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To improve the acoustic radiation performance of the spherical transducer, a prestressed layer is formed in the transducer through
fiber winding. The influence of the prestressed layer on the transducer is studied from the effects of the radial prestress (7))
and acoustic impedance, respectively. First, a theoretical estimation of 7, is established with a thin shell approximation of the
prestressed layer. Then, the acoustic impedance is measured to evaluate the efficiency of sound energy transmission within the
prestressed layer. Further, the ideal effects of 7, on the sound radiation performances of the transducer are analyzed through finite
element analysis (FEA). Finally, four spherical transducers are fabricated and tested to investigate their dependence of actual
properties on the prestressed layer. The results show that with the growth of T, the acoustic impedance of the prestressed layer
grows, mitigating the enormous impedance mismatch between the piezoelectric ceramic and water, while increasing attenuation of
the acoustic energy, resulting in a peak value of the maximum transmitting voltage response (TVR,,,,) at 1.18 MPa. The maximum
drive voltage increases with 7,, leading to a steady growth of the maximum transmitting sound level (SL,,,,), with a noticeable
ascend of 3.9 dB at a 3.44 MPa T,. This is a strong credibility that the prestressed layer could improve the sound radiation perfor-
mance of the spherical transducer.

Keywords: Radial prestress; acoustic impedance; spherical transducers; transmission voltage response; transmission sound level.

Piezoelectric materials show unique features to convert
electrical energy into mechanical energy and vice versa.!
Researches have been working to improve the properties of
the piezoelectric materials,>* considering its usage in trans-
ducers,>® resonators,”® energy harvesters® and other devices.
Among the various applications, the piezoelectric transduc-
ers show excellent performances, including small size, low
cost, and good stability.!®!! With the development of under-
water detection, the demand for the transducer with wide-
angle detection capability becomes more and more urgent.
However, many piezoelectric transducers exhibit near-field
directionality,'>!3 which generates and receives acoustic
waves along limited directions, resulting in complex sensor
networks or transducer arrays to realize full area coverage.'4
Hence, the spherical piezoelectric transducer, which could
offer true three-dimensional omnidirectional capability in
all frequencies, '’ is deemed a suitable omnidirectional sound
emission source.!®

ICorresponding author.

Furthermore, with the increasing requirements for the
high power transmission transducers, how to further improve
the acoustic radiation performance of transducers based on
existing technology has become a research hot spot in the
academic field. It is found that the vibration mode for an
omnidirectional spherical piezoelectric transducer is the
radial mode.!” Equations have established the relationships
between strains, displacements, and electrical potentials
in hollow piezoceramic spheres with radial polarization.'s
Usually, when the spherical piezoelectric transducers act as
transmitting probes, they are excited by high voltages. The
resulting large strains may reach the mechanical stress lim-
its in the piezoelectric ceramics.!® In other words, although
a high voltage is conducive to improving the acoustic output
of the transducer,?%2! it increases the risk of ceramic fracture
and transducer damage with the low tensile limit of the piezo-
electric ceramics.?? An effective solution to avoid this risk is
to introduce prestress.?>**

Researchers have found that mechanical prestress is
one of the primary factors which affect the transducer’s
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performance.?>? The piezoelectric charge coefficient and
the permittivity change drastically when the ceramic under-
goes high uniaxial stress.?”.?8 When the mechanical prestress
is lower than 50 MPa, changes in the effective contact sur-
face between transducer parts cause shifts in resonance and
anti-resonance frequencies of piezoelectric transducers.?
The prestress could even suppress the spurious resonance
and increase the vibration velocity of the transducer. Up to
now, there are three main methods to control prestress for
transducers. First, for transducers with prestressed bolts,
it is convenient to control the prestress quantitatively with
a gauged torque wrench or a simple electronic circuit.3!-3?
Adjustable prestress was further designed for flextensional
transducer with rotational and rectilinear motions of the tran-
sition block.?* Second, the metal thin circular ring with high
thermal conductivity is adopted to apply radial pre-stressing
on the surface of the piezoelectric tubes.3*3> Third, fiber
winding is used to apply radial prestress on the outer surface
of the piezoelectric ceramic tubes.3® Overall, it is difficult to
use a bolt or a metal shell to realize uniform and quantitative
prestress on the surface of the hollow piezoceramic sphere
which is curved in three-dimensional. Combined with the
successful cases of fiber winding for the spherical pressure
vessels,?’ it is practical to form a prestressed layer on the
outer radius of the hollow piezoelectric spheres.

