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Abstract

By utilizing the force-electric conversion capabilities of piezoelectric materials, piezoelectric ceramic coatings are
intended to monitor the state of component damage. In this study, lead zirconate titanate [Pb(Zr, Ti)O,, PZT]
piezoelectric ceramic coatings were prepared on the SUS304 substrate by vacuum cold spraying (VCS). The phase
structure, microstructure, and electrical properties of the PZT coating were analyzed. According to the findings, the
PZT coating has a typical tetragonal perovskite structure, and the Xi photoelectron spectrometer (XPS) findings
show that the room-temperature deposition characteristics of VCS techniques do not affect the elemental valence
state of PZT materials, making it a non-destructive way to create the coating. The surface of the PZT coating is
uniform and smooth, and the surface roughness Ra is about 195 nm. The PZT coating has a microhardness of
around 1,510 Hv and an elastic modulus of about 73.9 GPa. Meanwhile, the piezoelectric coefficient d,, of the PZT
coating was about 46 pC/N. The maximum saturation polarization of the PZT coating was 16.2 uC/cm’, the
remnant polarization was 3.1 uC/cm’, and the coercive field was 59.3 kV/cm, which showed some ferroelectricity.
The dielectric constant/dielectric loss of the PZT coating was about 425/0.35. The Curie temperature of PZT
coating is 392.6 °C, which improves the application temperature range of PZT coating. This demonstrates that the
PZT coatings created by VCS have certain electrical capabilities, offering a novel way to create and enhance the
piezoelectric ceramic coating system for later-stage part monitoring.

Keywords: Lead zirconate titanate, vacuum cold spraying, ferroelectric properties, dielectric properties

© The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0
By International License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, sharing,
adaptation, distribution and reproduction in any medium or format, for any purpose, even commercially, as

long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and
indicate if changes were made.

OCE www.oaepublish.com/index.php/gmo


https://creativecommons.org/licenses/by/4.0/
https://www.oaepublish.com/index.php/gmo
https://dx.doi.org/10.20517/gmo.2023.05
https://dx.doi.org/10.20517/gmo.2023.05
http://crossmark.crossref.org/dialog/?doi=10.20517/gmo.2023.05&domain=pdf
https://orcid.org/0000-0003-1882-4641

Page 2 of 14 Zhu et al. Green Manuf Open 2023;1:13 | https://dx.doi.org/10.20517/gm0.2023.05

INTRODUCTION

Remanufacturing is an eco-friendly, energy-efficient, and environmentally friendly method". Surface
coating technology is a key developed technique in remanufacturing”. Existing equipment parts are prone
to fatigue damage and other problems during use, thus affecting the service life of the parts. Therefore, the
establishment of a timely and accurate monitoring system plays a vital role in the long-life use of parts®.

Therefore, one of the key techniques to implement component health monitoring is the creation of
piezoelectric ceramic coating*”. Due to its stable physicochemical characteristics'®” and superior
piezoelectric, ferroelectric, and dielectric capabilities'®, lead zirconate titanate [Pb(Zr, Ti)O,, PZT] material
is a crucial option for achieving the aforementioned tasks. PZT is a continuous solid solution of PbTiO, and
PbZrO, in any ratio to generate different properties">'", and its lattice structure is an ABO,-type Perovskite
structure. The electromechanical coupling coefficient, piezoelectric constant, and dielectric constant of the
PZT material in this component reach their maximum values when the ratio of Zr to Ti is 52:48 due to the

12,13]

phase instability, which is known as the morphotropic phase boundary (MPB) under this ratio!>"*.

