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Piezoelectric ceramics are envisioned as cell stimulating materials for in-vivo, load-bearing applications. To
compensate for their brittle nature developing ceramic films on medically accredited metals is a promising
approach. However, high temperature consolidation is often required to achieve highly dense ceramics with
suitable functional properties, which can compromise the metal substrate integrity. With aerosol deposition
highly dense thick films can be produced at room temperature. Still, an annealing step is required to enhance the

functional properties of piezoelectric ceramics. Thermal annealing of dense, aerosol deposited BaTiOg thick films
on 304SUS stainless steel gave a clear enhancement of the dielectric properties. An increase in saturation po-
larization and the adoption of ferroelectric hysteresis at 750 °C coincided with a significant reduction in me-
chanical properties. The simultaneous appearance of grain growth and diffusion of chromium from the substrate
at 750 °C suggests that chromium acts as a sintering aid.

1. Introduction

Piezoelectrics are a class of functional materials possessing the
unique emergent property of generating electrical surface charge upon
application of mechanical stress, and vice versa. This has made piezo-
electrics one of the most technologically important material classes of
modern society, with applications ranging from ultrasound transducers
for medical imaging to low orbit satellite mounted optics [1,2]. The
advent of micro and nano-electronics has created considerable interest
in combining piezoelectric ceramic films with substrate materials such
as metals, polymers and glass. Combination of these different materials
is in general to make systems where the components complement each
other’s properties, such as functional ceramic films with mechanically
strong metals. One such new application is the use of piezoelectric
ceramic thick or thin films as bone growth enhancers on the surface of
orthopedic metal implants.

This combination of materials utilizes the electrical activity of the
piezoelectric ceramics with the strength and ductility of the load-
bearing underlying metal implants [3-5]. However, for such an
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implant to work, the film needs to be dense and strongly adhered to the
implant to prevent it from coming off or disintegrating in-vivo while
retaining the functional properties of the film. This has provided a
considerable challenge when exploring suitable processing routes as one
of the principal ways for ceramic film deposition to achieve adherence
and densification is by the application of high temperatures to fuse the
film with the substrate and consolidate it [5]. In particular, densification
and adherence of ceramics to substrates can require temperatures above
1000 °C [6,7] which could drastically alter the chemistry and stability of
the substrate. As such, room temperature processing is an area of intense
research, with one possible candidate being Aerosol Deposition (AD).
Although comparatively novel in the west, AD research has been
dominated by South Korea and Japan since the 1990’s following its in-
vention by Ichiki et al. [8] and subsequent pioneering work by Akedo
et al. [9-12]. So far, a sizable amount of the research has been focused
on the development of microelectromechanical systems (MEMS) for use
as microactuators and energy harvesting [6]. However the process’
operating principles suggests that it could be useful for the fabrication of
functional films for orthopedic implants as well. The method involves
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accelerating ceramic particles to velocities of 100-600 m/s through a
specialized nozzle onto a wide range of substrate materials and geom-
etries at room-temperature [9]. Once accelerated, the high kinetic en-
ergy of the particles is enough to fracture them upon impact with the
substrate and plastically deform them, leading to a dense film with
successive impacts. The accepted mechanism for this process is typically
referred to as room temperature impact consolidation (RTIC) and is
excellently summarized along with the AD process itself in a review by
Hanft et al. [6]. By virtue of the RTIC mechanism, as-sprayed AD films
show a large degree of microstructural homogeneity regardless of film
and substrate material. Generally speaking, an AD film exhibits few
defects, excellent contact and adhesion with the substrate, low porosity,
nano-scale grains, high dielectric breakdown strength, large residual
strain and densities higher than 96% [13]. Based on this, AD is a
promising candidate for integrating ceramics with possibly temperature
sensitive substrates, yet there are some drawbacks.

Although there are several studies reporting successful room-
temperature deposition of ceramics such as AlyO3 [14,15], materials
possessing piezoelectric or ferroelectric character have been proven
more difficult to process. Specifically, many piezoelectrics show reduced
dielectric properties when grain or crystallite sizes enter into the
nano-scale [16,17]. Additionally, as piezoelectricity is strain dependent,
the presence of residual strain introduced by the RTIC deposition
mechanism in AD films can further limit the electromechanical func-
tionality of the material [18]. In response to this, post-processing
heat-treatments are a common way to increase crystallite sizes and
release some of the residual strain present in the as-processed AD films
[19-21].