Herein, geodesic filament winding is adopted to realize
various radial stresses and form prestressed layers on the
surface of the hollow piezoelectric spheres. A theoretical
estimation of the radial stress is established with a thin shell
approximation, and the acoustic impedance of the prestressed
layer is measured. Then, the effects of radial prestress and
voltage on the performances of the piezoelectric ceramic are
analyzed with finite element analysis (FEA), including the
resonance frequency (f,), the transmission voltage response
(TVR), and the transmitting sound level (SL). Finally, four
spherical transducers are manufactured and tested in an
anechoic pond to verify their sound radiation performances.
This work could help the design and application of pre-
stressed spherical transducers.

2. Experimental Methods
2.1. Geodesic filament winding

The geodesic filament winding strategy is adopted to realize
various radial prestresses on the surface of the hollow piezo-
electric spheres (PZT 4, Yu Hai Electronic Ceramics Co.,
Ltd., China). The multi-axis winding equipment (JNWO1-
50, Hunan Jiangnan Machinery (Group) Co. LTD, China)
controls the tensile force of the glass fiber (1080TEX, width
4.0 mm, thickness 0.2 mm) and the number of the fiber
layers. Figure 1 illustrates the process of the geodesic fila-
ment winding strategy and an example of a prestressed com-
posite sphere. During the geodesic filament winding, the
sphere was fixed through the two holes on its tops. The glass
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Fig. 1. The process of the geodesic filament winding and the pre-
stressed hollow piezoelectric sphere.

fiber was soaked in epoxy resin composite (Model 3601,
Shanghai Huayi Resin Co., Ltd, China) with a mass ratio
of 0.445:0.555 for epoxy and curing agent. The epoxy was
cured in 6 h at 80°C.

2.2. Spherical transducers

Four spherical transducers numbered from 1# to 4# were fab-
ricated to study the actual underwater sound radiation perfor-
mances. 1# transducer was a standard spherical transducer
without prestressed layer, and 2#—4# were prestressed trans-
ducers with various prestessed layers. The structures of the
standard and prestressed spherical transducers were almost
the same except that the prestressed layer of the standard
transducer was replaced by the sealing layer, as presented in
Fig. 2.

The metal rod to clamp the hollow piezoelectric sphere
was 304 steel. The sealing material was polyurethane
(RC0O801, Shanxi Chemical Research Institute, China),
cured for 8 h at 80°C in an oven (Model GI-2001, Shandong
Longkou Xianke Instrument Co., LTD).

2.3. Characterization
2.3.1. Characterization of the prestressed layer

To research the properties of the prestressed layer, three pre-
stressed layers with various thicknesses of fiber were made.
The density and thickness of the prestressed layer were

Metal Rod
Sealing Layer

Prestressed Layer

PZT Sphere

Fig. 2. Structure of the spherical transducer.
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Fig. 3. Setup of the estimation of acoustic impedance.

measured through a helical micrometer and an electronic
density meter (Model DK-300A, Xiamen Eisite Co., LTD.,
China), respectively. With the assistance of a signal source
(Model AFG 31000, Teck Technology (China) Co., LTD,
China), an oscilloscope (Model MDO 3000, Teck Technology
(China) Co., LTD, China) and two ultrasonic transducers
(Model R15¢«, Physical Acoustics Corp., USA), the time
delay of the acoustic wave passing through the prestressed
layer was measured, and then the acoustic impedance could
be estimated, as shown in Fig. 3.

2.3.2. Characterization of the transducer

The resonance frequency (f,) of the spherical transducers
was measured by the impedance analyzer (Model 4900A,
Key sight Technologies Co. Ltd., America). The TVR and
the transmitting sound level (SL) were measured at an
anechoic pond (China Shipbuilding Industry Corp 726,
China).

3. Results and Discussion
3.1. Characterization of the prestressed layer

The prestressed layer applies radial prestress on the outer sur-
face of the hollow piezoelectric sphere. The radial stress is
estimated theoretically with the connection of the fiber wind-
ing parameters. Meanwhile, the acoustic impedance of the
prestressed layer is evaluated.

3.1.1. Radial prestress estimation

A theoretical estimation of the radial stress is performed
with a thin shell approximation of the prestressed layer
because the thickness of the prestressed layer (approximately
1-2 mm) is much less than the average radius (about 46 mm).
According to the theory of elasticity, the stress components
of the spherical shell under internal and external pressure
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where 7, is the radial stress component of the hollow spher-
ical shell, T, and T, are the tangential stress components;
P, and P, are the internal and external pressures; r; and r,
are the inner and outer radii of the spherical shell, r is the
radius at which the stress is evaluated. The prestressed layer
is formed as a sphere outside the hollow piezoelectric sphere
with a static pressure which is assumed as P, as shown in
Fig. 4.