PZT ceramics are typically prepared using techniques such as plasma spraying"*, magnetron sputtering"?,
sol-gel methods"?, and vacuum cold spraying (VCS)"". In the 1990s, the first VCS technology was created.
By using the Aerosol deposition (AD) method, Akedo et al. effectively created PZT piezoelectric thickness
for the first time on different substrate surfaces"®. The method depends on the impact adhesion deposition
of ultrafine powder particles on the substrate surface while under vacuum to prepare the coating. The
coating deposition technique was also given the moniker Nanoparticle deposition system (NPDS) by Chun
et al.". The operating concepts of coating preparation by air floating deposition and coating preparation by
cold spraying are similar, in addition to coating preparation in a vacuum environment™. As a result, the
VCS system was independently created and prepared by the thermal spray lab at Xi’an Jiaotong University.
VCS is a novel method for thin film deposition at room temperature. When spraying, the nozzle accelerates
ultrafine powder particles, allowing them to collide quickly with the substrate or film surface. This causes
plastic deformation and fracture, and the film is then produced by the tamping impact of succeeding
particles”*?. VCS, when compared to conventional thin film preparation techniques, has the benefits of low
deposition temperature, high deposition rate, high film densities, a wide variety of substrates, and wide film
thicknesses™".

In short, it offers specific advantages for the creation of piezoelectric ceramic coatings because of the
properties of vacuum deposition at room temperature by VCS. In this paper, the forming mechanism of
VCS PZT coating was studied, and the changes of phase structure, microstructure, and electrical properties
of PZT coating were analyzed, which laid a solid foundation for the preparation of piezoelectric ceramic
coating for monitoring the state of parts.

METHODS

Characterization and measurements

Adopting PM100L planetary ball mill for ball milling of PZT powder to achieve the particle size of the
powder to meet the spraying requirements. An MRA3LMH scanning electron microscopy (SEM) with
secondary electrons was used to observe the morphology of the powder, coating surface, and cross-section.
Using a Mastersizer 2000 laser particle size scattering device, the particle size distribution of the powders
both before and after ball milling was evaluated. A Bruker D8 ADVANCE X-ray diffractometer (XRD) was
used to test and analyze the phase structure of the PZT powders and coatings. Thermo Scientific Escalab
250 Xi photoelectron spectrometer (XPS) with 250 Xi from Thermo Fisher, USA, was used for the energy
test of X-ray photons in order to evaluate the chemical state and surface composition of the PZT coatings.
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Figure 1. SEM of powder (A) and (B) before ball milling; (C) and (D) after ball milling. SEM: Scanning electron microscopy.

The specimens had to be divided into 10 mm x 10 mm x 1 mm pieces, and acetone was used to remove the
silicone oil from the surface. The three-dimensional morphology of the PZT coating surface was observed
using an atomic force microscope (AFM, Bruker Multimode 8), and the surface roughness of the samples
was calculated. The elastic modulus and microhardness of PZT coatings were tested by using a
nanoindenter (Anton Paar UNHT).

Electrical performance tests will be conducted on the upper and lower electrodes of the PZT coating. The
PZT-coated substrate (SUS304) has excellent electrical conductivity and can be used directly as the bottom
electrode. A platinum electrode with a 3 mm diameter was created on the coating surface using ion
sputtering (LEICA EM SCDo005, Germany). A HYJH-3-4 piezoelectric polarization system and a pressure
resistance tester of type RK2671A were also used to polarize the PZT coating. The PZT coating was
polarized at 120 °C for 10-60 min. Samples with a thickness of 40 um were polarized at 60 kV/cm. While the
impedance analyzer (Agilent 4294A, USA) was used to test the dielectric constant and dielectric loss of the
material, the piezoelectric coefficient of the PZT coating was measured using a ZJ-4AN quasi-static d,,
measuring equipment. The TF analyzer 2000E ferroelectric analyzer was also utilized to test the ferroelectric
characteristics.

