- o 01\
g .

&£ 8




High-quality piezoelectric coatings can be achieved by the P-HT
method, which is promising for scaling up the fabrication
of piezoelectric ceramic coatings using for SHM.

By HAOJIE YUE, KAILING FANG, ZHICHAOQO GONG, KUN GUO, SHIFENG GUO, HONGFEI'LIU, KUI'YAQ,

AND FRANCIS ENG/ HOCK/TAY

he piezoelectric ceramic coating, [0.94(Big sNag 5)TiO3-
T 0.06BaTi03]g.9g-(LiNDbO3)g 92 (BNBTLN), was fabricated by

thermal spray process on stainless steel substrates with

thermal barrier coating (TBC) as an intermediary layer.
The morphology, structure, and electrical properties of the thermal-
sprayed BNBTLN coatings after furnace heat treatment (F-HT) and
plasma torch heat treatment (P-HT) were studied, respectively. The
BNBTLN coatings after F-HT and P-HT both had the coexisting rhom-
bohedral and tetragonal perovskite phases and exhibited excellent
electrical properties, with an effective piezoelectric coefficient d3; of
68 p.m./V and 40 p.m.|V, respectively. These results reveal that high
quality piezoelectric coatings can be achieved by the P-HT method,
which is promising for scaling up the fabrication of piezoelectric
ceramic coatings.

1INTRODUCTION
The Internet of Things (IoT) demands have led to a rapid expansion
of the structure health monitoring (SHM) market in recent years.
Rapid prototyping and integration of sensors and electronics on
engineering structures and parts are desired in smart systems with
SHM, which have inspired the research and development efforts on
the revolution of smart materials fabrication. Piezoelectric materials
have been widely used in sensors, transducers, and actuators [1-8]. The
traditional piezoelectric ceramic coating fabrication methods, such as
screen-printing [9-11], physical vapor deposition (PVD) [12,13], chemi-
cal solution deposition (CSD) [14, 15, 16], and aerosol deposition (AD)
[17] cannot meet the on-site engineering practical operation requests,
such as operating in the open air, large scale, high productivity and
substrates with complicated shape. Air plasma spray (APS) is a well-
developed technique for coating fabrication [18, 19, 20], which has
been widely used in the aerospace and oil and gas industry [21]. In
the past 30 years, efforts have been made to prepare lead zirconate
titanate (PZT)-based piezoelectric ceramic coatings by a scalable depo-
sition method — thermal spray. However, a large number of second-
ary phases were formed in the obtained PZT-based coatings, which
resulted in much lower electrical properties compared to the PZT-
based ceramic bulk counterpart [22, 23, 24, 25]. In previous studies
[26,27], a single perovskite phase was achieved in thermal sprayed
bismuth sodium titanate (BNT) lead-free piezoelectric ceramic coat-
ings. Furthermore, the obtained effective piezoelectric coefficient
ds3 of heat-treated BNT coatings is close to that of BNT bulk ceramic.
The heat treatment can significantly improve the crystallinity and
electrical properties of thermal sprayed coatings. Researchers have
investigated the effects of heat treatment on the quality of PZT thick
film, obtaining a single PZT phase after a 700°C calcination treatment.
At an adequate heat treatment temperature, not only to avoid a large
number of secondary phases but for better crystallization during the
transformation of the precursor to crystalline PZT [28]. Some efforts
have been made to prepare barium titanate-based piezoelectric coat-
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ings on carbon steel by plasma spray and investigating their electrical
and mechanical properties after heat treatment. During the plasma
spray process, the coating formed by the rapid melting and cooling of
barium titanate contains a large amount of amorphous phase. Heat
treatment was found to transform the amorphous phase into a crys-
talline one, while also yielding a high dielectric constant and low
dielectric loss [29]. Potassium sodium niobate based ceramic coating
with single perovskite phase and dense morphology were successfully
prepared by thermal spray, and heat treatment at 1,150°C was carried
out to improve the crystallinity and electrical properties. The results
show the effective piezoelectric coefficient d3; is more competitive
than other thermal sprayed lead-free piezoelectric coatings [30,31].
However, the high temperature of F-HT limits the applications of
the piezoelectric coatings on metallic substrates, as oxidation occurs
when some metallic substrates are heat treated for a long time at high
temperatures. In addition, since some engineering structures and
parts can be large in dimension, scale-up fabrication or direct in-situ
production of piezoelectric ceramic coatings requires thermal treat-
ment on-site implementable instead of conventional thermal treat-
ment in a furnace. To date, no studies have been conducted with a
focus on the different on-site heat treatments of piezoelectric ceramic
coatings, except for a few reports on heat treatment in the furnace. A
novel and effective heat treatment method is desired for the on-site
processing of piezoelectric ceramic coatings.