The boundary conditions of the prestress sphere are r =
R,, P, = P; r = R;, P, = 0. Hence, the stress components of
the prestressed layer could be expressed and simplified from
Egs. (1) and (2) as:

LR
T, = —Pm. (3)
R3 (2} +R3)

2r} (R -R3) @

T,,=T,=-P
where the index f indicates the prestress sphere, R, and R;
are the inner and outer radii of the prestress sphere, r;is the
radius of the prestress sphere at which the stress is evalu-
ated. According to the generalized Hooke law, the relation-
ship between the tensile force (F) controlled in the geodesic
filament winding and the stress (7)) distribution in the pre-
stressed fiber layer could be expressed as:
F
T, =—, 5)
T i (

where w and ¢ are the width and thickness of the fiber.
The decomposition of stress 7(r, 0, ¢) is performed along r,
6, and ¢ in the spherical coordinate system, as shown in Fig. 5.

F4
Prs=0
Prestress sphere
Pr=P
PZT sphere Py,=0
R,
X X

Fig. 4. Stress analysis of the prestressed sphere.
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Fig. 5. Stress analysis on an element of the prestressed sphere.

If the radian of the fiber segment is small enough, the
stress components could be further approximated as

A
T,f = 2Tf sin(%) = TfAé, (6)

AS
T, =T, COS(T] =T, 7

where T, and T}, are the radial and tangential stress com-
ponents, A¢ is the radian of the fiber segment. 7, is further
decomposed along the horizontal and vertical direction in the
surface which is perpendicular to the radius as

T, = [T7 +T7. ®)

The combination of Egs. (4), (5), (7), and (8) yields

_2F (R -RY)
wt Ry (2r} +R})

P = (C))

The substitution of Eq. (9) into Eq. (3) generates the radial
stress at the interface of the ceramic and prestressed sphere as

V2F R} -R}
=l ST (10)
wt 2R} +R3

Compared with the inner radius of the prestressed sphere
(45 mm), the thickness of the fiber (0.2 mm) is quite small,
and the value of radial stress generated by each fiber layer
is approximated to be the same as Eq. (10). Thus, the total
radial stress is rewritten as

J2nF RI-R}

T = e A S
wt 2R3 +R3

r

(11)

where the outer radius is expressed as R; = R, + 1, R, is the
outer radius of the hollow piezoelectric spheres. It is note-
worthy that the radial stress increases linearly with the num-
ber of fiber layers (n) and the tensile force (F), respectively.
The radial stresses introduced in the prestressed spheres are
listed in Table 1.
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Table 1. Summary of the radial
prestresses in the spherical transducers.
No. F(N) N T,(MPa)
1# 0 0 0

2# 75 2 1.18
3# 73 4 2.29
44 73 6 3.44

3.1.2.  Acoustic impedance

In order to get the maximum transmitted energy, the acous-
tic impedance of the acoustically transparent layer should be
optimized. According to the theory of single matching layer,
the optimal acoustic impedance (Z,) between the piezoelec-
tric ceramic (Z,) and water (Z,,) is*

z, =3z.72. (12)

In this paper, the typical values of Z,. and Z,, are calculated
as 31.5 Mrayls and 1.5 Mrayls, respectively, and Z, is 4.29
Mrayls.

The acoustic impedance of the prestressed layer is mea-
sured to evaluate the efficiency of sound energy transmission
within the prestressed layer. The acoustic impedance of the
prestressed layer could be calculated as*!

Z, = pv = ph,l/At, (13)

where Z,, p, v and h[, are the acoustic impedance, density,
acoustic velocity, and thickness of the prestressed layer,
respectively; At is the time delay.

As listed in Table 2, the acoustic impedance (Z,) of the
prestressed layer grows with the number of the fiber (n), grad-
ually approaching the optimal value. This variation indicates
that Z, would help mitigate the enormous impedance mis-
match between the piezoelectric ceramic and water, reducing
the reverberation of waves within the transducer.*? Hence,
more acoustic energy could pass the prestressed layer, bring-
ing benefits for the acoustic performance of the transducer.

3.2. Characterization of spherical transducers

The ideal effects of the radial prestress on the performances
of the transducer were analyzed through FEA. Four spher-
ical transducers were fabricated and tested to verify the
dependence of the actual transmitting properties on radial
prestress.