Preparation of PZT coating

In this experiment, PZT coating was made by PZT [Pb(Zr,,Ti,,)0,, 99.9%] powder. It is decided to use
commercial PZT powder, which is produced by sintering Pb,O,, ZrO,, and TiO, in a specific ratio at high
temperatures. Particles of micron size were produced by mechanically crushing the sintered PZT ceramics.
As shown in Figure 1A, the crushed PZT powder particles showed an irregular shape, and the size of the
powder particles was about 5 um. Figure 1B shows its corresponding powder particle size distribution; the
overall particles of the powder were divided into the range of 0.5-100 um mainly, and the D50 was 5.523 pm.
Due to the difficulty of depositing large powder particles on the surface of the substrate during the spraying
process and the serious erosion effect on the substrate, the VCS system requires a powder particle size of
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Figure 3. Heat treatment process. RT: Room temperature.

less than 2 um to be sprayed!. Therefore, the above mechanically crushed PZT powder was subjected to a
ball milling process [Table 1]. Figure 1C and D depicts the SEM images and the particle size distribution of
the powder following ball milling. The ball milling process significantly reduces and evens out the powder
particle size. The D50 value of 0.174 um of the powder meets the parameters of the VCS experiment.

As shown in Figure 2, the VCS system was used to create the PZT piezoelectric coating in this study. This
system is primarily composed of a vacuum chamber, a powder feeding system, a gas supply system, a nozzle,
and other parts®. Through the powder feeding system, the VCS system produces an aerosol by mixing
micro- and nano-sized PZT powder with the carrier gas provided by a He gas source. When the powder
particles strike the surface of the substrate at high speed as a result of the aerosol’s acceleration by the nozzle
in the vacuum chamber, they are shattered and extruded to form a thin film under the pressure of the
subsequent particles”**.
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Table 1. Ball milling process parameters

Parameter Value

Ball milling jars ZrO,

Milling balls 7r0,: 2,5 mm
Dispersant Anhydrous ethanol
Ball-to-material ratio 101

Rotating speed 200 r/min

Figure 4. Microscopic morphology of the PZT coating. (A) Surface morphology; (B) Cross-sectional morphology; (C) Microstructure at
high resolution. PZT: Lead zirconate titanate, Pb(Zr, Ti)Os.

The PZT piezoelectric coatings in the present study were created by applying the VCS system in the thermal
spray lab at Xi’an Jiaotong University. The spraying substrate is a SUS304 substrate with dimensions of
60 mm x 10 mm x 3 mm, in accordance with the spraying requirements of the VCS equipment and fixture
installation requirements. Before the spraying, the sealing of the vacuum chamber must be verified, and the
samples must be cleaned with ultrasonic energy and heated to promote the deposition of sprayed particles.
Table 2 displays the procedure parameters that were employed in this study.

The PZT coating must be annealed after application to enhance its overall crystallinity, increase the grain
size, and improve the electrical properties. The annealing procedure is shown in Figure 3 to guarantee the
consistent and gradual release of internal stress in the PZT coating. The insulation is maintained at 200 °C,
400 °C for 30 min, and then 600 °C for 60 min, with the heating rate set at 3 °C/min.

RESULTS AND DISCUSSIONS

PZT coating surface and cross-section morphology

Figure 4 depicts the microscopic microstructure of PZT coating. As seen in Figure 4A, the PZT coating is of
good quality with a smooth surface, a dense structure, and no evident flaws such as cracking or peeling.
Figure 4B shows the cross-sectional morphology of the PZT coating with a coating thickness of about
38.5 um, which shows that the coating is densely aligned and tightly bonded to the substrate without
fracture defects. Figure 4C shows the internal microstructure of the PZT coating at high resolution. It can be
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Table 2. Spraying parameters

Deposition Vacuum chamber He gas Mixture flow Spray Scanning Nozzle Deposition
parameters pressure flow rate  rate distance speed size temperature
Value 60+15Pa 2.5L/min 4 L/min 8 mm 5 mm/min ®3.0mm 298K
A Partical diameter(nm) B
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Figure 5. Three-dimensional morphology of the PZT coating. (A) Roughness and particle size distribution; (B) Three-dimensional
morphology. PZT: Lead zirconate titanate, Pb(Zr, Ti)Os.

seen from the figure that the PZT coating is made of powder particles mechanically embedded, which is in
line with the characteristics of coating formation by VCS technology. At the same time, it can be clearly
seen that there are different sizes of pore structures between the powder particles and the powder particles,
mainly due to the mechanical embedding of the powder particles cannot be completely matched. The
findings demonstrate the preparation of a high-quality PZT coating with good crystallinity and a smooth
surface on the surface of SUS304, and they also demonstrate the significance of the coating in the electrical
property measurement.

