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Abstract: The discovery of piezoelectricity inspired several sensing applications. For these applica-
tions, the thinness and flexibility of the device increase the range of implementations. A thin lead
zirconate titanate (PZT) ceramic piezoelectric sensor is advantageous compared with bulk PZT or
a polymer when it comes to having minimal impacts on dynamics and high-frequency bandwidth
provided by low mass or high stiffness, while satisfying constraints regarding tight spaces. PZT
devices have traditionally been thermally sintered inside a furnace and this process consumes large
amounts of time and energy. To overcome such challenges, we employed laser sintering of PZT that
focused the power onto selected areas of interest. Furthermore, non-equilibrium heating offers the
opportunity to use low-melting-point substrates. Additionally, carbon nanotubes (CNTs) were mixed
with PZT particles and laser sintered to utilize the high mechanical and thermal properties of CNTs.
Laser processing was optimized for the control parameters, raw materials and deposition height. A
multi-physics model of laser sintering was created to simulate the processing environment. Sintered
films were obtained and electrically poled to enhance the piezoelectric property. The piezoelectric
coefficient of laser-sintered PZT increased by approximately 10-fold compared with unsintered PZT.
Moreover, CNT/PZT film displayed higher strength compared with PZT film without CNTs after
the laser sintering while using less sintering energy. Thus, laser sintering can be effectively used to
enhance the piezoelectric and mechanical properties of CNT/PZT films, which can be used in various
sensing applications.

Keywords: laser sintering; PZT; CNT; piezoelectricity; sensors

1. Introduction

In many areas of engineering, including the manufacturing industry, there is growing
interest in the monitoring of processes that can automatically provide feedback in order to
optimize workflow. Embedding sensors into manufacturing tools and analyzing the result-
ing data can help processes by reducing production costs, allowing for remote monitoring,
and improving efficiency and safety. This can result in adaptable production lines or other
services capable of meeting ever-changing needs. Piezoelectric sensors are used due to
their high sensitivity, fast response and the high-frequency bandwidth they can provide.

For dynamics measurement, the size and type of sensors can affect the measurement
results. For example, thick piezoelectric bulk ceramic sensors affect the dynamics of the
system under measurement due to mass loading [1]. Since the bending radius has an
inverse relationship to the film thickness [2], a bulk profile would not be flexible and would
exert a moment on the system. Meanwhile, polymer sensors have low stiffness and they
suffer from creep phenomena [3]. Thin and lightweight ceramic film sensors have minimal
influence on the mass and stiffness of the subject of measurement and operate with a wide
frequency range, therefore avoiding having a significant impact on dynamics.

Polycrystalline lead zirconate titanate (PZT) is a suitable sensor material, as it is
cost-effective compared with single crystals with similar piezoelectric properties, and it
provides a higher stiffness and sensitivity than piezoelectric polymers [4]. PZT device
manufacturing conventionally involves thermal sintering inside a furnace at more than
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800 °C. In this process, the temperature is raised over many hours, and the entire furnace
chamber is heated using kilowatts of power. Therefore, the conventional furnace requires
a great amount of time and energy consumption and results in high greenhouse gas
(GHG) emissions.

When making a film device, a thin substrate can be used to attach the PZT. To this
end, a variety of metallic substrates, such as stainless steel, aluminum and tin, along with
polymers with conductive coatings, can be considered. However, metallic and polymer
substrates are sensitive to high temperatures due to oxidation or melting. Improved
flexibility and stretchability of PZT energy harvesters were demonstrated on low melting
point substrates, such as poly(ethylene terephthalate) [5,6] and poly(dimethylsiloxane) [7].
Due to the thermal sintering temperature for PZT being typically higher than the substrate
melting /oxidizing temperature, these devices were realized using complex film transfer
processes [2].

Laser sintering makes use of a high-intensity laser beam to scan the film of interest
in continuous or pulsed modes. Laser energy is absorbed by the film to introduce atomic
diffusion. Due to the localized energy, the process could require much less time and energy
consumption, using just a small fraction compared with conventional furnace sintering.
The processing time for laser sintering would range from seconds to minutes, which is
primarily dependent on the sample size and scanning pattern. Laser sintering could bring
other benefits as well since the energy and penetration depth can be tuned by the intensity,
wavelength of the laser and the absorption properties of the material [8]. Laser sintering
may avoid thermal damage to the temperature-sensitive substrate because the interface
temperature of films is tunable by controlling the absorbed laser intensity. Moreover, it
could allow a low-temperature substrate to be compatible with high-temperature sintering,
as the laser radiation and heat conduction are one-directional and of short duration. The
possibility of directly sintering the PZT-substrate assembly without damage would ease
manufacturing and decrease the production time. Moreover, the adaptability of laser
processing is further enhanced by using a computer-controlled scanning geometry [9].
Therefore, affirmative sintering results could reduce manufacturing costs, spurring sensor
development and adoption.

Although PZT ceramics have good piezoelectric properties, they are fragile with low
fracture toughness, which limits their durability. To improve the strength, nanotubes
can be added to the PZT matrix to create a composite. Carbon nanotubes (CNTs) are a
promising option for this purpose because they have high strength-to-weight ratios [10].
Thus, the desirable properties of the high sensitivity of PZT and the high strength of the
reinforcement are combined. CNTs have high absorption for a large portion of the light
spectrum. They also have high thermal conductivity [11-13]. Hence, adding CNTs could
increase the absorption of electromagnetic radiation, as well as create a more uniform
temperature distribution due to their high thermal conductivity. It was reported that the
addition of CNTs in a microwave sintering setup increased the heating rate [14]. Similar
benefits regarding CNT heating can be realized in a laser setup as well. Cox et al. reported
that graphite, which has the same oxidation mechanism as CNTs, oxidizes at rates of
25.2-38.1 ug/s when the temperature is 900-1200 °C [15]. Hence, in furnace sintering
conditions, the CNTs may completely burn off due to the prolonged high-temperature
process. The short-duration laser sintering could exploit the benefits of CNTs as a sintering
aid and reinforcement additive while the oxidation has not reached completion.

