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Lead zirconate titanate (PZT) piezoelectric composites used in transducers were
fabricated via direct ink writing (DIW) combined with furnace sintering and resin
impregnation. A ceramic slurry with a volume fraction of 52 vol% and suitable
viscoelasticity was prepared. After post-process, the PZT ceramic specimens showed
ananoscale grain size with a density of 7.63 g/cm?®, accounting for 97.8% of the theoretical
density. The effects of different printing rod spacing on the electrical properties of
composites were evaluated and lucubrated. Finally, an underwater acoustic transducer
was assembled by using the PZT piezoelectric composites fabricated by the above
method. The electrical signal generated by the underwater acoustic transducer
changed autonomously with the acoustic stimulation, which indicated the application
mode of 4D printing in functional devices in the future.

Keywords: 4D printing, DIW, piezoelectric composites, performance, underwater acoustic transducer

INTRODUCTION

Underwater acoustic transducer is a kind of functional device that can convert acoustic and electrical
signals into each other and its core component is piezoelectric composite material (Tian et al., 2021;
Li et al., 2006; Rouffaud et al., 2015). Compared with 0-3, 1-3 and, 2-3 piezoelectric composites, 3-3
ceramic/polymer composites have a bi-continuous architecture comprising an active ferroelectric
ceramic phase and a passive flexible polymer phase, which possess high hydrostatic pressure
sensitivity and good coupling properties with water, thereby improving the bandwidth and
transmitting and receiving sensitivity of the transducer (Newnham et al., 1978; Tressler et al,
1999; Bowen and Topolov, 2003). But traditional fabricating methods, such as the self-assembly
method (Liu et al., 1996), the gel-casting method, the cutting-filling method (Vigano et al., 2017) and
so on, have certain disadvantages like low material utilization, long production cycles and limited
product complexity (Woodward et al., 2015).

Additive manufacturing (AM) technology has the advantage of being easy to prepare complex
structural parts, including direct ink writing (DIW), digital light processing (DLP), selective laser
sintering (SLS) and other methods. The principle of DIW is to extrude viscoelastic ink from the
needle head to form rod-shaped fibers. As the needle head moves, the rod-shaped fibers are deposited
into a specific pattern (Revelo and Colorado, 2018; Coppola et al., 2021). DLP technology is to project
patterned ultraviolet light onto the photocurable material to cure each single layer, and form a
specific shape through the superimposition of layers (Wang et al., 2019; Li et al.,, 2021). In SLS
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technology, a laser is used to melt the binder and bond the
ceramic powder to form (Kai et al., 2020). Compared with the
DLP and SLS processes, the DIW process has the advantages of
simple forming equipment, easy preparation of slurry, and high
solid content of the printed green body (An et al., 2020). Recently,
AM process combined with smart materials is also called 4D
printing and piezoelectric materials are a typical type of smart
materials (Kong et al., 2014; Kuang et al., 2019). Therefore, this
research belongs to the category of 4D printing ceramics. Some
researchers have tried to investigate 4D printing of ceramics in
recent years. Liu et al. (2018) took the lead in researching ceramic
4D printing, where DIW was used to print a special precursor for
ceramics. Firstly, the main structure was printed on a prestressed
elastic substrate. When the prestress of the substrate disappears,
the main structure is deformed accordingly and became a preset
shape. After heating treatment, the required ceramic body was
obtained. In this research, “shape change” of ceramic components
is realized by using the elasticity of the composites in 4D printing.
Grinberg et al. (2018) combined barium titanate (BTO) material
with fused deposition technology, and BTO piezoelectric
composites were 4D printed for making sensors, which can be
implanted into the human body to achieve the function and effect
of real-time detection of the force between prosthesis bones.
However, there is a lack of exploration of the performance
changes caused by the special structure of piezoelectric
composites. Zeng et al. (2020) printed 1-3 BTO piezoelectric
composite with honeycomb structure through 4D printing by
combining BTO material with DLP technology. The structure can
increase the acoustic performance of the piezoelectric ceramic,
realize the function of ultrasonic sensing. However, due to the
limitation of the piezoelectric composite structure, the voltage
efficiency is only 0.1%. Compared with BTO ceramics, lead
zirconate titanate (PZT) ceramics also have a higher
piezoelectric coefficient and are more suitable to be used as a
transducer matrix material (Palmero and Bollero, 2020). Chen
et al. (2017) and Yan et al. (2018) prepared PZT piezoelectric
ceramics columnar array through DLP technology and assembled
PZT-based ultrasonic sensors with good sensing effects. However,
due to the high acoustic impedance of piezoelectric ceramics, it is
not easy to match the acoustic impedance of water, which limits
the underwater application of the ultrasonic transducer. At
present, there are few studies on the performance and
functional changes of 4D printed PZT piezoelectric composites
transducer. Through editing the structure and composition of
piezoelectric composites freely. 4D printing of electroactive
materials  including piezo-composites will present a
revolutionary significance of fabricating more excellent and
flexible piezoelectric materials.