In this work, the plasma torch was innovatively used for the
heat treatment of piezoelectric ceramic coatings. LiNbO3-doped
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piezoelectric ceramic coatings were fabricat-
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ed on a 316L stainless steel substrate by ther-
mal spray process after introducing TBC as
an intermediary layer. Thermal analyses of
the meltrecrystallization process of BNBTLN
ceramic coatings were conducted. The crystal-
lization behaviors of the thermal sprayed coat-
ings during heat treatmentin a furnace (F-HT)
and by plasma touch heat treatment (P-HT)
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were investigated. The comparison between 400 800
F-HT and P-HT of thermal sprayed BNBTLN
coatings was presented, including morphol-

ogy, structure, and electrical properties.

2 EXPERIMENTAL PROCEDURE

BNBTLN ceramic powders were prepared by conventional solid-state

ceramic processing using Bi;03 (99.99 %), Na,CO3 (99.5 %), BaCO3

(99.95 %), Li,CO3 (99.998 %), Nb,Os (99.9 %), and TiO, (99.90 %) pow-
ders (Alfa Aesar, Karlsruhe, Germany) as the starting materials. As

the carbonate powders were moisture sensitive, they were dried first
at 120°C for 24 hours prior to use. All the starting materials were

weighed to get the stoichiometric composition of [0.94(Bi sNag 5)TiO3-
0.06BaTi03]g 9g-(LINDbO3)g.02. 10 mol% excess Bi was introduced to the

feedstock to compensate for the volatile loss. The weighed materi-
als were wet-mixed in ethanol for 24 hours by a planetary ball mill
machine. Then, the slurry was dried and compacted before it was

put into an alumina crucible and calcined in a furnace at 850°C for 2

hours and then at 1,000°C for 5 hours.

The feedstock powder was prepared by crushing and sieving the

calcined coarse agglomerates to obtain desired particle size. The melt-
ing and crystallization behaviors of BNBTLN calcined powder were
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Figure 1: (a) Heating and (b) cooling DSC curves of BNT and BNBTLN ceramic powders.
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Figure 2: XRD patterns of resolidified BNT and BNBTLN.

studied by thermogravimetric analysis com-

bined with differential scanning calorimetry (E }
(TG-DSC, STA 449 F1 Jupiter, Netzsch GmbH, 8 B0,
Germany), up to 1,400°C in the air in Pt cru-
cibles, with both heating and cooling rate
of 20°C/min. In order to identify the phases
formed in the cooling process of the DSC test,
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the final product after the STA test (i.e., the
resolidified BNBTLN ceramic) was examined
by X-ray diffraction (XRD).

A Pd/Ag bottom electrode layer (30/70, F-HT

Gwent Group, Pontypool, U.K.) layer was
first prepared by screen printing on the
316L stainless steel plate substrates with
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Westbury, NY). The thermal spray process
was conducted at ambient pressure using Ar
plasma at a power of 18 kW. The crystal struc-
ture of the obtained samples was analyzed
by X-ray diffraction analysis (XRD, D8 ADVANCE, Bruker AXS GmbH,
Karlsruhe, Germany). The morphology of the coatings was exam-
ined with a field emission scanning electron microscope (FESEM,
JSM6700F, JEOL, Freising, Germany). The microstructure of the sam-
ples was analyzed using transmission electron microscopy (TEM, JSM-
6100F, JEOL, Ltd., Tokyo, Japan). A focused ion beam (FIB, FEI Helios
NanoLab 600 DualBeam, Eindhoven, Netherlands) cutting was used
for the TEM specimen preparation. Dielectric properties were mea-
sured with an impedance analyzer (HP4294A, Agilent Technologies
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Figure 3: XRD patterns of thermal sprayed BNBTLN coatings before and after heat treatment.

