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Abstract: The thermal treatment of electromechanically active thick films prepared by aerosol depo-
sition (AD) is a common practice to improve their electrical and electromechanical properties. We
report on how post-deposition annealing in air affects the unique cross-sectional microstructure and
mechanical properties of 0.9Pb(Mg1/3Nb2/3)O3−0.1PbTiO3 thick films prepared by AD. Transmission
electron microscopy revealed minor but detectable changes, such as pore redistribution and grain
growth after annealing at 500 ◦C. We also showed that the stainless-steel substrate is strongly affected
by the annealing. The hardness and Young’s modulus of the films increased after annealing, with
both properties being discussed in terms of their distribution over the cross-sections of the films.

Keywords: aerosol deposition; thick films; microstructure; mechanical properties

1. Introduction

Aerosol deposition (AD) is a method that enables the fabrication of high-density
polycrystalline films at room temperature. The method was successfully used for prepar-
ing films for various applications, such as ferroelectric films for sensors and actuators,
protective coatings, oxide ion-conductor layers in solid-oxide fuel cells, catalytic and super-
conductor layers [1,2]. The AD apparatus sprays submicron particles onto the substrate
with high kinetic energy, and the film grows by impact consolidation and fracture of the
initial powder particles [1,3,4]. Since the AD takes place at room temperature, a wide range
of materials can be used as substrates, from metals with a low melting temperature [5–13]
to ceramics [8,14,15], glass [8], and even polymers [16].

In some cases, a heat treatment is still required after the deposition to achieve the intended
functionalities of the film. For example, additional annealing is essential for electromechanical
films to improve dielectric, ferroelectric, and energy-storage properties [10–12,17–19]. The
enhancement is thought to be related to the partial release of the residual stresses created in
the films during deposition by the high-energy impacts [9,10,17,20]. For example, Khansur
et al. reported a compressive stress in a BaTiO3 film, measured by X-ray microdiffraction,
that is not uniformly distributed across the film thickness. The peak stress of −800 MPa
was measured near the film-substrate interface, and a significant decrease towards the
surface was observed. Heat treatment at 500 ◦C reduced the total stress to −271 MPa,
but the relaxation near the surface persisted [21]. At the same time, the annealing also
affects the mechanical properties of these films. An increase in the hardness (H) and the
Young’s modulus (E) as well as a degradation in the plastic deformability and thus the
crack resistance was observed after annealing [12,17], suggesting that an optimization
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of the annealing temperature is required to achieve both the best electromechanical and
mechanical properties of the AD films.

Studies of the mechanical properties of functional AD polycrystalline films are rare [7,12],
mostly due to the experimental challenges related to the size of the film. The thickness of
the film (up to few tens of µm) limits the application of most mechanical tests, leaving only
the possibility of performing micro- and nano-mechanical tests, e.g., nanoindentation.

Here, we investigated the effects of heat treatment in air atmosphere on the cross-
sectional mechanical properties of AD thick films using in-situ nanoindentation to gain a
better understanding of the overall functional response of the films. The materials stud-
ied were aerosol-deposited 0.9Pb(Mg1/3Nb2/3)O3−0.1PbTiO3 (PMN−10PT) thick films
on stainless steel, which showed a significant reduction in microstrains and an improve-
ment in the energy-recovery density and energy-storage efficiency after heat treatment at
500 ◦C [10], but their mechanical behavior has not yet been investigated. In addition, we
investigated the effects of heat treatment on the microstructure and composition throughout
the film thickness, down to the nm range. We showed that the formation of nanopore-
chain-like defects and grain growth are triggered when the film is annealed at 500 ◦C. The
stresses created in the substrate by the impact of the powder particles during the deposi-
tion disappear after annealing, while the substrate oxidizes at the film-substrate interface.
Although the microstructural changes appear to be minor, a non-negligible increase in the
average H and E values was measured in the heat-treated film, with no cracking observed.

2. Materials and Methods

The 0.9Pb(Mg1/3Nb2/3)O3−0.1PbTiO3 (PMN−10PT) ceramic powder was synthe-
sized by separately preparing the two end oxides from the initial powders, i.e., PbO
(99.9%, Aldrich, St. Louis, MO, USA), MgO (99.95%, Alfa Aesar, Haverhill, MA, USA),
TiO2 (99.8%, Alfa Aesar, Haverhill, MA, USA) and Nb2O5 (99.9%, Aldrich, St. Louis, MO,
USA). The prepared oxides, i.e., Pb(Mg1/3Nb2/3)O3 and PbTiO3, were then mixed in the
stoichiometric ratio and high-energy milled. Details of the procedure can be found else-
where [10]. The high-energy-milled PMN−10PT powder was annealed at 900 ◦C for 1 h
and then milled for 30 min with isopropanol using yttria-stabilized-zirconia milling balls
with diameters of 3 mm at 200 min−1 to achieve the desired particle size and particle size
distribution. Lastly, the powder was dried in a vacuum drier (10 mbar) at 100 ◦C for 12 h
and sieved.

The substrate on which the film was deposited was a 15 mm × 15 mm stainless steel
No. 304 (American Iron and Steel Institute, Washington, DC, USA) with a 0.8-mm thickness
and a bright, polished surface (A480: No. 8, American Society for Testing and Materials,
West Conshohocken, PA, USA). Prior to deposition, the stainless-steel substrates were
cleaned with ethanol. The AD equipment was from InVerTec (Bayreuth, Germany). The
deposition parameters are reported elsewhere [22].