This research aims to present 4D printing of PZT composites
transducer based on the DIW process. PZT slurry with high solid
content was designed and prepared and the influence of
dispersant on the rheological properties of the slurry was
explored. Multiple sets of piezoelectric ceramic skeletons were
prepared, and the extruded rod fibers were arranged at different
intervals. The electrical properties of the piezoelectric composites
with different rod spacing were discussed. Finally, the output
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voltage evolution stimulated by the vibration of acoustic waves
was presented in an underwater environment.

EXPERIMENT

Process Route

Figure 1 shows the fabricating route of underwater acoustic
transducers. The PZT ceramic skeleton was printed by DIW
method, and epoxy resin was filled into the skeleton to prepare
piezoelectric composites. and then the piezoelectric composites
were prepared into an underwater acoustic transducer.

Slurry Preparation

First, the raw PZT powder was ball milled to refine the particle
size. Trisodium citrate was added as a dispersant into ethanol to
prepare a premixed solution. The surfaces of the particles were
quickly wetted by dispersants, which increased the energy barrier
between the particles in order to eliminate the agglomeration
(Walton et al., 2020). After ball milling, the mixture was filtered
and dried. Finally, the PZT powder with a particle size of d50:
523nm was obtained as shown in Figure 2. After powder
preparation, a 10 wt% polyvinyl alcohol (PVA) aqueous
solution containing PZT powder was prepared. The solution
also contains a certain amount of ammonium polyacrylate
(PAA-NH,) or sodium polyacrylate homopolymer (PAAS) as
dispersant, and 1.75 wt% glycerin as lubricant. After stirring, the
slurry was aged for 2 h before printing.

Printing Process

The model was sliced by the slicing software (Ultimaker Cura 4.1)
to generate a Geode file and the movement of the printer needle
head is controlled by the program including layer information.
The slurry was extruded from the syringe system and the power
was supplied by an air pump with a pressure of 0.2 MPa. Figure 3
shows the direct ink writing 3D printing device and its sketch
map. The height of the syringe is 115 mm, and its moving speed is
set to be 8 mm/s.

A suitable extrusion needle head is extremely important in the
printing process. The smaller the needle head size is, the greater
pressure is needed for extrusion. Inversely, if the size of the needle
head is too large, it might result in poor printing accuracy. The
height of the layer is also an important parameter of printing. If
the layer height is too low, the needle head will walk in the
previously extruded slurry and cause accumulation. If the height
of each layer is too high, the slurry stacking will be misaligned.
The diameter of the needle used in this study was 0.6 mm and the
height of the printing layer was 0.3 mm, so that it exists no excess
drags or accumulation on each extruded fiber.