Laser processing on a high-temperature compatible substrate with oxide layer con-
struction made from chemical vapour deposition [8] and RF sputtering [16] was previously
attempted. Laser sintering on a simpler substrate is quite limited. The processing usually
applies the methods of sol-gel processing [17], vapourization [18,19] and melting [20],
which require crystallization. These film and substrate preparation methods are more com-
plex, take more time to deposit, or have higher equipment and fabrication costs than tape
casting. Previous laser sintering PZT powder is very scarce and without characterization
of the resulting piezoelectric coefficient. The method of tape casting, which is suitable for
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large-volume and low-cost processing of PZT film, has not been attempted for use with
laser sintering. The laser types generally employed were CO; in the medium IR range of
10,600 nm and KrF and XeCl excimer in the medium UV range of 248-308 nm. The use of
Nd:YAG in the near IR range of 1064 nm is limited for ceramic processing. Furthermore,
while laser processing was attempted on the composites of SiO, /PZT and PVDF/PZT [21],
it was not attempted on CNT/PZT composite.

This research aimed to develop a cost-effective thin piezoceramic manufacturing for
sensing applications using laser sintering and compared the results with furnace sintering.
To address the brittleness and low thermal conduction of PZT, CNTs were added to increase
mechanical properties and to act as a sintering aid stemming from the increased absorption
of electromagnetic radiation and thermal conductivity, thereby improving the sintering
efficiency. To improve understanding of the laser interaction inside the material, the tem-
peratures of the top and bottom surfaces of the film during the laser sintering were verified
via modelling of the laser heating mechanism, which included the experimental parameters
and conditions. This was used to predict laser heating effects and to assess suitability with
the low-temperature substrate. Optimization of the laser sintering parameters was done
by alternating the control parameters and with the aid of modelling. Finally, the sintered
sample that utilized laser processing was used to make a force sensor demonstration and
compare it with a reference commercial sensor.

2. Materials and Methods

An outline of the experiments is shown in Figure 1. Samples were prepared through
stages of ink slurry or particle synthesis, forming via slurry casting or particle pressing,
sintering via laser or conventional furnace and post-sintering treatment of poling. The
figure illustrates the steps for the PZT film fabrication. The samples sintered from the laser
and furnace were used for comparison.
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PZT, PZT, CNT,

Triethyl phosphate, Triethyl phosphate,
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Figure 1. Experimental procedures associated with laser sintering.
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2.1. Forming before Sintering
2.1.1. Slurry Synthesis and Casting

To prepare the ink for casting via doctor blading, jet printing or screen printing, the
mixtures were prepared by combining PZT powder, solvent, binder, dispersant and/or
plasticizer [2,22]. A sintering aid was used in some samples to facilitate the initial stages of
sintering and reduce the temperature requirements [23]. The solvent acted as a carrier of
the solution and was used to dissolve the binder, dispersant or plasticizer, producing a form
suitable for casting. The binder was used to promote the adhesion of the ink slurry when
cast on a substrate. The dispersant was used to ensure a uniform dispersion to prevent
the clustering of the particles. The plasticizer was added to the ink slurry to make the
casted part softer and more flexible without cracking, which made the handling of the
green sheet easier.

The ink slurry used for doctor blading was made with the formulation in Table 1.
The PZT powder (Icera Co., Kaohsiung, Taiwan) was a low-sintering-temperature soft
PZT. It has a theoretical density of 7.9 g/cm? and a sintering temperature between 900 and
1000 °C. The particles had an average diameter of 0.54 um. The PZT powder was mixed in
isopropyl alcohol, in which the triethyl phosphate (Sigma Aldrich Chemical Co., Oakville,
ON, Canada) dispersant was dissolved to obtain a coating on the powder surface. The
suspension was placed in a planetary centrifugal mixer (TMAX XXH300S) and mixed for
2 h, and it was subsequently dried at 40 °C for 24 h. A solution of ethyl cellulose (Thermo
Fisher Scientific Co., Waltham, MA, USA) binder in a-terpineol (Sigma Aldrich Chemical
Co.) solvent was made via magnetic stirring on a hot plate at 100 °C for 5 h. Then, the dried
PZT powder was dispersed in the prepared solution and mixed in the planetary centrifugal
mixer for 2 h in order to homogenize it.

Table 1. Composition of the slurry.

Weight Percentage for PZT Weight Percentage for PZT/CNT

Materials Samples Composite Samples
PZT powder 64.025 63.7
Triethyl phosphate 0.975 0.975
Carbon nanotube 0 0.325
a-Terpineol 34.3 34.3
Ethyl cellulose 0.7 0.7

Achieving good dispersion of CNTs in a ceramic matrix is one of the main challenges
of fabricating a CNT-reinforced ceramic composite [12]. Functionalizing CNTs with a
carboxyl group (COOH) can alleviate the problems, as the added polarity improves the
dispersion and bond strength [24]. For the composite samples, COOH-functionalized CNTs
with an outer diameter of 30-50 nm, inner diameter of 5-10 nm and length of 10-20 um
(Cheap Tubes Inc., Grafton, VT, USA) were first ultrasonically dispersed in isopropyl
alcohol for 1 h, followed by the addition of the PZT powder and the same procedure as
described above was carried out to prepare the slurry. The ratio was designed so that after
solvent drying, there would be 0.5 wt. % of CNT. However, since the density of the CNT is
2100 kg/ m3 (Cheap Tubes Inc.), which is much lower compared to the density of the PZT,
i.e., 7900 kg/m? (Tcera Co.), the volume ratio of the CNT in the dried film was 1.86%.

A thin layer of the ink slurry was spread on an indium tin oxide (ITO) coated soda-lime
glass using the doctor blade method. The thickness of the slurry was 132 pm, which was
the thickness of the tape layer (3M Scotch 2020) used to make the mask. The casted sample
was dried in a vacuum oven at 40 °C for 24 h. After drying, the thickness decreased to
45 pm.