Three-dimensional morphology

Figure 5 depicts the three-dimensional morphology of PZT coating. As shown in Figure 5A, the surface
profile curve of the PZT coating and the particle size distribution of the surface particles indicate that the
particle size distribution of the surface particles of the coating ranges from 100-700 nm. The surface
particles are mainly concentrated at about 250 nm, which is consistent with the particle size of the sprayed
powder after ball milling treatment. The surface of the PZT coating is quite smooth and consistent, with a
roughness Ra value of 195 nm, as illustrated in Figure 5B. Thus, it is clear that the surface of PZT coating is
primarily made up of nanostructures with surface particles whose sizes are far bigger than variations in the
surface profile. The submicron-sized powder is continuously refined through high-speed impact, crushing,
and compaction on the substrate in the vertical direction, which encourages surface nanostructuring and
results in a higher degree of densification in the direction perpendicular to the substrate than in the
horizontal direction.

Nano-mechanical properties characterization

Figure 6 depicts the results of a nanoindentation test performed on the PZT coating’s surface. The
nanoindentation displacement-load curve of the PZT coating is shown in Figure 6A. The curve was
measured three times to ensure the accuracy of the experiment, and the average value was taken. The PZT
coating has a microhardness of around 1,510 Hv and an average elastic modulus of about 73.9 Gpa
[Figure 6B]. It is evident that the PZT covering is extremely hard, has a dense internal structure, and has few
imperfections such as porosity.
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Figure 6. Nanoindentation analysis of the PZT coating. (A) Nanoindentation displacement load curve; (B) Elastic modulus and
hardness. PZT: Lead zirconate titanate, Pb(Zr, Ti)O,.
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Figure 7. XRD patterns of PZT powder, coating, and coating after heat treatment at 600 °C. PZT: Lead zirconate titanate, Pb(Zr, Ti)O5;
XRD: X-ray diffractometer.

Evolution of coating phase structure

Figure 7 shows the XRD patterns of PZT powder, coating, and coating following heat treatment at 600 °C.
Compared to the (100) and (111) peaks, the (110) peak is sharper®*!, Since the XRD diffraction peaks of
the coating and the powder are so similar, it is clear that the PZT coating preserves the powder’s lattice
structure. The XRD diffraction data demonstrate that the PZT powder and coating both exhibit a typical
tetragonal perovskite structure and that the phase structure was unaffected by the spraying process™. This
is primarily because the room temperature deposition properties of VCS prevent the prepared material from
going through phase transformation despite the high temperature and pressure created at the time of
powder particle impact. However, following the heat treatment, the intensity of all of the PZT coating’s
diffraction peaks significantly increased, indicating that flaws such as lattice distortion brought on by
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Figure 8. XPS survey spectra of the PZT coating (A) XPS full spectrum; (B)-(F) C, O, Pb, Ti, and Zr spectrum. PZT: Lead zirconate
titanate, Pb(Zr, Ti)O5; XPS: Xi photoelectron spectrometer.

powder impact in the PZT coating were partially fixed, and the PZT coating’s overall crystallinity was
improved. The PZT coating treated at 600 °C also displayed a typical tetragonal phase structure in the XRD
diffraction peaks. It is advantageous to enhance the PZT coating’s ferroelectric, dielectric, and piezoelectric
properties”***.