The issue is that these heat-treatments can sometimes exceed 1000
°C [22,23] depending on the film material, effectively negating the
room-temperature advantage of AD. Additionally, such post-processing
adds another layer of complexity to the method and necessitates opti-
mization for specific material combinations.

In this study, optimization of post-processing heat-treatments was
investigated for aerosol deposited BaTiOs thick films on a cost-effective
and widely used medical grade stainless steel substrate. Dielectric
testing shows greatly enhanced dielectric properties with increasing
heat-treatment temperature. Accompanying characterization of crystal
structure, microstructural features, and mechanical properties reveal a
correlation between enhanced dielectric properties and mechanical
stability, grain growth and residual internal stress within the samples.
Lastly, observed microstructural changes in this study suggests that
diffusion of chromium metal to the film surface from the substrate en-
hances grain growth.

2. Material and methods

BaTiO3 ceramic films with a 11-12 um thickness were deposited onto
304SUS stainless steel substrates (INOX-COLOR GmbH & Co KG.) using
BT powders produced by the conventional solid-state reaction method.
Raw powders of TiO5 (Alfa Aesar, 99.6% purity) and BaCOj3 (Alfa Aesar,
99.8% purity) were stoichiometrically weighed, mixed and homoge-
nized for 24 h. Mixed powders were then calcined at 1100 °C for 6 h.
Calcined powders were wet-milled in 96% EtOH for 15 h using 5 mm
yttria-stabilized zirconia milling balls in a rolling mill at 70 rpm. A
median particle size of dsp &~ 1.2 pm was achieved and deemed appro-
priate for the aerosol deposition setup being used. The powders were
then vacuum dried at 180 °C for at least 24 h before deposition.

Finished powders were then deposited onto 1 cm x 1 cm x 1 mm
mirror polished (2 P/no.7 and 2 P/no.8) 304SUS stainless steel sub-
strates using aerosol deposition. The deposition process utilized a rect-
angular nozzle with an orifice size measuring 0.5 mm x 10 mm to
accelerate Ny carrier gas at a rate of 4 L/min. The distance between the
nozzle and substrate was kept constant at 7 mm.

As-sprayed samples were quartered into 0.25 cm x 0.25 cm x1mm
pieces using a Wells 3500 Series Diamond Wire Saw with a 0.3 mm thick
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diamond coated wire. Cut samples were heat-treated in air using a
Kanthal Super box furnace with holding temperatures being 400 °C, 550
°C, 650 °C, and 750 °C for 2 h with a heating/cooling rate of 3 °C/min.

Phase and chemical composition of the films was ascertained using
X-ray diffraction (XRD), Energy Dispersive X-Ray Spectroscopy (EDS),
and Time-of-Flight Secondary Ion Mass Spectrometry (ToF- SIMS). XRD
measurements were conducted using a Bruker D8 A25 DaVinci X-ray
Diffractometer with Bragg-Bretano geometry and CuKa 1.54 A radiation
(Bruker Corp., Massachusetts, USA). DIFFRAC.EVA and DIFFRAC.
TOPAS software (Bruker Corp., Massachusetts, USA) was used to assess
the diffractograms. TOPAS analysis took into account instrument con-
tributions and the exclusion of W contamination wavelengths by using a
recent emission profile made using an LaB6 standard. EDS was used to
observe the chemical make-up of the substrate-film interface using a
Quantax EDS system (Bruker Corp., Massachusetts, USA) mounted to a
Zeiss Supra 55VP FESEM (Carl Zeiss AG. Oberkochen. Germany), with
the latter instrument also being used so produce the scanning electron
microscope images presented. Analysis of the EDS data was performed in
the TEAM™EDS Analysis System software.

The ToF-SIMS measurements were conducted using a M6 hybrid
SIMS instrument (IONTOF GmbH, Muiinster. Germany), which is
equipped with a 30 kV Bi cluster primary ion gun for sputtering and
analysis and a 20 kV gas cluster ion source (GCIS), as well as a dual-
source column with O3 and Cs*, low-energy guns for depth profiling.
Depth profiles were measured in spectrometry mode (bunched). The
spectrometry mode provides high signal intensity and high mass reso-
lution 40,000 cts/s, FWHM m/Am = 8000 at m/z = 47.94 (Ti™)). Surface
measurements were recorded in spectrometry mode (100 x100 um?)
keeping the ion dose density below 102 ions/cm~2. Depth profiles in
spectrometry mode were acquired with OF ions (2 keV, 150 x150 um?)
as sputter species and Bi* (1.2 pA, 75 x75 pmz) as primary ion mode. All
measurements were carried out in positive. Data evaluation was carried
out with the software SurfaceLab 7.2 (IONTOF GmbH).