2.1.2. Particle Pressing

To prepare pellets for furnace sintering, a powder mixture containing 99% PZT and
1% polyvinyl alcohol (PVA) was prepared. It was synthesized by dissolving PVA particles
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in deionized water using magnetic stirring at 150 rpm on a hot plate with a temperature
of 130 °C. Then, the solution was added to PZT particles and the contents were mixed by
employing a pestle and mortar. After drying the mixture on a hot plate at 80 °C, a 200-mesh
sieve was used to obtain a uniform particle size distribution. Then, 4 g of powder was
placed inside a cylindrical mould with a bore of 20 mm. The mould was pressed uniaxially
in a manual hydraulic machine to a pressure of 200 MPa to fabricate the pellets [25].

2.2. Sintering
2.2.1. Laser Sintering

The laser setup utilized light wave irradiance to impart energy to the workpiece. A
hot plate was used to gradually preheat the sample from room temperature to 500 °C in
order to reduce the thermal gradient between the top and bottom surfaces and reduce the
crack occurrence due to thermal stress. The organic binder phase is partially eliminated
during preheating step as well, which changes the density. For the composite sample, the
preheating temperature was lower at 420 °C in order to limit the amount of CNT oxidation
during the preheating step. A Nd:YAG fiber Q-switched laser machine (IEHK Enterprises
FM20W laser engraver) with a wavelength of 1064 nm and a maximum power of 20 W was
used to conduct the sintering on PZT ceramics and CNT/PZT composites. The frequency of
pulses was set at 30 kHz, and each pulse had a duration of 100 ns. The laser beam diameter
varied with the distance between the focusing lens and the sample and could achieve a
small size of 70 um at the focused position. The laser beam moved across the sample, as
depicted in Figure 2. Starting from the bottom, it sintered from left to right, as indicated
by the red path. Afterwards, the beam turned off and moved to the next starting point, as
indicated by the grey path, and the beam activated again to continue the process. After
sintering, the hot plate was cooled down gradually to room temperature.

il - .

10mm | |===------s --------- > 5

@ Laser pulse
__________________ »
JV/'.- - - Treated path

‘ Untreated path
‘ p

Start
10 mm

Figure 2. Laser beam scanning pattern.

Due to the highly localized energy, heating using a laser is more prone to produce
cracks or other forms of damage to the film; hence it is important to control the laser energy
per area and time. The laser sintering parameters needed to undergo optimization in order
to avoid adverse effects. The most crucial parameter that directly affects the laser energy is
the power. In this study, the power parameter changed from 40% to 100% of the maximum
power using steps of 20%. The laser path spacing, speed and number of repetitions were
kept constant at 6 pm, 1050 mm/s and 1, respectively. The path spacing and the speed
were chosen to provide sufficient overlap between each scan path and between each pulse,
which aimed to provide consistent sintering and minimize sintering variation due to the
scanning pattern. The laser lens moved up from its focal point by 30 mm to broaden the
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laser beam, which had the effect of increasing the area for energy distribution and allowed
for using higher power.

2.2.2. Furnace Sintering

For conventional furnace (Knights Furnace KMT10-9) sintering, the temperature was
ramped at 3 °C/min until it reached 540 °C, where it was held for 1 h for complete binder
burnout. Afterwards, the temperature was ramped at 1.4 °C/min until it reached 950 °C,
where it was held for 2 h for the complete sintering. Then, the sample was cooled down at
1.7 °C/min until it reached room temperature.

Fabrication of the laser-sintered sample took 1.5 h of preheating and 10 s of laser
sintering. In contrast, furnace sintering of the same part would take many hours more to
reach the sintering temperature and would need to include a film transfer process as well.
The localized heating allowed the laser technique to attain substantial time and energy
savings. Moreover, the precise definition of the laser beam location allowed it to sinter in a
shape or size conducive to the application.

2.3. Electric Poling

The samples were poled using a corona discharge setup to align the dipoles inside
them. The process is displayed in Figure 3. This was carried out at 120 °C for 2 h with a DC
voltage of 16 kV applied to a set of needles, which acted as field intensifiers. This caused
the ionization of surrounding gas molecules [26]. The sample was placed on a grounded
copper plate, which was connected to the bottom electrode of the sample. An electric
field created by the electric charge from the needles was sprayed onto the top surface of
the sample. A metal mesh was inserted between the needles and the sample to limit the
intensity of the corona discharge. A voltage divider provided 11% of the supplied voltage
to the mesh. The temperature was cooled while keeping the applied electric field, after
which the field was removed. The samples were set aside to allow for one day of aging.

16 kV

80 MQ

10 MQ

Figure 3. (a) Corona poling schematic; (b) photo of the corona poling process.

A wide-range d33 meter (APC YE2730A) was used to measure the piezoelectric co-
efficient of the unsintered and sintered samples. The piezoelectric coefficient d33 can be
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defined as the ratio of electric charges (Q) generated in response to the applied force (F)
when both the applied force and generated charge are in the poling direction.

An optical profilometer (KLA Zeta 20) and a scanning electron microscope (Phenom
XPro) with a built-in energy-dispersive X-ray spectroscope (EDXS) were used to observe
the change in surface roughness and morphology on the green and sintered samples, as
well as the elemental composition. X-ray diffraction (XRD) (Bruker D8 Advance Eco) was
used to examine the crystallinity and any possible phase change with the sintering, as
well as when adding CNTs. Mechanical testing was done using a microindenter (Bruker
Hysitron TI Premier).

3. Modelling of Laser Sintering

The capability to obtain an accurate measurement of the laser heating process rarely
occurs due to limitations in the commonly available temperature measurement technologies.
A heat transfer simulation was conducted in order to estimate the temperature from laser
sintering. It allowed for a large variety of configurations, such as substrate material,
thickness and processing parameters to be modelled. The temperature increase had a
positive relationship with the sintering density and grain changes.