The stacking directions of the rods between the layers were
perpendicular to each other and the size of the woodpile structure
designed by 3D modeling software was set to be 20 x 20 X 5 mm.
Due to the viscoelasticity of the slurry, a gap could be formed
between the rods in the height direction, and the shape of the
model maintained. Since there were few volatile substances in the
slurry, the green body shrunk insignificantly after drying.
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FIGURE 1 | The fabricating route of underwater acoustic transducers.
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FIGURE 2 | SEM micromorphology of PZT powder.
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Post-Treatment Process
The debinding and sintering of the green body were carried out

separately to prevent the piezoelectric properties of PZT ceramics
from being reduced due to lead volatilization. First, the green
body was burned in air to fully discharge the organic phase, and
then it underwent a high temperature sintering in a lead-rich
environment. The debinding curve was developed by analyzing
the TG-DSC curve in Figure 4.

As can be seen from the figure, the decomposition of the
organic phase in the ceramic is substantially completed when the
temperature reached 700°C. The debinding process was designed
to heat up to 700°C at a heating rate of 1°C/min, which could
avoid the cracks during the debinding process. By holding the
temperature at 170, 250, 375, and, 600°C for 1h separately, the
organic phase can fully react with oxygen and be discharged. The
whole debinding process is shown in Figure 5. The sintering

process was carried out in a sealed crucible, and sufficient PZT
powder was used to surround the printed body, thereby providing
lead-rich vapor. The sintering temperature increased from room
temperature to 1250°C at a rate of 3°C/min, and kept it for 4 h, so
that the crystal grains could grow sufficiently. Finally, the sintered
body was cooled to room temperature in the furnace.

Filling and Polarization Process

E51 epoxy resin and curing agent were mixed uniformly
according to the mass ratio of 4:1, and the polished ceramic
skeleton was immersed in the mixture. The epoxy resin can be
cured within 1 h at 50°C. The shrinkage during the curing process
will produce mechanical stress, which will combine the epoxy
resin with the ceramic skeleton. At the same time, due to the
porous property of ceramic skeleton, the combination of epoxy
resin and ceramic skeleton can be very stable. After the resin was
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cured, the top and bottom surfaces of the piezoelectric composite
were polished to make them parallel, and the ceramic part of the
composites was exposed on the surface.

The top and bottom surfaces of samples were both coated with
low-temperature silver slurry and then dried at 110°C for 30 min
to form the silver electrode. The sample was connected to a
dielectric strength tester and immersed in polymethyl silicone oil
which was heated to 80°C. Then the sample was polarized under a
2.5kV/mm polarization field strength for 30 min. After that, it
was deposited at room temperature for 24 h until the discharge
was completed before performance testing.

Test
A laser particle size analyzer (Mastersizer 2000) was used to
measure the particle size distribution of the ball milled PZT

Gas piping
Extrusion
cylinder >
J- A
Piston /
Slurry  =—
Needle L
FIGURE 3 | Direct ink writing 3D printing device and sketch map.
1 1 1 1 1
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FIGURE 4 | Thermal decomposition curve of the green body in the air. Time(min)
FIGURE 5 | Debinding temperature-time curve.

powder. In addition, the MCR101 dynamic shear rheometer was
used to measure the rheological properties of the slurry. The
German Netzsch STA449F5 thermogravimetric analyzer was
used to heat the sample to 600°C at a heating rate of 10°C/min
to measure the weight loss of the printed body. Scanning electron
microscope (SEM) was used to observe the cross section of the
sintered part. The surface and cross-sectional morphology of the
polished piezoelectric composites was observed by an optical
microscope. The structural composition was investigated by
X-ray  diffractometer  (Empyrean). The longitudinal
piezoelectric strain coefficient (ds;), dielectric constant (e,) and
dielectric loss (tand) were investigated by piezometer (Z]-3 quasi-
static ds; tester) and Novocontrol test system (Concept 80,
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Germany). Three samples were made for each group of variables,
and performance tests were performed on each sample three
times. The average of the above test results was used as the
final value.