Polarization-electric field loops were collected in a TF Analyser 2000
(aixACCT (aixPES). Aachen, Germany) utilizing painted-on silver elec-
trodes (Auromal®- 50 L Silberleitlack. Ami Doduco GmbH) and insu-
lating silicon oil (Wacker®- AP 100 Silicone Fluid). Measurements were
carried out using a frequency of 100 Hz.

Reduced modulus E, and hardness H of the films were measured by
nano-indentation (NI) using a Hysitron TI 950 TriboIndenter. The
measurement was made by making a series of 7-9 indentation (sample
dependent) across a 60 um x 60 um area. The indentation followed a
linear load/deload function which applied up tp 10 mN of mechanical
force with a maximal indenter displacement of 5 pm. The instrument can
detect changes in force and displacement down to 0.4 nN and 0.01 nm
respectively.

3. Results
3.1. Crystal structure

XRD measurements performed on the samples revealed that the heat-
treatment had little effect on the chemical makeup of the BT films. As
seen in Fig. 1a) the samples show no new peaks compared to their as-
sprayed state with the exception of five new minor peaks in samples
heat-treated at 750 °C. These peaks correspond to BaCrOg4, while the
major phase was identified as BaTiOs. The crystal structure of the
BaTiO3 major phase is obscured by strong peak broadening, giving the
diffractogram a psuedo-cubic appearance. Additionally the effect of the
heat-treatment can be seen on the shape and position of the BaTiO3
peaks (Fig. 1b)). With increasing temperature the peak broadening is
significantly reduced and peak positions were shifted towards higher
angles. The largest peak shifts from the as-sprayed starting position were
observed for the 400 °C and 550 °C treated samples. Samples heated to
650 °C and 750 °C were also shifted to higher angles albeit to a lesser
degree than for low temperatures. The changes to the XRD
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Fig. 1. a) XRD diffractograms for AD BaTiOs films on stainless steel before and
after post-processing heat-treatments. The top right insets show the appearance
of characteristic BaCrO4 peaks. b) (200) reflection showing the peak shifts with
changing temperature.

diffractograms correspond to an overall doubling of the crystallite sizes
calculated in TOPAS from ~ 920 nm (Table 1). The crystallite sizes are
reported as LVol-IB (Volume weighted mean Length - Integral Breadth)
which uses the Full Width Half Maximum (FWHM) and integral breadth
to give volume- weighted mean crystallite sizes with Lorentzian and
Gaussian component convolutions.

3.2. Microstructure

The samples’ microstructure as observed in SEM did not change
significantly from the film’s as-sprayed state as a function of heat-
treatment until the 750 °C condition. The as-sprayed samples show a
surface microstructure typical to the aerosol deposition method (Fig. 2a)
with nano-sized, powder-like particles compacted into a dense film with
elevated ridges surrounding impact craters. Larger particles can be seen
scattered across the sample surface. These particles can stem from

Table 1
DIFFRAC.TOPAS calculated crystallite sizes for as-
sprayed and heat-treated films.

Sample LVol-IB (nm)
As-Sprayed 9.4 £0.2
400 °C 11.8 + 0.9
550 °C 13.1 £ 0.2
650 °C 15.5+ 0.2
750 °C 20.3+0.4
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smaller particles in the initial powder which did not break upon impact,
fractured pieces of larger initial particles or agglomerates which broke
upon impact.

The SEM image of the as-sprayed film-substrate interface (Fig. 2b)
reveals excellent bonding between the film and substrate with no
apparent porosity at the interface. The film itself shows slightly lamellar
layers which correspond to single passes of the scanning AD particle
spray. It is suggested that such layers are formed by the plastic defor-
mation of piled and stacked particles upon successive impacts [24].
Small voids containing loosely agglomerated, improperly fractured
particles can be seen throughout the film cross-section (Fig. 2b).