Figure 4 shows the setup that illustrates the modelling and boundary conditions of
the temperature simulation.

Heatloss to Incident laser beam

radiation

_______________________

E /‘i ITO interface layer
L

S Soda-lime glass

Figure 4. Three-dimensional model geometry used in the heat transfer simulation of laser sintering.

Typically, the time dependence of the energy distribution of the pulsed laser exhibits
a Gaussian shape [8]. Therefore, the time distribution of the laser beam intensity (I(t))
follows the following trend:
E _ymt7?

I(t) = (S.T)e T 1)

where E is the applied laser energy, S is the surface area, 7 is the pulse width and f is time.

The Beer-Lambert law is used to model the attenuation of a laser as it travels through
the sample. The PZT and substrate layers are the absorbing media. The laser-driven heat
source can be described using the following equation [8]:

Zd
e %

Q =151~ R)*- @

o
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where R is the reflectance (Equation (4)), z; is the depth and J, is the penetration depth
(Equation (5)). The complex index of refraction can be stated as follows [27]:

n=n-—ik (3)

where 1 and k are the refractive index and extinction coefficient, respectively. If the value
of the extinction coefficient is very small relative to the refractive index, as in the case of
most non-metals, it may be omitted in the calculation of reflectance [27,28]:

2
ny — n;
R= ( S ) )
ng +n;
where 1; and n; are refractive indices of the transmitting and incident media, respectively.
The penetration depth in Equation (2) is obtained from the extinction coefficient [27]:

1 c 4tk
i A ©)
where « is the optical absorption coefficient, w is the angular frequency, c is the speed of
light and A is the laser wavelength.
The heat flux from the laser beam on the PZT surface was modelled as a Gaussian
distribution according to the following equation:

2~r2
7 focus
4) _ 2'Plasere rgpot (6)
n'rgpot

where P, is the power of the laser, 7y is the radius of the laser spot and 7fycys is the
distance from the point of the beam centre. Thus, as the distance away from the beam
centre increases, the heat flux reduces in the Gaussian distribution.

The area of the beam on the PZT surface is calculated using Equations (7)—(10). The
diameter of the laser beam (2w) is defined by the boundary where the intensity drops to
1/¢€? of the maximum intensity. The laser beam passes through a field lens and converges
into a focused spot. A smaller spot size results in higher intensity. The spot size at the beam
waist (2wy), namely, the focused position, can be calculated by [29]:

Af
2w = 1.837 7)

where f is the effective focal length of the lens and D is the incident beam diameter at 1/¢?
intensity before entering the lens. The constant (1.83) is related to pupil illumination and
the degree of input interception for a Gaussian beam with 1/¢? diameter. As the position
moves from the beam waist, the size of beam begins to diverge, which can be calculated
using [30]

) (8)

where z, is the distance propagated from the beam waist and M? is the beam quality factor,
which represents the degree of variation from an ideal Gaussian beam. The relationship
between the 1/¢? width and the full width at half maximum (H) is [31]

_ V2H

2w
Vin2

)
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The relationship between the full width at half maximum (H) and the standard
deviation o of the normal distribution is [32]

H = 2V2In20 (10)

The heat transfer equations are coupled to the radiation in the multiphysics model to
obtain the temperature variation. Heat conduction happens in the PZT layer, as well as
from the PZT layer to the adjacent layer. The governing heat conduction equation is

oT
Qr= pcpg — V- (kVT) (11)
where Q; is the heat generated from the absorbed laser energy [33], p is the material density,
Cp is the specific heat capacity and k; is the thermal conductivity. Surface-to-ambient radia-
tion heat flux is modelled on the top boundary. It is described by the following equation:

@, = sa(Tg - T§> (12)

where ¢ is the emissivity, o is the Stefan-Boltzmann constant, T, is ambient temperature
and T is the sample temperature.

The material properties of the PZT, ITO and soda-lime glass were entered as given in
Table 2. The PZT powder used in this study contained an excess amount of lead, which
increased the laser absorption. As the temperature rose to a high level, lead loss reduced
the absorption. Hence, at low temperatures, the property of metal-doped PZT was used for
reference [34], and at high temperatures, pure PZT was modelled due to lead loss [35,36].
The density was also modelled as temperature dependent, where it started at a level of
an unsintered ceramic film. As the temperature reached the melting point, the density
changed to the level of a theoretical solid. The reflectance and penetration depth were
derived from the complex refractive index. The sample was surrounded by ambient air,
which has a refractive index (1) of 1 [37]. Preheating before sintering is included in the
model, which was also done in the experiment to limit the thermal shock from the laser
heating of the ceramic.

Table 2. Material properties of PZT and substrate used in the finite element simulation.

Material Property Value Unit

Refractive index (n) 2.38 [34]
0.05 at T < 1050 °C [34]
0.001 at T > 1050 °C [35,36]

Extinction coefficient (k)

Thermal conductivity (kt) 1.3 [38] W/(m-K)
PZT Heat capacity (Cp) 440 [38] J/(kg-K)
. 3300 at T < 1400 °C 3
Density (p) 7900 at T > 1400 °C [39] kg/m
Thickness 45 um
Emissivity (¢) 0.9 [40]
Refractive index (n) 1.59
Extinction coefficient (k) 0.0057 [41]
Indi . id Thermal conductivity (kt) 5.86 [42] W/(m-K)
ndium tin oxide Heat capacity (Cp) 341 [43] J/(kg-K)
Density (p) 7120 [44] kg/m?
Thickness 185 [45] nm
Refractive index (n) 1.5129
Extinction coefficient (k) 4.9238 x 107 [46]
T Thermal conductivity (kt) 1[47] W/(m-K)
Soda-lime glass Heat capacity (Cp) 800 [48] J/(kg-K)
Density (p) 2.53 [49] kg/ m3

Thickness 1.1 mm
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The laser setup properties were entered as shown in Table 3. The other coefficients
of penetration depth and beam size distribution are derived from the wavelength, focus
length, beam diameter and beam quality factor.