RESULTS AND DISCUSSION

Rheological Behavior of the Slurry

The printability of the slurry is mainly determined by its
rheological behavior. In DIW process, a non-Newtonian fluid
slurry with viscoelasticity is usually needed. The viscous
component allows the slurry to be smoothly extruded through
the needle head, while the elastic component gives the extruded
filament shape-retention ability and sufficient mechanical
strength to support the weight of the subsequent layer (Revelo
and Colorado, 2018). Using the synergistic hydrogen bonds
between some macromolecules and polymer chains formed by
in-situ polymerization, high-strength hydrogels with non-
Newtonian fluid characteristics can be constructed in the
slurry. Using PVA as a macromolecular template, PVA-PAA
gel can be obtained by in-situ polymerization of acrylic acid (AA).
The gel has a three-dimensional grid structure (Lewis, 2010),
which can be bound with PZT powder to enhance the elastic
strength of the slurry and reduce the viscosity of the slurry (Chen
et al.,, 2017; Rac. et al., 2019; Wu et al., 2020).

PVA and acrylic additives were added to the slurry as binder
and dispersant respectively, and the influence of the type and
content of the dispersant on the viscosity of the slurry was
investigated. First, the influence of two dispersants (PAA-NH,
and PAAS) on the viscosity of the slurry was explored.
Rheological properties of PZT slurry with the same mass
fraction were compared under the conditions of no dispersant,
1.25% PAA-NH, 125% PAAS and the mixture of two
dispersants. Figure 6A shows the curve of shear stress versus
shear rate, which is close to the shape and direction of the shear
rate-shear stress curve of classical shear thinning fluid. It shows
that the slurries with different types of dispersants all have shear
thinning behavior characteristics. Compared to the viscosity levels
of each slurry in Figure 6B, it can be seen that PAA-NH, reduces

the viscosity of the slurry significantly better than other dispersants.
When two dispersants are added at the same time, due to the large
amount of PVA-PAA gel formed in the slurry, the amount of
three-dimensional grid increases, which makes the viscosity of the
slurry increase instead.

Furthermore, PAA-NH, was used as a dispersant to explore
the most suitable addition amount. The rheological properties of
the slurry in the range of 0.75~2% of the dispersant added were
measured, and the results are shown in Figure 7A. It can be seen
that the slurries with different add amounts of dispersant all have
shear thinning behavior, and the initial viscosity is not much
different.

According to the actual situation in the extrusion process,
rheological data with practical significance was selected for
comparison within the appropriate shear rate range. The shear
rate y of the fluid passing through the conical needle can be
calculated by the following formula (M’Barki et al., 2017; Nan
et al., 2018).

_1Q

AR’

y (1)
In the formula, Q is the volume flow and R is the radius of the
needle. In the printing process, we used a needle with a diameter
of 0.60 mm and a printing speed of 8 mm/s. Therefore, according
to this formula, the extrusion force during the extrusion process
was equivalent to a shear rate of 104.92 s™" applied to the slurry.
The rheological data of the shear viscosity flow curve when the
shear rate of the gradient dispersant slurry was 105s™' was
collected, as illustrated in Figure 7B. At this shear rate, the
slurry with 2 wt% PAA-NH, has the highest viscosity. This is
because a large amount of gel grid has generated in the slurry, and
the shear force required to destroy the grid structure is also
greater. The slurry added with 1.75 wt% of PAA-NH, has a lower
viscosity, so the extrusion effect of the slurry is the best under this
dispersant content.