Heat-treatment at 750 °C produced clear grain growth at the surface
of the film with grains ranging from ~ 0.3-1.2 um in size (Fig. 2c). Grain
growth was also observed in some samples heat-treated at 650 °C.
Additionally, grain growth in the 750 °C treated samples was not uni-
formly distributed on the surface for all samples, with some having
higher degrees of densification towards the sample edge and less to-
wards the center. For most 750 °C treated samples an apparent consol-
idation of the film with fusing of the lamellar layers, and adoption of a
much more uniform appearance was observed (Fig. 2d). Contrary to the
surface, growth of individual grains in the interior of the samples cannot
be seen. The larger agglomerate-filled voids in the as-sprayed samples
have been replaced by evenly distributed, equally sized nanopores.
Contact between the film and substrate appears largely unchanged with
the absence of voids or defects along the film-substrate interface.

3.3. Mechanical properties

Nano-indentation showed a clear change in the mechanical proper-
ties of the films after heat-treatment as seen in the force-displacement
curves in Fig. 3a-c). The figure shows the penetration of the indentor
head into the sample films with increasing applied force. Each curve
corresponds to a different point on the sample. The resulting curve is
then used to calculate the reduced modulus E, and hardness H. Values
for E, and H are given in Table 2 with errors being determined from
multiple measurements at different spots on each sample.

The curves and corresponding calculated values show an initial
improvement of mechanical properties for samples treated at 550 °C.
Subsequently, a deterioration of properties is observed for higher tem-
peratures along with a spike in the variability of the measurements. This
trend is reflected in the force-displacement curves’ shape. As-sprayed
samples (Fig. 3a) show a small spread in the force displacement
curves with generally steep exponential slopes. For samples heat-treated
at 550 °C these slopes are steep and linear with all curves being strongly
consolidated around the same displacement values, encompassing
roughly the same area. Once the temperature is increased to 750 °C a
clear change occurs where the curves spread out widely in position and
shape. Both steep and shallow curves can be observed as well as
shoulders showing sudden large increases in displacement.

3.4. Dielectric properties

Dielectric properties of the AD films are shown in Fig. 4 in the form of
polarization-electric field loops. As-sprayed samples showed little to no
polarization under high fields. Polarization behavior improved for
samples heat-treated at 400 °C and 550 °C with large relative increases
to saturation and remanent polarization. The 550 °C sample possessed
the highest saturation and remanent polarization of all samples with
values of ~ 7.5 pC/cm? and ~ 4.5 uC/cm?, respectively. However, the
550 °C treated sample was quite conductive as seen by the rounded
appearance of the polarization-electric field loop falsely indicating that
polarization increases even as the electric field is reversed. Once samples
were treated at 650 °C, clear ferroelectric hysteresis behavior started to
develop, which was further enhanced in the sample heated up to 750 °C
along with a reduction in conductivity. Saturation and remanent po-
larization values of the 750 °C sample were ~ 5.3 pC/cm? and ~ 2.5 uC/
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Fig. 2. SEM micrographs of: a) As-sprayed surface. b) Film-substrate interface of as-sprayed sample. c¢) 750 °C treated sample surface. d) 750 °C treated sample film-
substrate interface. Cross sections were prepared using a diamond suspension polishing regiment.

cm?, respectively.

3.5. Elemental distribution

Fig. 5 shows ToF-SIMS depth profiles on the left and EDS maps on the
right for an as-sprayed (Fig. 5a) and a heat-treated (750 °C) sample
(Fig. 5b), respectively. The ToF-SIMS depth profile describes the
composition from the film surface to a small distance into the substrate,
crossing the substrate-film interface. The interface of both samples is
characterized by a sudden drop in barium and titanium content, and a
rise in the steel alloying elements.

The as-sprayed sample (Fig. 5a) shows frequent drops in barium and
titanium intensity within the depth profile and clear voids (i.e. black
dots) in its accompanying SEM image. However, it should be noted that
the recurring intensity drops could also be due to instability in the ion
beam performance. The signal intensity of the barium and titanium are
much higher than those of chromium, nickel, manganese and iron,
which are almost at zero within the film region. Once the measurement
reaches the film-substrate interface the barium and titanium signals
decrease to zero while the alloying elements increase. This is also
visualized in the EDS map (Fig. 5a, right) which shows two clearly
separated regions with the substrate side of the interface having a strong
chromium signal (colored red) and the film side being devoid of any
chromium.