Table 3. Laser setup properties used in the finite element simulation [50,51].

Property Value Unit
Beam quality factor (M?) 14
Centre wavelength (A) 1064 nm
Pulse energy (maximum) (E) 0.68 mJ
Pulse duration (FWHM) (T) 100 ns
Repetition rate 30 kHz
Beam diameter (1/€2) (D) 7 mm
Focus length (f) 254 mm

The model used numerical computations in Comsol™ 6.0 by coupling the multi-
physics of radiation and heat transfer using the above conditions, equations and input
properties. A lens distance of 30 mm offset from the focused position and full power were
simulated. Figure 5a illustrates the change in laser intensity as it penetrates and attenuates
in the PZT during one pulse. Figure 5b illustrates the change in temperature due to the
absorbed laser during one pulse, which reached 1185 °C. After the pulse, heat conduction
continued to adjacent areas. To model area sintering, the same scanning pattern shown
in Figure 2 was implemented. Thus, the model incorporated the compounding effects of
pulses and line scans in one area scan. The temperature profiles are shown in Figure 6. The
top surface reached 1310 °C and the bottom surface reached 780 °C. During each pulse, the
sample heated up in an extremely short time of nanoseconds. The high temperature reached
on the top region allowed for rapid sintering. Due to the overlap of hot regions between
each pulse, the temperature successively built up in the area scanning simulation and was
higher than that from a single pulse. The overlap also produced consistent sintering on
the sample during the laser scanning. The pulse build-up also meant that the sintering
could be influenced by the speed of scanning, which affected the laser beam contact time.
A slower speed increased the contact time with the sample surface and resulted in a higher
temperature and vice versa. Therefore, this parameter was included in the optimization
trials, which produced sufficient overlap for sintering consistency, but did not overheat
the sample surface. Heat conduction allowed for some temperature increase to the bottom
interface as well. Due to the attenuation, as well as the low thermal conductivity of PZT,
there was a difference in the top and bottom surfaces, and the substrate remained at a low
temperature to avoid thermal damage.

W/m? degC
A 2.15x10% x10°

X 1010 -
2
1.8
16
1.4
1.2
1
0.8
0.6
0.4
0.2 0.6

11

0.9

0.8

0.7

¥ 6.56x107° 0.5

(a) (b)

Figure 5. Changes during one pulse. (a) Intensity; (b) temperature.
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(a) (b)

Figure 6. Temperature changes during one area scan. (a) Top surface; (b) bottom surface.

The effects of adding CNTs were also modelled. The material properties of CNTs were
found in published sources [52,53]. The rule of mixtures was used to predict the properties
of the composite, as shown in Table 4.

Table 4. Material properties of CNT/PZT used in the finite element simulation.

Property Value (0.5% CNTs) Unit
n 2.37
X 0.58679 at T < 1050 °C
0.01133 at T > 1050 °C
Thermal conductivity 3.78 W/(m-K)
Heat capacity 328 J/(kg-K)
. 3300 at T < 1400 °C 3
Density 7900 at T > 1400 °C kg/m
Emissivity 0.90

Given the same laser energy input, the sample with CNTs exhibited a higher tempera-
ture rise to 1381 °C compared with 1310 °C without CNTs. This was due to the very high
absorption possessed by CNTs, which converts larger amounts of energy into heat. Further-
more, the very high heat conduction to the PZT particles could assist in the distribution of
sintering energy, and the sintering consistency during the area scanning was achieved as
well. Thus, the CNTs could act as a sintering aid, and the sample containing CNTs could
require less energy for sintering. However, the absorption characteristics of CNTs also
meant that the laser beam attenuated faster, and the substrate would not be damaged either.
If a significantly higher concentration of CNTs was used, the temperature rise would have
been much higher beyond the peak seen with 0.5% CNTs and could have caused ablation
of the sample. With the high concentration of energy density in the areas of irradiation, the
laser heating models predicted that the directed energy of the laser method achieved higher
temperatures in the PZT and CNT/PZT films compared with the furnace. Since the rate of
sintering has an exponential relationship to the temperature, rapid sintering was enabled.

In order to verify the simulation method, a pyrometer (Micro-Epsilon CTRM-2H1SF100-
C3) was used to measure the temperature change in the PZT sample. The simulated tem-
perature was 3% higher than the pyrometer-recorded temperature. Contributions to the
error may include approximating material properties of the PZT compact and gas flow,
which were not modelled in the simulation, and the pyrometer response rate, which was
1 ms.

4. Results and Discussion

The effectiveness of laser processing was assessed based on the piezoelectric, micro-
scopic, spectroscopic and mechanical properties. The characteristics gave an indication
of the sensing implementation. The properties were compared based on the sintering
method and composition. Moreover, a laser-sintered sample with a low-melting-point
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substrate was tested in a force-sensing experiment to extract the signal for measurement as
verification. In the sections below, the laser-sintered samples were made using 100% power,
unless otherwise specified.