Table 2. Summary of the properties of the prestressed layer.

n p (kg/m?) h,, (mm) At (us) v (m/s) Z, (Mrayls)
2 1691 0.57 0.3 1831.1 3.1
4 1713 1.102 0.5 2185.2 37
6 1715 1.578 0.7 2279.0 39
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Table 3. Summary of the material properties in FEA.
p v
Mater (kg/m3) (m/s) &, cE (10'°Pa) eES (C/m?)
Water 1000 1500 / / /
PZT 4 7500 /{76215, {13.8999, {0, 0, —
762.5, 7.78366, 13.8999, 5.20279, 0, 0,
663.2} 7.42836, 7.42836, -5.20279, 0,
11.5412,0,0,0, 0, 15.0804, 0,
2.5641,0,0,0,0, 12.7179,0,
2.5641,0,0,0,0, 12.7179,0,0,
0, 3.0581} 0,0,0}
3.2.1. FEA prediction

With the assistance of the FEA method, the ideal effect of
radial prestress (7,) on the acoustic performances of the
spherical transducer is researched. We ignore the supporting
structure, the sealing layer, and the hole across the piezoelec-
tric ceramic to simplify the calculation. The material proper-
ties are listed in Table 3.

Considering the symmetry in the spherical geometry, only
one-eighth of the sphere is remained in the three-dimensional
model, with symmetry nodes to realize structural integrity.'¢ As
shown in Fig. 6, a boundary load is applied on the outer radius

(b)
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of the PZT sphere to describe the radial prestress. A linearly
perturbed voltage excitation across the piezoelectric ceramic is
applied. Besides, the constraints also include far-field calcula-
tion and perfectly matched layer (PML). Free tetrahedral mesh
is used for PZT and water domain, and swept node is used
for the PML layer, with eight layers to ensure adequate wave
resolution. A stationary study is used to calculate the prestress
distribution in the transducer, followed by a frequency domain
perturbation to calculate the sound radiation performance of
the transducer with an alternating current excitation. We varied
the radial prestress (7,) and the drive voltage (V).

The dependence of the sound radiation performance on
radial prestress and voltage is shown in Fig. 7. The resonance
frequency (f,) is defined as the frequency corresponding to
the maximum conductance (G), and f, remains relatively sta-
ble at 19.4 kHz with T,.

The transmitting voltage response (TVR) is calculated as

Py
TVR =20log V_ +120, (14)

ms

where P, is the acoustic pressure, V, is the effective drive
voltage. TVR reaches the maximum transmitting voltage
response (TVR,,,,) at 19.4 kHz. TVR,,,, shows a minimal

upward trend with T,.

\'

Fig. 6. Summary of the constrains of the spherical transducer model in FEA, (a) radial prestress, (b) voltage distribution, (c) meshed

geometry.
30
o
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Summary of FEA results of the spherical transducer in water, variation of (a) resonance frequency (f,), (b) transmitting voltage

response (TVR), and (c¢) transmitting sound level (SL) with radial prestress and voltage.
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The transmitting sound level (SL) is calculated as
SL =201og(V,, )+ TVR. (15)

SL peaks at 19.4 kHz with various voltages and prestresses.
Similar to TVR,,,, the maximum transmitting sound level
(SL,,,,) shows marginal growth with 7,. By contrast, SL .
jumps markedly with voltage, from 193.5 dB at 150 V to
199.5 dB at 300 V. The noticeable growth of SL,,,, forecasts
that it is practical to improve the transmitting performance of
the transducer by increasing the driving voltage.

3.2.2. Experimental verification

To investigate the actual effects of the prestressed layer, four
spherical transducers numbered from 1#—4# are fabricated,
and the corresponding radial prestresses are listed in Table 4.
As shown in Fig. 8, the resonance frequency (f,) increases
with the growth of the radial prestress (7). This variation is
consistent with the experimental results of Arnold.?**? Thus,
we could adopt a similar assumption that the radial prestress
introduced by the prestressed layer improves the effective
coupling of the piezoelectric ceramic and the sealing layer.
As to the FEA model, the radial prestress is simulated with
a boundary load, and the effective coupling is idealized as
100%, resulting in constant resonance frequency.

The TVR varies with the frequency, peaking at f,. The
TVR,,,, reaches a peak value of 150.2 dB for 2# transducer
with a 1.18 MPa T,. The variation of TVR . on T, is different

max

Table 4. Summary of the average material and acoustic properties
of the prestressed layer and the sealing layer.

