxy
had cured, the PDMS mold could be remove by it peeling off. Additionally, for the last
step, two side of sample should be lapped down to 400 um, and an electrode layer should
be deposited.

1. Piezoceramic

4. Prepare defined trench
2. Deposit Ni layer and magne

5. Self assembling

3. Dicing

8. Lap two sides
Figure 2. The fabrication process of a 2-2 composite by magnetic force-assisted self-assembly.

4. Results and Discussion

Figure 3 shows that the desired properties and performance of the obtained 2-2 com-
posite transducer, such as the thickness-mode electromechanical coupling coefficient
(k33 = 70%), acoustic impedance (Z < 20 MRayl), and thickness resonance frequency
(fr =~ 5 MHz), could be obtained from the piezoceramic volume fraction (V = 60%) and
from the thickness of the composite (H = 0.4 mm). Therefore, based on the first design
criterion of the mode-coupling theory, G < 0.5, the length of the piezoceramic material
(=L) should be less than 0.2 mm, and the kerf width (=K) should be 0.12 mm to so that a
60% volume fraction can be obtained for the composite. The acoustic characteristics of the
fabricated transducer are listed in Table 3.

Table 3. Acoustic properties of fabricated 2-2 composite.

Backing Active Matching 0  Matching_1
Material E-solder PZT-5H composite EPO-TEK PayleneC
Longitudinal velocity (m/s) 1850 3833 2700 2770
o (kg/m3) 3200 5090 1670 1140

Acoustic impedance (MRayl) 5.92 19.5 4.51 3.16
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Figure 3. Variation in the effective properties with piezoceramic volume fraction.

We used an impedance analyzer to measure the relationship between the impedance,
phase, and frequency. Figure 4a. shows that the resonance peak and anti-resonance peak
are 4.08 MHz and 4.845 MHz, respectively. Based on the calculations, the electromechanical
coupling factor (k¢) is about 0.58. Additionally, no further spurious resonant modes are
observed for the electrical impedance and phase angle in Figure 4a, indicating the advantage
of the 2-2 composite in preventing the mode coupling effect. Transducer performance was
measured using the pulse-echo method (Figure 4b). The transducer was positioned in a
tank with degassed water. A steel block was placed 20 mm away from the transducer to
act as the reflection target. An electrical pulser/receiver (generated by a square wave) was
used to excite the transducer at 100 V. The reflected impulse was measured and stored by
the oscilloscope. The obtained impulse response was then used to determine the sensitivity
and bandwidth. The center frequency was 4.97 MHz, the —6 dB fractional bandwidth was
65.2%, and the acoustic impedance was lower than 20 MRayl, comparable to our target
performance results for a transducer created based on the design criteria.
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Figure 4. (a) Resonance and anti-resonance peaks; (b) pulse—echo response of 2-2 composite fabricated
by magnetic force-assisted self-assembly.

5. Conclusions

In this work, magnetic force assembly is introduced for the fabrication of a 2-2 com-
posite transducer as a novel and low-cost fabrication method. The magnetic force was able
to manipulate the sample into the desired position easily. Additionally, the design of the
dimensions and the performance of the fabricated transducer are shown to demonstrate
the potential of this technique. The experimental results indicate that the electromechanical
coupling factor and the —6 dB fractional bandwidth of the prototyped composite achieve
values of 0.58 and 65.2%, respectively, which are comparable those of traditional 1-3 piezo-
electric composites. These results indicate that the designed prototype transducers can
achieve acceptable sensitivity and bandwidth performance for biomedical sensor applica-
tions, such as ultrasound imaging, as well as for application such as nondestructive testing
(NDT) and structural health monitoring (SHM) as well.
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