4.1. Piezoelectric Property

The piezoelectric coefficient (d33) of the samples is displayed in Table 5. The laser-
sintered PZT had a lower d33 compared with the furnace-sintered PZT, which may be
explained by two factors: the casting and sintering uniformity. First, it should be noted
that PZT film has lower piezoelectric properties compared with bulk PZT [54]. The effects
of film processing do not employ a pre-sintering densification technique, such as hydraulic
pressing. Even though it may be possible to perform pressing on a PZT film to densify it,
the operating pressure might be lower compared with bulk processing. Moreover, a lower
electrical field is usually used to pole thin films, as any defect on these samples may cause
sparks at the high electric fields. The d33 values of PZT thin films are commonly found in
the range of 60-130 pC/N [55], and that of a commercially mass-produced PZT film sensor
(Huaban Co., Shenzhen, Guangdong, China) is 130 pC/N, which is lower than the bulk
value of 420 pC/N. The second factor for the reduction in d33 of the sample was the laser
technique. The laser-sintered sample received high-intensity energy on the surface, which
benefited the rapid sintering and may have been a contributing factor to the d33 in the region
near the top. However, the sintering activity may have been slower further down the depth
of the film, which could possess a smaller grain growth. However, d33 was significantly
higher in the sintered state compared with the unsintered state, indicating that the laser
sintering treatment enhanced the piezoelectric property. Furthermore, it was also higher
than piezoelectric polymers, which have an average of approximately 18~30 pC/N [56].
The value for the composite with CNTs showed a decrease compared with the laser-sintered
PZT. The CNT oxidation may have created surface defects on the composite sample, such
as uneven surfaces or voids, which could have adversely affected the poling performance
by decreasing the insulating property. CNTs increased the temperature of the composite
during laser processing, which was a contributing factor to the sintering. However, due
to the impurity content, the CNT oxidation may leave behind a small amount of ash,
which inhibits density increase. For any remaining CNTs that did not oxidize, they would
not possess polarization, in contrast to PZT. These effects may combine to result in a
lower piezoelectric property. Nevertheless, the composite retained a sensitivity that was
easily utilizable.

Table 5. Piezoelectric coefficient comparison.

Sintering Method Unsintered PZT Furnace-Sintered  Furnace-Sintered Laser-Sintered Laser-Sintered
and Composition PZT Bulk PZT Film PZT CNT/PZT
dz3 (pC/N) 7 420 130 67 42

A comparative study of the d33 variation with the laser sintering parameter of power
was conducted on the PZT, with different samples sintered from 40% to 100% power
and then electrically poled. The trend is displayed in Table 6. A higher power created
more sintering due to a higher temperature increase. This increased the diffusion rates,
closing the pores and growing the PZT grains, which improved polarization. As the laser
beam exited the focusing lens, it began to converge. The closer the lens distance was to
its focused position, the smaller the beam diameter, which made the laser energy more
tightly concentrated, resulting in higher intensity. The distance from the focusing point
was selected so that over-sintering due to the high intensity would not occur, even at 100%
power. If the intensity was too high, an excessive temperature rise would have resulted in
over-sintering, and damage to the sample in the form of altering the crystal structure or too
much lead loss, high diffusion of elements through the substrate, ablation of the PZT or
melting of the substrate, and thus, the piezoelectric property would significantly degrade.
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Table 6. Piezoelectric coefficient of PZT laser sintered using 40% to 100% power.

Laser Power 40% 60% 80% 100%
ds3 (pC/N) 48 50 54 67

4.2. Microscopic Properties

The measured surface roughness of the samples is displayed in Table 7 in terms of the
average peak-to-valley distance (Sz). The samples from the laser sintering had higher Sz.
The intense light imparted highly concentrated energy onto the samples over a relatively
short duration. This caused higher thermal gradients within the samples, as evidenced
by the heat transfer simulations, and may have caused the surface roughness to increase
due to the variation in shrinkage of the sample. The sample with CNTs had a higher
value compared with the one without, which was indicative of CNT oxidation on the
surface. CNTs located on the surface or close to the surface of the samples are very prone
to oxidation. The oxidation of these nanotubes caused some voids, which increased the
surface roughness of the samples. Moreover, the PZT particles that directly received heat
conduction from CNTs could show faster merging behaviour and create a variation in
shrinkage. These might be contributing reasons for the increase in the peak-to-valley
roughness measurements. A higher roughness negatively affects the contact area when
applying electrodes; therefore, the corona poling approach was evidenced to be more
suitable than contact poling.

Table 7. Average peak-to-valley measurement comparison of sintered samples.

Sintering Method Furnace-Sintered . Laser-Sintered
and Composition PZT Laser-Sintered PZT CNT/PZT
Sz (um) 0.886 1.329 2.311

The results of the SEM of sintered surfaces are shown in Figure 7, which compares the
green part, furnace-sintered PZT, laser-sintered PZT and CNT/PZT. All sintering methods
produced necks between particles. This led to particle merging, grain growth and pore
reduction. These changes benefited the enhancement of the piezoelectric property. This
was also conducive to higher strength. Furnace-sintered PZT had the most uniform mi-
crostructure, which yielded the highest d33 measurement. Laser sintering on PZT achieved
microstructural changes in a much shorter time than traditional furnace sintering and
with lower energy. Although the energy consumption was smaller, the rate of necking
created by the intense light wave irradiation was much higher, which allowed the PZT
particles to merge significantly during laser sintering. The closing of pores seen on the
film surface supported a significant increase in the piezoelectric property, although the
d33 measurement revealed that the laser-sintered PZT had a lower piezoelectric coefficient
than the furnace-sintered PZT. This implies that the rate of laser sintering was lower in the
region close to the substrate. The CNT/PZT also displayed large regions of fused particles
on the surface and pore size reduction relative to the unsintered state. Although the CNTs’
absorption characteristic caused a higher temperature in laser sintering, the CNTs situated
at the grain boundaries between particles may have inhibited the complete fusing action to
a degree. Furthermore, the surface was rougher compared with the laser-sintered PZT, as
was confirmed by the profilometry measurements as well, which may have been due to
some oxidation effect of the CNTs. These outcomes from the CNTs could affect the poling
performance, which in turn ended up with a lower piezoelectric coefficient compared with
the laser-sintered PZT. Overall, laser sintering imparted changes in the microstructural and
piezoelectric properties with a faster turnaround while using lower power compared with
the furnace.
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Figure 7. SEM images of (a) unsintered PZT, (b) furnace-sintered PZT, (c) laser-sintered PZT and
(d) laser-sintered CNT/PZT.