Inc, Tokyo, Japan). The ferroelectric properties were studied at room
temperature using a ferroelectric testing unit (Premier II, Radiant
Technologies, Inc., Albuquerque, USA) at a frequency of 10 Hz. The
thermal sprayed coatings were poled under an electric field of 60 kV/
cm at room temperature for 10 minutes.

The piezoelectric coefficient (d33) was measured using a laser scan-
ning vibrometer (OFV-5000, PolyTech GmbH, Waldbronn, Germany).
BNBTLN bulk samples were also prepared for electrical properties
testing as a control. The d3; of bulk ceramic was measured with a
piezo-dsz; m (Z]-4B, Institute of Acoustics, Shanghai, China).
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Figure 4: FESEM images of surface (a, c, e) and cross-section (b, d, f) for BNBTLN coating on 316L-TBC: (a)
and (b) As-sprayed coating, (c) and (d) Plasma torch heat-treated coating, (e) and (f) Furnace heat-treated
coating.
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Figure 5: TEM image of BNBTLN coating: (a) F-HT, SAED patterns obtained from the [111] and [110] crystal
axes, respectively, with 2{ooe} and V2{ooo} superlattice spots highlighted with white arrows. (b) P-HT, and
SAED patterns were obtained from the [110] and [100] crystal axes, respectively, with 2{ooe} and "2{oo0}
superlattice spots highlighted with white arrows.

3 RESULTS AND DISCUSSION

3.1 Melting-recrystallization behavior
of BNBTLN coatings

Since the melting-recrystallization process
was involved in the thermal spray process,
the melting and recrystallization behaviors
of BNBTLN ceramic powder were studied in
comparison with BNT by the DSC test shown
in Figure 1 BNT was reported to be a congru-
ent melting composition [32,33]. The DSC
curve of BNT in Figure 1a exhibited a single
sharp melting peak at 1,303°C, and BNBTLN
showed a similar melting behavior with a
lower melting point at 1,276°C. The lithium
niobate dopant in the BNT-BT system was
believed to contribute to the lowered melt-
ing point [34,35]. In the cooling DSC curve
of BNT, there was one major sharp peak at
1,247°C, followed by two small peaks on the
lower temperature side. BNBTLN had one
major sharp peak at 1,243°C, followed by
one small peak on the lower temperature
side. XRD patterns of the resolidified BNT
and BNBTLN were shown in Figure 2. Both
exhibit major perovskite phase, which could
correspond to the major peaks in cooling
DSC curves. In addition, minor Bi-deficient
Na,Tiz;07 and Na,TigO¢3 secondary phases
were detected in the resolidified BNT due to
the more serious volatile loss of Bi than that
of Na.

3.2 Structure and morphology

of BNBTLN coatings

The XRD patterns of thermal sprayed
BNBTLN coatings are presented in Figure
3. The as-sprayed coating exhibited a tiny
hump of the amorphous phase. After heat
treatment, all the BNBTLN coatings showed a
single phase of perovskite structure with sig-
nificantly increased intensity of diffraction
peaks compared to the as-sprayed coating,
indicating the heat treatment by both fur-
naces and plasma torch effectively enhanced
the crystallinity. Additionally, the diffraction
peaks shift to smaller angles after F-HT and
P-HT (shown in Figure 3b), indicating a larger
lattice space. This phenomenon could poten-
tially be attributed to the presence of tensile
stress [36)].

Figure 4 presents the FESEM images of

the surface and cross-section for BNBTLN
thermal sprayed coating before and after
the heat treatments. As shown in Figure 4a,
the surface of the as-sprayed coating consists
of a mixture of spherical and irregularly-
shaped particles, which is a typical mor-
phology resulting from rapid cooling and
solidification after melting. The morphol-
ogy indicate that the crystallization was not
fully completed from the cool melt in the
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ENBTLN Substrates Post thermal treatment Dielectric constant Dielectric loss P, (uC/cm?®)  dss (pmy/V)
Thermal sprayed coating  316L-TBC As-sprayed 538 0.024 8 9
F-HT 1154 0.044 29 68
P-HT 48 0.038 16 40
Bulk ceramie MN.A. MN.A. 1720 0.050 34 180