Valence analysis of coating elements

By using XPS analysis, the element chemical state and valence state of the PZT coating were evaluated.
Figure 8A shows the entire XPS spectrum of the PZT coating. Figure 8B-F displays the results of each
elemental spectrum for C, O, Pb, Ti, and Zr. As can be shown in Figure 8B, the 284.8 eV C1s binding energy
is regarded as a surface contaminant on the C-peak PZT coating and an unidentified hydrocarbon of the
XPS instrument. Figure 8C shows that the binding energy of oxygen in the coating’s internal lattice is
529.7 eV, whereas the binding energy of oxygen adsorbed on the coating surface is 532.4 eV, There is
just one stable chemical state of lead, as shown by the binding energies of Pb4f,, and Pbaf,,, in Figure 8D,
and there is no lead loss throughout processing. According to Figure 8E, Ti2p,,, has a binding energy of
457.6 eV, while Tizp,, has a binding energy of 462.3 eV. Zr3d,, and Zr3d,, had binding energies of 181.1
and 183.4 eV, respectively, according to Figure 8F. The experimental results show that Pb, Ti, or Zr do not
change valence during the spray preparation process, further supporting the characteristics of vacuum cold
spray vacuum room temperature deposition”**,

PZT coating piezoelectric property

PZT coatings are polarized at 60 kV/cm for 10-60 min at 120 °C. Figure 9 displays d,, of the PZT coating
during different polarization times. The figure demonstrates that d., of the PZT coating rises with the
polarization time, reaching a maximum of 46 pC/N after 30 min. The PZT coating is formed by the
crushing and extrusion accumulation of micro- and nano-powders, and there are some degrees of pores and
other defects inside the coating. According to the space charge theory proposed by Okayazaki and Nagata,
when a piezoelectric ceramic is polarized, the force exerted by the applied electric field on the domains is in
the opposite direction to the force exerted on the space charge, thus hindering the migration and rotation of
the domain walls". The presence of pores in the coating introduces a space charge field that affects the
polarizability of the coating, which, in turn, affects the piezoelectric properties of the coating.
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Figure 9. d.; of the PZT coating during different polarization times. PZT: Lead zirconate titanate, Pb(Zr, Ti)O..

20 ;
——5kV/em ;

15 — 10 kV/em 1
——15kV/em :

—20 kV/em 1

10 - ——25kV/em :
1

1

1

Polarization [uC/cm?]
(]

_2 0 1 1
-600 -400 -200 0 200 400 600

Field [kV/cm]

Figure 10. P-E hysteresis loops of the PZT coating at room temperature with different electric fields at 1 kHz. PZT: Lead zirconate
titanate, Pb(Zr, T)O,.

PZT coating ferroelectric property

Figure 10 shows the hysteresis loops of PZT coatings at room temperature with different electric fields at
1 kHz. The results show that the electric hysteresis loops of PZT coating have a typical loop shape, which
indicates that the coating has ferroelectric properties'***?. The saturation polarization values (Ps) of PZT
coating at different electric fields were 1.9, 4.9, 8.8, 12.8, and 16.2 pC/c’, respectively; and the coercive
fields (Ec) of PZT coating were 8.3, 20.4, 36.1, 50.0, and 59.3 kV/cm. In the studied range (before
saturation), the remanent polarization (Pr) and Ec of PZT coating increased with the increase of the applied



Page 10 of 14 Zhu et al. Green Manuf Open 2023;1:13 | https://dx.doi.org/10.20517/gm0.2023.05

N

=3

S
T

8000

7]
=]
=

6000

Dielectric loss (tand)
=
—3

4000 100

0 n N Ao

Dielectric constant (g,)

L L L L
0 200k 400k 600k 800k ™M
2000

Frequency (Hz)

T T T T
0 200k 400k 600k 800k ™M
Frequency (Hz)

Figure 11. Frequency dependence of dielectric loss and dielectric constant of the PZT coating. PZT: Lead zirconate titanate, Pb(Zr, Ti)O,.