Figure 8 shows the effect of the laser power on the sintered morphology. The power
varied from 40% to 100%. At 40% power, necking between particles occurred, and the pores
were smaller relative to the unsintered state. With each successive power increase, the peak
temperature rose and the particle merging and grain growth became increasingly visible,
resulting in an increase to a substantially higher piezoelectric coefficient at 100% power.
The lens distance of 30 mm upwards from the focused position was chosen in order to
broaden the laser beam. This had the effect of increasing the area for energy distribution,
which decreased the deposited laser intensity on the surface. This technique of moving the
field lens to bring the laser-PZT interface out of the focused position allowed for utilizing
the highest power without over-sintering/damage.
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Figure 8. SEM images of PZT laser sintered using (a) 40%, (b) 60%, (c) 80% and (d) 100% power.

To check the sintering results along the transverse cross-section, SEM images were
taken along the thicknesses of the samples. The images are shown in Figure 9. The lower
region near the substrate in the laser-sintered samples had a visibly different appearance
compared with the upper region. The region near the top surface showed larger necking
and fusing behaviour. In the lower region away from the top surface, there may have been
less sintering, leading to a different appearance. A reason for this could be that there was a
temperature gradient from the laser method, corroborating with the laser sintering model.
A similar trend was observed for the composite sample.
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Figure 9. SEM images along the thicknesses of laser-sintered (a) PZT and (b) CNT/PZT.

4.3. Spectroscopic and Crystallographic Properties

Energy-dispersive X-ray spectroscopy (EDXS) spectrum of the unsintered PZT film is
shown in Figure 10. The elemental ratio provided by the EDXS equipment revealed that
the ratio of Zr to Ti was 51% to 49%. This ratio was very close to the morphotropic phase
boundary, namely, Pb(Zr 5,Tip 48)O3, giving it a high charge-carrying capacity [57]. The
ratio of Pb was not stoichiometric; there was an excess of Pb in the form of PbO. Liquid PbO
changed the sintering medium from a solid state to a liquid state, creating a faster sintering
rate and lowering the sintering temperature from 1250 °C to 900~950 °C. Moreover, the
EDXS spectrum presents other elements not found in pure PZT, such as Nb, Ni and Mg,
which may have been impurity byproducts of the calcination process to manufacture the
PZT powder. These trace elements could also assist the laser-sintering process by increasing
the light energy absorption.

Pb

Mg Ti
CNi Pb

0 1.2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Energy (keV)

Figure 10. EDXS spectrum of unsintered PZT film.



Sensors 2023, 23, 3103

17 of 24

The XRD spectra of the laser-sintered and unsintered PZT and CNT/PZT, as well as
the pure CNTs, are displayed in Figure 11. The laser-sintered and unsintered films had
a perovskite crystalline structure with matching peaks at the indicated crystallographic
directions [58]. The laser heating did not cause a degradation of the crystal structure, and
the well-defined peaks were sustained. When there is an excessive lead loss, this creates
a pyrochlore-type phase, which negatively impacts the piezoelectric property. The rapid
sintering prevented excessive lead loss from the sample, including on the top surface which
had the most intense heating effect. This presents an advantage compared with furnace
sintering, where prolonged heating sometimes produces a large pyrochlore phase [59]. The
CNTs had significantly different peaks, but due to their low concentration, the compos-
ite sample shared the same matching peaks with the PZT perovskite and had the same
spectrum. Hence, the laser-sintered films possessed a high piezoelectric property.

(100)  (110) (111) (200) (210) (311) (220)  (310)

A ‘l . LaAser—sintered PZT

2 Unsintered PZT

b= Laser-sintered CNT/PZT
()
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CNT-COOH

20 30 40 50 60 70 80

Two 0 (°)

Figure 11. XRD spectra of the laser-sintered and unsintered PZT and CNT/PZT, as well as
CNT-COOH.

4.4. Mechanical Properties

To estimate the density, the dimensions were obtained using a combination of contact
measurement and non-contact optical profilometry, and the weight was measured using
a digital balance. The laser-sintered films had thicknesses of 30-35 um. The densities
were presented as ratios to the PZT theoretical density of 7.9 g/cm? [39] in Figure 12.
During sintering, organic components were removed and the particles merged, resulting
in densification and shrinkage of the thickness. The furnace produced a higher density
compared with the laser. In addition to the long-duration heating, the densification in the
bulk sample also benefitted from the pellet preparation process. It should be noted that
the high pressure exerted by the hydraulic pressing machine on the pellet created a higher
starting point for the bulk sample before sintering, compared to the slurry casting process.
During laser sintering, the laser beam entered only from the top surface, and the high
heating rate and short duration did not allow the whole sample to reach equilibrium. This
caused uneven sintering in the transverse cross-section of the sample. Hence, the region
near the top surface would have a higher density compared to the region near the bottom
surface. The laser penetration factor, in addition to the lower density at starting point,
resulted in lower sintered densities for the laser-processed films. For the sample containing
CNTs, the density was further lowered. Although the absorption of CNT increased the
temperature during sintering, CNT oxidation limited the densification. Furthermore, the
density of CNTs is lower than PZT, which contributed to the lower overall density as well. In
general, laser sintering created an appreciable increase in the density of the films compared
with the unsintered state, which supported the enhancement of the piezoelectric property.
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Figure 12. Relative density of the unsintered and sintered samples.

Mechanical testing was done using a microindenter. A Berkovich probe with a tri-
angular pyramid geometry was lowered into the sample and a load was applied. The
impression from the indentation and the load were measured. The following equation for
the modulus of elasticity was applied:

1—12
E = —Zﬁ\/Z i (13)
SV E;

where v is Poisson’s ratio of PZT, which equals 0.31; p is a constant related to the geometry
of the indenter, which equals 1.034 for the Berkovich probe used in this study [60]; A is the
projected contact area; S is the maximum applied load; v; is Poisson’s ratio of the diamond
indenter, which equals 0.07; and E; is the modulus of elasticity of the diamond indenter,
which equals 1141 GPa. The hardness was obtained by dividing the maximum applied
load by the contact area.