Upon heating to 750 °C, the elemental makeup remains mostly un-
changed with the exception of the distribution of the chromium content
(Fig. 5b). The depth profile shows that the chromium signal is reduced to

zero right at the film-substrate interface from its higher signal within the
substrate before steadily increasing towards the film surface. This effect
is observable through EDS as dark voids seen at the film-substrate
interface, and highlighted in the right-hand side of Fig. 5b. Addition-
ally, densification of the film is possibly observed as the disappearance
of the recurring intensity drops in the barium and titanium signals and
overall smoothing of their curves. Once again it should be noted that this
might be an ion beam intensity issue, yet SEM micrographs measured
from several different samples all appeared smooth and homogeneous
after heat-treatment (Fig. 5b) and the accompanying voids seen in
Fig. 5a disappeared as well.

4. Discussion
4.1. Sintering origin

In this study, reproducible grain growth was observed in AD samples
heat-treated at 750 °C. This result was expected due to the lowered
BaTiO3 sintering temperatures seen in thin-films compared to bulk
materials [25]. The effect is often attributed to the usually nano-sized
starting powders needed to make high quality thin films. Specifically,
nanosized starting powders possess higher surface energy than powders
consisting of larger grains in part due to their higher surface curvature
which is proportional to the sintering rate [26].

AD films have characteristically small grains and sintering at lower
temperatures is well reported in the literature at similar temperatures to
the ones in the current study [27,28]. In particular, the amount of
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Fig. 3. Force-displacement curves of a) as-sprayed sample b) sample treated at
550 °C c) sample treated at 750 °C.

Table 2

Reduced modulus and hardness data for as-sprayed and heattreated samples.
Condition E, (GPa) H (GPa)
As-sprayed 113.04 + 16.15 2.62 +0.73
400°C 118.48 + 16.49 3.65 + 0.54
550°C 118.07 +£17.31 3.43 £ 0.42
650°C 101.76 + 32.97 2.61 £+ 1.40
750°C 108.79 + 32.43 2.14 £0.78
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Fig. 4. Polarization-electric field loops for as-sprayed and heattreated
AD samples.

crystallite growth reported for AD BaTiOs films after comparable
heat-treatments are similar in the current study and the literature [27,
29]. However, SEM micrographs of AD film surfaces for comparable
studies show surface grains in the size range of 100-200 nm [17,30].
The current study on the other hand reports exceptionally large surface
grains ranging from ~ 400 nm to ~ 1.2 um indicating the presence of an
additional surface effect. One possible explanation could be the
appearance of the chromium containing phase seen in Fig. 1a) which
might be acting as a sintering aid.

The high chromium content observed at the surface of the films with
exceptional grain-growth likely diffused there from the substrate. Based
on Fig. 5b, both ToF- SIMS and EDS measurements show chromium
depletion at the film-substrate interface visualized by the dark regions in
the EDS. There is some evidence in the literature for this being the case
as intergranular chromium precipitation occurs in austenite at 500 °C to
800 °C, resulting in depletion of chromium at the grain boundaries [31].
Furthermore, it has been suggested that this effect is caused by elevated
chromium diffusion coefficients at grain boundaries relative to the bulk
in stainless steel leading to depletion regions as the bulk diffusion is not
fast enough to fill the chromium voids [32]. The elevated chromium
diffusion at grain boundaries is particularly interesting when consid-
ering that AD films have high grain boundary densities on account of
their powder-like microstructure. Such grain boundaries could provide
favorable diffusion pathways towards the surface. Diffusion is possibly
driven by chromium’s high affinity for oxygen combined with the steep
concentration gradient between the film’s outer surface and the sub-
strate. This type of diffusion would be analogous to the formation of
Cr,03 surface layers on stainless steel. In stainless steel, chromium metal
will diffuse from the bulk to the surface due to chromium’s affinity for
oxygen in the air and oxidize. The resulting film is non-reactive and
prevents further diffusion unless damaged, giving stainless steel its
resistance to corrosion [33].

The presence of Cr towards the film’s outer surface correlates with
enhanced sintering behavior as seen in Fig. 2c. Furthermore, the
magnitude of the grain growth correlated with film thickness (diffusion
distance) in that thinner films showed more grain growth than thicker
ones. SEM micrographs showing the correlation between film thickness
and grain growth can be found in the supplementary materials. Multiple
works have explored the efficacy of Cr,O3 as a sintering aid in Al,03 and
ZnO albeit with variable results [34-36]. Riu et al. [37] reported its
efficacy in simultaneously enhancing grain growth and eliminating the
presence of abnormal grains in Al,O3 when sintering at 1500 °C. This
was attributed to chromium ions diffusing into the Al,O3 grains creating
core-shell type structures in which coherency strain energy i.e. strain
arising from changes to the molar volume as a function of composition at
the grain boundary, enhanced the sintering rate [38]. Additionally, it
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Fig. 5. Combined ToF-SIMS and EDS measurements for a) as-sprayed sample and b) sample heat-treated at 750 °C.

was noted by Riu et al. that chromium ion diffusion was several orders of
magnitude higher at the surface than in the bulk also referring to earlier
studies on chromium surface diffusion being elevated, especially at grain
boundaries [39]. These findings support the hypothesis that chromium
forms a grain boundary phase that enhances overall mass transport and
supports grain growth analogous to the influence of transition metal
oxide sintering aids [40].