2500 , 6
——1kHz —— 1kHz
2000 | 10kHz —— 10kHz
—<— 1MHz —— 1MHz
< 1500 - )
=]
= S
£ =
= g
S 1000 S
2 E
= z
=500 | A
a
0 3
-500
0

Temperature (°C)

Figure 12. Temperature dependence of the dielectric constant and dielectric loss of the PZT coating at different frequencies. PZT: Lead
zirconate titanate, Pb(Zr, Ti)O,.

electric field, as shown in Figure 10. When the electric field is 25 kV/cm, PZT coating has good ferroelectric
properties, and the hysteresis loop is relatively saturated with a maximum remanent polarization Pr of
3.1 pC/cm’ and a coercive field Ec of 59.3 kV/cm. However, the PZT coating is formed by crushing,
extruding, and stacking micro- and nano-powders after accelerating them in a vacuum environment, so
there are defects, such as pores and cracks, inside the coating, which lead to problems such as space charge
polarization in the coating; so, the P-E hysteresis loops appear to be non-closed™**!.
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PZT coating dielectric property

PZT coating dielectric spectrum

Figure 11 shows the frequency dependence of the dielectric constant and dielectric loss of PZT coating.
From the figure, it is observed that the dielectric constant is unstable at low frequencies, and with the
increase of frequency, the dielectric constant decreases rapidly before finally stabilizing. The dielectric
constant/dielectric loss of PZT coating is about 425 (0.35). It is mainly due to the internal polarization
process of the PZT coating, which is mainly caused by the combined effect of electron displacement
polarization, ion displacement polarization, intrinsic electric dipole orientation polarization, and space
charge polarization*”. As the frequency increases, the value of the dielectric constant decreases at high
frequencies and eventually stabilizes to equilibrium due to the weakening of the space charge polarization
effect!™.

Dielectric temperature spectrum

Figure 12 shows the temperature dependence of the dielectric constant and dielectric loss of PZT coating at
different frequencies. From the figure, it can be seen that the dielectric constant (g,) increases with
increasing temperature at different frequencies, and the temperature at which the dielectric constant (e,)
reaches its highest value is the Curie temperature (Tc) of the PZT coating. When the temperature
approaches Tc, the ferroelectric phase in the PZT coating transitions towards the Paraelectric phase'”. The
Tc of the PZT coating is 392.6 °C, and the maximum dielectric constant (e,,,) is 2,291 at 1 kHz.

In conclusion, the PZT piezoelectric ceramic coating was prepared on the SUS304 substrate by VCS, and the
phase organization, microstructure morphology, and electrical properties were investigated.

1. According to XRD patterns, the PZT coating shows a typical tetragonal perovskite phase structure that
does not change before or after spraying. The valence states of the elements included inside PZT materials
do not change, according to the XPS study. This demonstrates that room-temperature deposition
characteristics of VCS technology provide a non-destructive way to prepare PZT coatings.

2. The PZT coating surface is uniform and smooth, with a surface roughness of about 195 nm. The PZT
coating has an elastic modulus of around 73.9 GPa, and its microhardness is about 1,510 Hv. With the
exception of a small percentage of porosity, the PZT coating’s overall structure is sound.

3. The piezoelectric coefficient d,, of the PZT coating is about 46 pC/N. The maximum saturation
polarization of the PZT coating is 16.2 uC/cm?, the remnant polarization is 3.1 nC/cm?, and the coercive
field is 59.3 kV/cm, which exhibits a certain ferroelectricity. The dielectric constant/dielectric loss of the
PZT coating is about 425/0.35. The Tc of the PZT coating is 392.6 °C, which improves the dielectric
constant and the dielectric loss. It can be seen that the PZT coatings prepared by VCS have a certain degree
of electrical properties, which provides a new method to establish and improve the piezoelectric ceramic
coating system for monitoring the damage state of parts at a later stage.
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