J. Adv. Dielect. 12, 2241004 (2022)

from that in FEA because the FEA model ignores the pre-
stressed layer where a great number of acoustic energies were
reflected back and forth before reaching the water. As listed
in Table 4, the average acoustic impedance (Z,,.) of the pre-
stressed layer and the sealing layer grows with 7, for 1#-4#
transducers. According to Eq. (12), the optimum acoustic
impedance to realize the maximum transmitted energy is
4.29 Mrayls. Therefore, the increasing Z,,, could help miti-
gate the enormous impedance mismatch between the piezo-
electric ceramic and water, achieving efficient energy transfer
and greatly increasing the performance of transducer.*!#? Tt
should be noted that, however, attenuation increases with the
growth of the interfaces in the prestressed layer.*> According
to Eq. (11), 7, increases linearly with the number of the
fiber layer n. Hence, the number of interfaces grows with 7,
resulting in a peak TVR,, with T..

The transmitting sound level (SL) is further tested under
various voltages. SL shows an upward trend with 7, at 150
V and 200 V for all the four transducers, and for 3# and 4#
transducers at 250 V. It is worth mentioning that when the
drive voltage grows up to 250 V, 1# transducer (7, = OMPa)
and 2# transducer (7, = 1.18MPa) could not work normally.
Further, the maximum transmitting sound level (SL,,,) of the
four transducers are measured through the increase of volt-
age. SL,,, grows steadily with 7, showing a 3.9 dB ascend
from 200.7 dB to 204.6dB. The variations of SL,, on 7, and
Vims agree with those in FEA. Overall, the maximum drive
voltage increases with 7, resulting in noticeable ascend of
SL,..x This is a strong credibility that the radial prestress
could help improve the transmitting performances of the
spherical transducer.

Tr hp hS Pave Zave
No. (MPa) n (mm) (mm) (kg/m?) (Mrayls) 4. Conclusion
14# 0 0 057 4.238 1087 1.7 This paper involves a theoretical estimation of the radial
D4 1.18 2 1102 3.506 1150 1.9 stress on the outer radius of the hollow piezoelectric sphere
34 229 4 1578 2793 1201 29 for the geodesw ﬁlalpent winding s.trategy. Tl'w ideal effect of
the radial prestress is analyzed with the assistance of FEA.
4# 3.44 6 2.11 2.498 1291 2.3 . .
The properties of the perestress layer and four spherical
20.5 152 210
—o—f —e—SL @ 150V
> 152. o —@—SL @ 200V
° ° T s ——SL @ 250V
151+ 1500 /“1\\_1__32?:2 .
200} ~ g /7\\& . 205 5
) Swst N, . f—
T:E\ — 'E’;_ o :I45,0 /// \ %, s:v/ o/ ]
‘i — = §E 150 142. 3 /o\g/
195 g ~ N ~ 150 175 200 225 250 200} /
J ) /A\ 1 (kHz) o/,\o /°
— / o o @
; 0 175 200 225 25.0 149 I \o
1905 0 1 2 3 4 0 1 2 3 4 195_1 0 1 2 3 4
T, (MPa) T, (MPa) T, (MPa)
(@) ()

Fig. 8.

Summary of experimental results of four spherical transducers measured in an anechoic pond, variation of (a) resonance frequency

(f,), (b) TVR, and (c) transmitting sound level (SL) with radial prestress and voltage.
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transducers were tested experimentally. In summary, the fol-
lowing conclusions are obtained:

(1) The radial stress (7,) on the outer radius of the hol-
low piezoelectric sphere could be estimated quanti-
tatively with a thin shell approximation, and adjusted
through the number of the fiber layer (n) and the tensile
force (F).

(2) The acoustic impedance of the prestressed layer grows
with 7,, and help mitigate the enormous impedance mis-
match between the piezoelectric ceramic and water.

(3) FEA results show that the resonance frequency (f,), the
maximum transmitting voltage response (TVR,,,), and the
maximum transmitting sound level (SL,,,,) remains rela-
tively stable with 7,. By contrast, SL,,, jumps markedly
with voltage, from 193.5 dB at 150V to 199.5 dB at 300 V.

(4) The test results of four spherical transducers shows that
f, grows with T,. The attenuation of the acoustic energy
in prestressed layer leads to a peak value of TVR,,, at
1.18 MPa. The maximum drive voltage increases with 7,
resulting in a steady growth of SL,,,, with a noticeable
ascend of 3.9 dB ata 3.44 MPa T,.

(5) The results provide a good paradigm for the design of
prestressed spherical transducers with high sound radia-
tion performance.

max?
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