4.2. Dielectric properties

Polarization behavior of the AD films was shown to improve with
increasing heat-treatment temperatures. The lowest polarization values
were observed in the as-sprayed samples. One of the characteristic ef-
fects observed in films produced by AD is the presence of large internal
residual stresses introduced by the deposition mechanism [17,41],
colloquially referred to as the "hammering effect”. The hammering de-
scribes when an AD particle impacts with the substrate, leading to the
fragmentation of the particle. The particle fragments dissipate their re-
sidual kinetic energy by rotating and reorienting at the surface and
plastically deforming and rebinding with surrounding fragments [42].
This process repeats with every impact, resulting in successive
compression of previously deposited fragments, leaving a substantial
amount of residual internal stress. The unique microstructure of AD
films which can be observed across different material systems are also
attributed to this effect [7,12].

As residual internal stresses have been reported to alter the func-
tional properties of certain ceramics [18] it is possible that the poor
dielectric properties of the as-sprayed film are in part due to this stress.
Additionally, the fragmentation of the particles during deposition pro-
duced crystallites which were ~ 9 nm, far smaller than the reported
1 ym — 2 ym grain size optimum for BaTiOs dielectric properties [16,
17]. Lastly, the as-sprayed samples were quite conductive which is
another typical observation in otherwise insulating materials such as
lead zirconium titanate (PZT) deposited by AD [10,43,44]. The reason
for this increased conductivity in the as-sprayed samples is currently not
well understood. However, it is suggested to be influenced by defect
modulated space changes at the grain boundaries [13].

The release of residual internal stress was observed mainly in sam-
ples heat-treated at 400 °C and 550 °C as evident by clear shifts in the
XRD spectra to higher angles (Fig. 1). Similar effects were observed by
Khansur et al. [19] based on cross sectional stress distribution mea-
surements using synchrotron x-ray microdiffraction which showed a
decrease in compressive residual internal stress from — 672 MPa to
— 271 MPa after annealing at 500 °C. In the present study, after the
initial release at 550 °C, stress appears to have been reintroduced with
heating to temperatures equal or higher than 650 °C. This can be seen in
the XRD spectras shifting towards as-sprayed peak positions with
increasing temperature. It is possibly due to this that the highest satu-
ration polarization value is observed in samples heat-treated at 550 °C

(Fig. 4) and that it decreases at 650 °C albeit with added hysteresis
behavior. Yet, this is difficult to determine due to the high conductivity
of the samples. Despite an apparent increase in crystal strain for the 750
°C sample relative to the 650 °C one it had greatly enhanced saturation
and remanant polarization values. This corresponds with a large in-
crease in the grain sizes at the surface (Fig. 2¢) as well as the highest
crystallite sizes of any temperature condition (Table 1).

This gradual increase in polarization behavior with increasing crys-
tallite size is consistent with the literature as seen in a study conducted
by Hatono et al. [29]. Hatono’s findings for crystallite growth in aerosol
deposited BaTiO3 on 304SUS stainless steel heat treated up to 800 °C
were nearly identical to the calculated crystallite sizes in the current
study (from an initial 10-20 nm at 800 °C) and resulted in a six-fold
increase in the measured dielectric constant of the films.

Hoshina et al. proposed two relevant mechanisms behind the grain-
size dependency of permittivity in BaTiOs nanoparticles and free-
standing AD films [17,45]. The first mechanism suggests that suffi-
ciently small BaTiO3 nanoparticles at room temperature form core-shell
structures consisting of a ferroelectric tetragonal core and a paraelectric
cubic shell. These phases arise due to differences in lattice strain at the
surface, resulting in a strain gradient towards the core. The cubic outer
shell has been measured experimentally with a reported thickness of
10-15 nm regardless of particle size in the range of 20-1000 nm [45].
Because of this, the volume fraction of the cubic paraelectric phase be-
comes larger with decreasing grain size, negating ferroelectric behavior.
Therefore, the mechanism predicts that a loss of ferroelectric character
should occur for BaTiOs crystallites smaller than 20-30 nm as this
would coincide with the complete disappearence of the tetragonal
phase. Overall this mechanism appears to align well with the
powder-like microstructure, high stress and low crystallite sizes of
as-sprayed samples in this study, especially when considering the broad
non-split seemingly psuedo-cubic appearence of XRD peaks observed in
Fig. 1.