Table 1: Dielectric and piezoelectric properties of BNBTLN coatings measured at room temperature (1 kHz).

as-deposited coating [37]. In addition, as pre- (a) ey L | W
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Figure 4d, the cross-section morphology of 05 |. -
the coating after P-HT treatment is relatively

dense with a more regular shape than the
as-sprayed coating. Furthermore, the incom-
pletely crystallized particles have also been
recrystallized during the heat treatment,
giving rise to the clear grain boundaries. Likewise, the morphology
of the surface and cross-section recorded after F-HT is presented in
Figure 4e and 4f, respectively. Due to the longer time and a more
uniform heating process, the F-HT produced denser morphology and
higher crystallinity than P-HT.

The bright field TEM image in Figure 5a revealed more details
of the BNBTLN coating after F-HT, with the selected area electron
diffraction (SAED) patterns obtained along [111] and [110] zone axes
showing the presence of 1/2{ooe} and 1/2{ooo} superlattice reflections,
respectively. The in-phase (a%a’c*) tilting of oxygen octahedrons in
the P4bm phase contributed to the presence of 1/2{ooe} superlattice
reflections along [110] direction, indicating the perovskite phase had
a tetragonal characteristic. The 1/2{oo0} superlattice spots along [110]
indicated the antiphase (a'a'a) oxygen octahedral tilting in the R3c
phase, which was not visible in P4mm and P4bm phases [38, 39, 40, 41].
These superlattice diffractions provided solid evidence for the coex-
istence of R-T phase in the same grain in thermal sprayed BNBTLN
coatings after F-HT. The MPB of R-T phase was expected to enhance
the subsequent electrical properties, similar to the effect observed
in bulk ceramic.

Similarly, Figure 5b presents TEM images of BNBTLN coatings after
P-HT, with SAED patterns obtained along [100] and [110] zone axes.
The 1/2{ooe} superlattice diffractions in the SAED of [100] direction,
in addition to the fundamental perovskite reflections, indicated a
tetragonal characteristic of the perovskite phase. The alignment of
the 1/2{oo0} superlattice spots along [110], revealed the presence of an
R3crhombohedral perovskite phase in the thermal sprayed BNBTLN
coating. This indicated that the MPB of R-T phase also existed in the
P-HT coating.

In addition, the measured reciprocal space vector |G(111)| and
|G(110)| in R-phase and T-phase for F-HT were 4.43 nm™ and 3.70 nm,
respectively. The corresponding real space distances, calculated from
the inverse of |Gg(1 11)| and |Gg(1 10)|, were dp(111)=2.26 A and dg(1 0)
=2.70 A, respectively. For P-HT, the measured |Gp(111)| and |Gp(110)| in
R-phase and T-phase were 4.39 nm™ and 3.61 nm’, respectively. The
corresponding real space distances were dp(111) = 2.28 A and dp(110)
=2.77 A, respectively. The distances of dg(111) and dg(1 10) were great-
er than dp(111) and dp(110), respectively, indicating that the lattice
parameter of P-HT is larger than that of F-HT, which is consistent
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Figure 6: Thermal sprayed BNBTLN coatings: (a) dielectric constant and dielectric loss versus frequency, (b)
polarization versus electric field at room temperature, at 10 Hz.
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Figure 7: Three-dimensional plotting of instantaneous vibration data with the
dilatation of the P-HT BNBTLN coating excited by an electric sine wave of 20 V
(amplitude) at 1 kHz, measured with LSV under substrate clamping condition.

with the XRD diffraction peaks being shifted.

3.3 Dielectric, ferroelectric, and piezoelectric properties

The dielectric and ferroelectric properties of the heat-treated coat-
ings were subsequently investigated and compared to those of bulk
ceramics. Figure 6a shows heat treatment significantly enhances the
dielectric properties of thermal sprayed BNBTLN coatings, which is
mainly attributed to the improved crystallinity and densification of
the coating. As presented in Table 1, at the measurement frequency
of 10 kHz and room temperature, the dielectric constants of F-HT
and P-HT samples are 1,154 and 648, respectively, with the former
being significantly higher than the latter, yet still lower than 1,720
of bulk ceramics.