Microstructure and Phase Analysis

The phase and microstructure of ceramics at different sintering
temperatures were analyzed. The cross-sections SEM images of
the samples sintered at different sintering temperatures are shown
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FIGURE 8 | Cross-section morphology and grain size of samples sintered at (A) 1240°C, (B) 1250°C, (C) 1260°C and (D) 1270°C.

in Figure 8. It can be seen from the figure that when the sintering
temperature is 1240°C, the crystal grains are not fully grown. And
there is a liquid phase between the grain boundaries, resulting in a
small crystal grain size with a maximum size of 9.98 um. When the
temperature is raised to 1250°C, the grain size increases (the
maximum size is 19.1 um), and the grain boundaries are clear.
The actual density of the sintered sample is 7.63 g/cm’ and the
relative density is 97.8%. As the temperature further increased, the
small crystal grains grew further, but when the temperature raised
to 1270°C, the grain boundaries were remelted due to the high
temperature, resulting in unclear grain boundaries.

It can be seen from Figure 9 that when the sintering temperature
is 1240°C and the heat preservation time is 4 h, the phase structure
of ceramics has split peaks in the range of 20 = 21~22.5" and 43~45",

which shows that the ceramic is in the quasi-homotype phase
boundary area where the tripartite phase and the tetragonal phase
coexist. And the phase diagram has a split peak at 20 = 32,
indicating that the ceramic has a pyrochlore phase structure
when the firing temperature is low, and a tripartite perovskite
structure can’t be formed. However, as the temperature increased to
1250~1270 C, the pyrochlore phase structure in the sintered body is
eliminated, and the pure tripartite perovskite structure is formed.
From the results of grain growth and phase analysis, 1250~1260°C is
the best sintering temperature range.

Performance
The influence of structural parameters on the properties of
piezoelectric composites was discussed by changing rod spacing
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26% filing density model, sintered body and size micrograph; (D, H, L) 29% filing density model, sintered body and size micrograph; (M, N) Model cross section and size
micrograph.
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of the ceramic skeleton. The filling density was respectively set to
20, 23, 26, and 29%, and the printing effect of the piezoelectric
ceramic skeleton is shown in Figures 10A-H. After filling the
resin, an optical microscope was used to measure the distance
between the piezoelectric composite rods, and the corresponding
rod spacing was 1.34, 1.20, 0.86, 0.66 mm, as shown in Figures
10I-L. Since the overall structure shrinks uniformly after
sintering, the size in Figure 10N can be used to calculate the
rod diameter and layer height shrinkage. Through calculation, the
diameter shrinkage rate of the rod is 30%. After the prepared 3-3
piezoelectric composite was polished and polarized, its
piezoelectric constant (d3;) and relative dielectric constant (er)
were tested. These performance test data were used to
characterize the influence of the distance between the rods on
the performance of the piezoelectric composites.

The d;; and relative permittivity of the 3-3 piezoelectric
composites were tested as a function of the distance between
the rods. As shown in Figure 11, the error bars in the figure
indicate the maximum and minimum values of the piezoelectric
coefficient and the relative permittivity of the sample. Within the
range of 0.66~1.34 mm rod spacing, both ds; and er increase first
and then decrease. When the rod spacing is 0.86 mm, the
electrical performance reaches the maximum, the maximum
dss is 103pC/N, and er is 274.34, and the smaller the
dielectric constant is, and the smaller the dielectric constant of
the piezoelectric composites, the smaller the dielectric loss. This is
because as the distance between the rods increases, the content of
the ceramic phase decreases accordingly. When the composites
are under stress, the greater the force acting on the piezoelectric
ceramic frame, the more surface induced charges are generated
(Runt et al., 1985; Liu et al., 2017; Jin et al., 2020; Wu et al., 2020).
However, with the further decrease of the rod spacing,
the piezoelectric and dielectric decrease. This is because as the
distance between the rod decreases, there is overlap in the vertical
direction during the printing process, which converts the precise
3-3 type into piezoelectric composites with other structures (Liu
et al., 2017). This leads to the formation of internal closed cells
inside the ceramic part after sintering and increases the number
of defects. This phenomenon means that the internal pores of the
ceramic parts can’t be filled and the polarization process is
affected, resulting in an increase in tand (Runt et al., 1985).