The elastic modulus measurement results are presented in Figure 13a. Each sample
was tested 10 times, and the standard deviation was calculated. This property had a positive
correlation to the sintering power. After high-power sintering, the elastic modulus was
much higher compared with the unsintered state. When CNTs were added, the elastic
modulus increased. CNT possesses a very high modulus of elasticity, which contributed
to the increase in the property of the composite. Although CNT oxidation occurred on
the surface during the sintering, the reaction might not take place to completion, and
the short duration could allow for a small amount of CNTs to remain, which acted as a
reinforcement phase in the film. Figure 13b shows the hardness test results, including the
standard deviations from 10 tests. The hardness followed the same general trend as the
modulus of elasticity. This indicated that the effects of the rapid sintering method and the
CNT had similar impacts on the hardness, where the high strength of CNT contributed
to the property. The higher properties of the composite film made it more resistant to
scratching, abrasion or fracturing, and thus, better able to maintain the integrity of the film.
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Figure 13. Mechanical properties of unsintered and laser sintered films. (a) Modulus of elasticity;
(b) hardness.

4.5. Force-Sensing Application

To compare the force-sensing application and adaptability with other low-cost and
low-melting-point substrates, a composite sample was cast on an aluminum foil substrate
and then laser sintered. In addition to demonstrating the adaptability, compared to the
glass substrate, the Al foil would easily resist breakage during the hammer impact test,
which was used to obtain the frequency response function of the sensor. Due to difference
in thermal expansion and damage threshold with this substrate, the sample was laser
sintered with adapted conditions, obtained by trial and error, i.e., at the focused position,
10% power and 15 pum line space. Figure 14 shows the force sensor developed using the
laser-sintered sample. To characterize the response of the piezoelectric sensor, the PZT
film was sandwiched between stainless steel (SS) plates and secured to a vice. The wires
from the electrodes of the PZT film were connected to a charge amplifier (Kistler type
5010). The amplifier was routed to a data acquisition (DAQ) unit (National Instruments
9233), which was also interfaced with an impact hammer (PCB 208 A03) with a built-in
sensor-amplifier circuit, and a PC. The impact hammer exerted a force in the same direction
as the PZT polarity. The sensor was calibrated by applying one hit and comparing the
signals from the hammer and the sensor. The frequency response function (FRF) of the



Sensors 2023, 23, 3103

sensing setup obtained by modal hammer tests is shown in Figure 15. It was subdued
by the bolts used to secure the plates, but the setup provided a usable frequency range
indication. The FRF indicates that the frequency linearity was maintained perfectly to
around 850 Hz. Therefore the developed force sensor based on a laser-sintered PZT film is

suitable for a wide frequency range.
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Figure 15. (a) Frequency response of the laser-sintered flexible PZT film-SS plate; (b) force response

of the laser-sintered PZT film.
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After calibration, its performance was evaluated by applying multiple hits with differ-
ent magnitudes. During the impact, the response signal immediately increased in relation
to the force, and there was good linearity with the reference force, as shown in Figure 15.
The usability of a laser-sintered PZT film on Al foil was demonstrated and other substrates
and electrode patterns may be likewise explored with laser sintering.

4.6. Assumptions and Limitations

In the sintering model, the material properties of reflectance, thermal conductivity, heat
capacity and emissivity were assumed to be independent of temperature. It was assumed
that convective heat transfer was negligible, the ambient temperature was constant, and the
material was homogeneous and isotropic. The assumptions made when applying the Beer—
Lambert law were that the PZT medium was homogeneous, it did not scatter the radiation,
the incident radiation consisted of parallel rays and it did not cause optical pumping.

In the fabrication, the process of manually adjusting the electrode tip prior to pol-
ing could produce a slight variation in the field strength. The piezoelectric meter also
contained a measurement error of 5% [61]. The characterizations were conducted in a
low-humidity environment; however, the electric resistance of the ceramic could decrease,
which would cause a leakage current if the environment had a high humidity [62]. For the
microindentation, the shape of the probe may have had an influence on the measurement.

The laser sintering was limited by the level of densification to avoid damage near the
substrate interface. Hence, the piezoelectric and mechanical properties were lower than the
fully dense sintering from the furnace. The properties were nevertheless largely retained
during the laser processing and can be utilized for application.

5. Conclusions

Sintering using a laser was demonstrated to obtain piezoelectric ceramic film via a
low-cost alternative method. The time and energy used to fabricate the laser-sintered
sample was a small fraction compared with conventional furnace sintering. Compared
with dozens of hours of sintering time often required and multiples of kilowatts used in
the thermal furnace method, the laser method reduced the sintering time to a couple of
hours including preheating, and the power usage to approximately 450 watts maximum,
including the preheating, laser source and PC setup. The laser setup is adaptable to facilitate
low-cost mass production. It was confirmed that the temperature limitations of the different
materials can be overcome in order to deploy the flexible substrates. Although the overall
density of the PZT film sintered using a laser was lower compared with the conventional
furnace method, the piezoelectric response still showed high sensitivity. Moreover, adding
CNTs to create a composite increased the hardness and strength while largely retaining
the piezoelectric property and using less energy for sintering. In contrast to the furnace
method, whose extended sintering period causes excessive oxidation of the composite
sample, the short pulses of the laser method are compatible with sintering the composite.
The composite device will be suitable for more environments that require more durability.

Models of the laser sintering environment were developed to build an understanding
of the laser interaction inside the material and the sintering phenomenon. The models were
used to support and verify the investigation. The high power density required a careful
selection of laser parameters. Optimization of the laser parameters focused on allowing for
the elimination of the organic binder, avoiding degradation of the perovskite structure and
substrate, avoiding crack or porosity formation, and improving the sintering consistency
across the surface. The film was used in a sensing setup, in which the signal from the film
was interpreted to obtain the force. Future applications could be tightly integrated sensors
for measuring force due to the high-frequency response and minimization of the impact on
the dynamics.
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