The dielectric loss of the coating after heat treatment is lower
compared with the as-sprayed coating. Compared with the as-sprayed
coatings, the P-E loop of the BNBTLN ceramic coating after heat
treatment shows the remnant polarization increased significantly
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Figure 8: Schematic diagram of two heat treatment methods and the corresponding growth process of

crystal grains.

with improved saturation. While both the F-HT and P-HT processes
improved electrical properties of the as-sprayed coating, the F-HT
processed coating still exhibited the best dielectric and ferroelectric
properties.

After poling at room temperature under 55 kV/cm for 10 minutes,
the effective piezoelectric coefficient d3; of the BNBTLN coatings was
measured by the LSV method [42]. Figure 7 presents the displacement
magnitude of BNBTLN coating after P-HT measured under the excita-
tion of a sine wave of 10 V in amplitude at 1 kHz. Since the top (cov-
ered with the top electrode) of the 3D plotted data was uneven, the
average value over the top area instead of the highest point was used
to calculate the effective d3;. The thermal sprayed BNBTLN coatings
after P-HT had the effective piezoelectric coefficient d3; of 40 p.m./V.
In addition, Table 1 also compares the d3; of the thermal sprayed coat-
ings and the bulk ceramic of BNBTLN. The as-sprayed coating shows
effective piezoelectric coefficient d3; of 9 p.m.[V, which reached 68
p.m./V after F-HT. The d33 of BNBTLN bulk ceramic is 180 p.m./V,
which is relatively high compared with the BNBTLN thermal sprayed
coatings.

3.4 Comparative analysis of F-HT and P-HT processes

Figure 8 illustrates the process of F-HT and P-HT and the associated
grain growth details. The as-sprayed coating exhibits the presence
of amorphous regions and a significant number of porosities along
with a relatively small grain size. In the conventional F-HT, the
workpiece with the thermal sprayed coating is heated to a high
temperature through slow heating in the furnace, with the tem-
perature in the furnace relatively stable and the heat flow emanat-
ing from all directions.

Prolonged heat flux leads to the gradual disappearance of the
amorphous regions involved in the coatings, with the grain bound-
aries becoming increasingly distinct and the grain size becoming
uniform, yet a small number of interlayer voids remained.

The P-HT uses a plasma torch as a heat source, which sprays a plas-
ma flame of extremely high temperature directly onto the surface
of the coating and scans the flame on the surface in a back-and-forth
manner. At the high temperature of the plasma flame, the grains
rapidly crystallize and grow. However, the heat from the plasma torch
is directional with sharp interfaces and steep thermal gradients. The
inhomogeneous heat source leads to irregular grain size and shape,
which hinders the formation of regular layered grain morphology.
The temperature change during P-HT of the sprayed coating along

the scanning path was much faster, which
may not favor formation of uniform nucle-
ation and adequate grain growth. Although
the density of the coating after P-HT is not
as good as that of the coating after F-HT,
the heat treatment time is greatly reduced,
and the oxidation damage to the metal sub-
strate is avoided, meanwhile, it is scalable
for forming thermal sprayed piezoelectric
ceramic coating in large engineering struc-
tures. These features are highly demanded
| for many practical applications, such as in
ultrasonic structural health monitoring [43].

4 CONCLUSIONS

BNBTLN piezoelectric ceramic coating was
deposited by thermal spray on stainless
steel substrates with thermal barrier coat-
ing (TBC). Both the furnace heat treatment
(F-HT) and plasma torch heat treatment
(P-HT) significantly improved the crystallinity with R-T phase coex-
istence and enhanced the ferroelectric and piezoelectric properties
of the BNBTLN coatings. F-HT provided gradual and uniform heating
beneficial to more homogeneous grain morphology, higher density,
and better electrical properties. P-HT offered a scalable, fast, and on-
site processing method.

After P-HT, an effective piezoelectric coefficient d3; of 40 p.m.[V
was obtained. These results reveal that high-quality piezoelectric
coatings can be achieved by the P-HT method, which is promising
for scaling up the fabrication of piezoelectric ceramic coatings using
for SHM. §
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