The second mechanism proposed by Hoshina was derived from work
done on freestanding aerosol deposition BaTiOs films and focused on
changes to the domain wall density [17]. Domain walls are widely re-
ported as a contributing factor to piezo and ferroelectric properties
[46-49] with the general effect being that increased domain wall den-
sities result in enhanced ferroelectric properties. By looking at free
standing films with grain sizes ranging from 170 to 24 nm it was found
that relative permittivity decreased from 2800 to 670 with decreasing
grain size [17]. It was suggested that this was due to the smaller grains
being too small to possess more than one domain within its boundaries,
leading to a loss of the multi-domain structure seen for larger grain sizes
and a reduction in the total domain wall density for the material.

4.3. Mechanical degradation

Nanoindentation measurements highlight the existence of a cost-
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benefit relationship between the mechanical and dielectric properties of
the samples. As previously noted, the dielectric performance of the
samples increase with increasing temperature (Fig. 4), yet the best
dielectric performance coincides with a marked reduction in mechanical
integrity. This is illustrated by the changes to the reduced modulus and
hardness as well as the increase in measurement variability with
changing temperature (Table 2), the origin of which can be seen in
Fig. 3a-c.

Firstly, when looking at the force displacement curves for the as-
sprayed sample one can see that the curves are slightly spaced out,
indicating regions of different densities (Fig. 3a). Furthermore, most of
the as-sprayed curves show a slightly exponential slope meaning that the
AD film, which is akin to a compacted layer of powder, can initially be
compressed. Lastly the presence of agglomerate-filled voids (Fig. 2b) can
be seen as shoulders on some curves. At these points the indentor only
has to exert a small amount of force to break up and displace the
agglomerate within the void, leading to a momentary higher displace-
ment relative to the force exerted.

These features of the curves are characteristic to the AD method
when considering the RTIC mechanism. The powders used for the
deposition had an initial dso ~ 1.2 pm which can easily agglomerate
within the aerosol generating unit [50]. These larger agglomerates do
not undergo proper fracturing of its constituent particles upon impact
with the substrate as their kinetic energy is released by breaking up the
agglomerates rather than the particles themselves resulting in a poorly
densified region or a void filled with larger particles [42,51]. Further-
more, as the fracture of impacting particles is affected by the hardness of
the surface it collides with, the poorly densified regions left by the ag-
glomerates can affect the density of several successive layers of the film
[52].

Once heated to 550 °C, curve spacing has been significantly reduced,
and the slopes are linear (Fig. 3b). The reduced spacing of the curves
indicates an increase in the film homogeniety while the linear slopes are
indicative of higher density. This is supported by the 550 °C sample
possessing the second-highest E, and H values of any sample (Table 2).
The literature has previously suggested a link between the hardness of
AD films and their dielectric performance. Kim et al. found that the
dielectric performance of BaTiOj3 thin films deposited on stainless steel
was significantly higher than films deposited on copper [52]. The au-
thors suggested that this was due to weak particle-particle bonding, as
well as highly rough film-substrate interfaces leading to higher leakage
currents in samples deposited on copper. This is to be expected when
considering the RTIC mechanism and the hardness of copper and
stainless steel. Harder AD substrates result in more complete fracture of
impacted particles during AD processing and gives denser, harder films
with higher particle bonding [42]. On the other hand, softer substrates
can be dented or partially penetrated by impacting particles, leading to
rougher film-substrate interfaces [53]. As such, AD film hardness is
linked to dielectric performance as it is a measure of densification and
absence of pathways for leakage current to flow through. Consequently,
the fact that the 550 °C treated samples in this study possessed the
highest polarization values seems to be reflected by their high hardness
and degree of densification relative to the as-sprayed samples. For
temperatures higher than 550 °C the introduction of defects appears to
have a significant effect on the film’s mechanical properties. The 750 °C
treated sample’s force-displacement curves show increased spacing and
large shoulders which are likely related to the presence of cracks. The
presence of such defects corresponds to a reduction in mechanical
properties (Table 2) and polarization values (Fig. 4) despite the fact that
the samples had a high degree of densification (Fig. 2c)) which should
have enhanced both [45,54].