Through this investigation, it is found that the reduction of
the rod spacing has the law of first increasing and then decreasing
in the electrical properties of the 4D printed 3-3 piezoelectric
composites. Therefore, with the help of 4D printing technology,
we can freely design and change the structural parameters, and
explore the influence rules of the parameters, so as to regulate the
performance of the structure to meet the controllable changes in
performance and functions.

Underwater Acoustic Transducer

The underwater acoustic transducer uses piezoelectric composites
with copper foil adhered to the surface as the piezoelectric element.
At the same time, Polyurethane (PU) is used as the matching layer
of the transducer because of its acoustic impedance close to that of
water (Sasikumar et al., 2014; Bian et al., 2020; Yf et al., 2021). In
order to characterize the sound-to-electric conversion function of
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the manufactured underwater acoustic transducer, a test scene as
shown in Figure 12 was constructed to verify. A signal generator
was used to generate electrical signals with different waveforms and
frequencies. The signals were then inputted into the speaker to
make it emit sound signals of the same waveform and frequency.
The distance between the speaker and the sensor is 450 mm, and
the sound wave signal generated by the speaker was converted into
an electric signal by the underwater acoustic transducer, and the
electric signal was displayed on a digital oscilloscope.

Under the input voltage (V;) of 2~24V, the loudspeaker can
emit 100 kHz and with different amplitudes acoustic signals.
After receiving the acoustic signal, the underwater acoustic
transducer converts it into a response voltage (Vpp), as shown
in Figure 13A Vpp is positively related to V;. When the input
voltage was 24 V, the output voltage was 162 mV, and the voltage
conversion efficiency was 0.675%. The demonstration results
show that the acoustic electrical conversion of piezoelectric
materials in water can be realized by 4D printing. Through
changing the structural parameters of piezoelectric composites,
the conversion efficiency of the transducer also changes accordingly.
Under the optimal printing parameters, the prepared underwater
acoustic transducer can generate a maximum voltage of 162 mV.
At the same time, through the change of the waveform displayed
on the oscilloscope, people can detect the change of the underwater
sound source, so as to get a warning.

Above all, this 4D printing method can quickly and
autonomously control the printing structure and realize the
detection of controllable changes, which is an advantage that
traditional manufacturing methods do not have. And in the
future, it can be used to prepare optimized piezoelectric
structures to further improve the performance of underwater
acoustic transducers, which is expected to lead the development
direction of 4D printing functional devices.

CONCLUSIONS

This article presents the application of 4D printing in underwater
acoustic transducers. The combination of piezoelectric material
PZT and direct ink writing is conducive to the development of
underwater detection intelligent equipment with high performance
and multi-function. The specific conclusions are as follows,

1. The PZT piezoelectric ceramic skeleton was prepared by direct
ink writing. The influence of the dispersant on the viscosity of
the slurry was explored. It was found that when the addition
amount of the dispersant ammonium polyacrylate in the
slurry is 1.75 wt%, the slurry has the best printing effect. In
addition, the green body has the best sintering effect at
1250~1260°C, which can form a pure trigonal perovskite
structure, the relative density after sintering reaches 97.8%.

2. The performance of piezoelectric composites with different
rod spacing was tested. As the distance between the rods
decreases, the d;; and ¢, of the piezoelectric composite
first increase and then decrease. When the filling density
was 26%, the printed structure had the best electrical
performance (ds; = 103 pC/N and ¢, = 274.34).
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3. A 4D printed sample was used to prepare an underwater
acoustic transducer. Piezoelectric composites with the
best electrical performance also have the highest voltage
output, and the output voltage maximum was 162 mV.
This verifies that this 4D printing method can quickly
achieve structural changes, thereby obtaining the best
performance.

Therefore, it is necessary to further explore the advantages
of using 4D printing technology to realize the free design of
piezoelectric structures, and manufacturing of piezoelectric
composites. These piezoelectric devices have independently
adjustable piezoelectric characteristics and functions, which

have great potential for underwater detection and communication
applications.
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