The likely reason for this change is the introduction of cracks from
sample expansion during heat-treatment reducing film cohesion, adhe-
sion and creating paths for leakage current. A likely contributor to crack
formation is the development of interfacial stresses between the film and
substrate during heating. Such stresses were accurately described for AD

Journal of the European Ceramic Society xxx (Xxxx) Xxx

films on yttrium stabilized zirconia, sapphire and silicon substrates by
Han et al. [55] using a linear model for the total stress of Pb; _4ZryTiO3
thin films put forth by Desu et al. [56]. The model is a sum of the
thermal, internal and extrinsic stresses during heating, where the ther-
mal and extrinsic stresses are defined in Eqs. 1 and 2, respectively, and
“internal stress” are the residual internal stresses caused by the AD
process.

E
on = ?fw(a_, —a,)(T,—T) m

_ 5
Ou = 17 v/(AV/3V) (2)

Where Ey is the elastic modulus of the film, vy is Poisson’s ratio, oy is the
thermal expansion coefficient of the film, og is the thermal expansion
coefficient of the substrate, while Ty and T are the heating and working
temperature, respectively. Working temperature refers to the tempera-
ture at which subsequent testing is performed, which in the current
study is 21 °C. Lastly AV/3V is the fractional volume change in the
BaTiOs film as a result of its first order phase transition from tetragonal
to cubic at the Curie temperature. If the total stress of a thin film exceeds
the adhesion strength of the film to the substrate, or the strength of the
particle- particle bonding within the film, cracks or delamination will
occur. This makes AD films particularly hard to keep crack-free during
heat-treatment due to the already high internal stresses from the depo-
sition method which have been shown to increase with AD film thick-
ness [13].

Considering Eq. 1, one can also see that the larger the thermal
expansion coefficient mismatch the larger the interfacial stress contri-
bution from the heat-treatment. In fact, this effect has been used spe-
cifically to make free-standing AD films by depositing them onto
substrates with high thermal expansion coefficient mismatches to ach-
ieve delamination of intact films during heat-treatment [17]. However,
for the purpose of well adhering, dense films this highlights an addi-
tional complication when considering post-deposition heat-treatments
of AD samples as it further limits the choice of substrates to materials
with similar thermal expansion coefficients.

In the current study, 304 stainless steel was used which has a similar
thermal expansion coefficient to BaTiO3 [57,58], as such the thermal
expansion mismatch did not appear to become large enough at T < 550
°C to cause cracking as evident by the force displacement curves (Fig. 3).
In fact, it appears that the substrate having only a slightly higher thermal
expansion coefficient is beneficial during heat-treatments of T < 550 °C
as it helps release some of the residual internal stress [19,55].

During heating the faster expansion of the substrate places the film
under tensile stress. This counteracts some of the internal residual stress
already present in the film which has been reported in the literature to
be compressive [19,41]. Upon cooling the faster contraction of the
substrate generates some compressive stress albeit depending on the
maximum temperature this value might be lower than the initial resid-
ual internal stress leading to a net release.

This is possibly a contributor to the release of strain reported by
Khansur et al. [19] and likely contributes to the enhancement of po-
larization behavior and the shifting of XRD peaks to higher angles
(Fig. 1) in this study. However, for temperatures higher than 550 °C it
appears that the internal residual stress has been adequately released
and that any additional tensile stress serves to break particle-particle
and film-substrate interface bonds. Such defects within the film are
likely the main contributor to the high variance and shoulder formation
seen in Fig. 3c. Furthermore, the XRD diffractograms of samples
heat-treated at T > 650 °C show an increasingly large shift towards
lower angles relative to samples treated at T < 550 °C indicating some
reintroduction of compressive stress upon cooling (Fig. 1).
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5. Conclusions

Thermal annealing of aerosol deposited BaTiO3 up to 750 °C im-
proves its dielectric properties. This enhancement likely stems from both
a release of residual stress and significant grain growth. The appearance
of grain growth coincides with diffusion of chromium from the sub-
strate, suggesting that it acts as a sintering aid. For temperatures above
650 °C, mechanical degradation can be observed. The introduction of
structural defects due to thermal expansion mismatch between the
substrate and the aerosol film is discussed as the main mechanism
determining the mechanical stability.
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