Two films were prepared using the described procedure. One did not receive any
further processing and is denoted in the text as as-deposited. The other film underwent a
further heat treatment in air at 500 ◦C for 1 h with a heating and cooling rate of 2 K min−1

and is denoted in the text as annealed.
Scanning transmission electron microscopy (STEM) and transmission electron mi-

croscopy (TEM) were performed using a JEM 2100 (Jeol, Tokyo, Japan) and an ARM 200CF
(Jeol, Tokyo, Japan) equipped with a Centurio 100-mm2 SDD energy-dispersive X-ray
spectroscopy system (EDS, Jeol, Tokyo, Japan), both operated at 200 kV. The 4D STEM data
was obtained using a Merlin pixelated detector (Quantum Detectors, Oxford, UK). Samples
for STEM/TEM were prepared by milling lamellae with a Ga+-source focused ion beam
(FIB) Helios Nanolab 650 HP (Thermo Fischer Scientific, Waltham, MA, USA). The volume
percentage of defects in the FIB-prepared lamellae was estimated using Image J software
(National Institute of Mental Health, Bethesda, MD, USA) [23].
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The surface roughness was measured with a DektakXT Advanced System profilometer
(Bruker, Billerica, MA, USA). Four line measurements of 2 mm each were performed on
each sample and then averaged.

In-situ nanoindentation was performed with a Hysitron PI88 SEM PicoIndenter in-
dentation system (Bruker, Billerica, MA, USA) inside a Quanta 650 ESEM (Thermo Fischer
Scientific, Waltham, MA, USA). A force of 1 mN was applied over 5 s, held for 2 s and then
released over 5 s. The hardness (H) and Young’s modulus (E) of the films were determined
using the methodology developed by Oliver and Pharr [24]. The Poisson’s ratio (ν) used
for the calculation of E was 0.3. This selection was made with the assumption that the
ceramic PMN−10PT thick film had the same Poisson’s ratio as the PMN ceramic [25]. A
cube-corner diamond indentation probe with a nominal E = 1140 GPa and ν = 0.07 was used
for indenting (Bruker, Billerica, MA, USA). The cross-sections of the two films on which
the nanoindentation was performed were prepared by embedding the films in epoxy resin,
grinding, and then polishing them with 9-µm, 6-µm, 3-µm, and 1

4 -µm diamond pastes. Fine
polishing was achieved by polishing with a colloidal silica suspension for 15 h.

Scanning electron microscopy (SEM) after the nanoindentation was performed using a
field-emission SEM Verios 4G HP (Thermo Fischer Scientific, Waltham, MA, USA) equipped
with an EDS detector Aztec live, Ultim Max SSD 65 mm2 from (Oxford Instruments,
Abingdon, UK). Both imaging and EDS acquisition were performed at 15 keV. To avoid
charging during the SEM analysis, the cross-sections of the films were coated with 5 nm of
carbon using a Precise Etching and Coating System 628A (Gatan, Pleasanton, CA, USA).

Contact resonance frequency viscoelastic mappings (CRFMs) were made with a Jupiter
XR atomic force microscope (Oxford Instruments Asylum Research, Santa Barbara, CA,
USA) using AC160TS-R3 silicon tips with a nominal radius of 7 nm (Oxford Instruments
Asylum Research, Santa Barbara, CA, USA).

3. Results and Discussion
3.1. Microstructure and Chemical Composition

First, we performed microstructural and compositional analyses of the cross-sections
of both the as-deposited and the annealed ~6-µm-thick 0.9Pb(Mg1/3Nb2/3)O3−0.1PbTiO3
(PMN−10PT) films using scanning transmission electron microscopy (STEM). According
to the X-ray diffraction (XRD) analysis, these films have a perovskite crystal structure
(Figure S1) [10]. As shown in Figure 1 and Figure S2 (see Supplementary materials) both
films have defects, i.e., some larger pores of 200 nm (marked by arrows in Figure 1a,c) and
chain-like defects consisting of nanopores (marked by circles in Figure 1a,c). The volume
percentage of defects is higher in the annealed film (1.1 vs. 0.6 %), indicating that the
pores redistribute, and areas of lower local density are formed as the film is annealed. The
roughness of the surface does not change significantly with annealing. The root-mean-
square surface roughness of the as-deposited and the annealed films are (110 ± 10) nm and
(105 ± 5) nm, respectively.

Energy-dispersive X-ray spectroscopy (EDS) mappings revealed a homogeneous distribution
of all the elements across the cross-sections (Figure S3), with the exception of Mg (Figure 1b,d). Mg-
rich nanosized impurities were found in both films. Similar inhomogeneities were observed
in mechanochemically prepared PMN−10PT ceramics and identified as MgO, which due
to its low reactivity remained unreacted during the mechanochemical reaction [26].

Next, we examined the region of the film near the substrate. Figure 2 shows the
film-substrate interface (Figure 2a,c) and the elemental distribution of the main elements in
the stainless-steel substrate, i.e., Fe, Cr, and Ni, at the film-substrate interface (Figure 2b,d)
of the as-deposited film and the annealed film, respectively. As described above, the
number of defects, i.e., nanoscale pores, is higher in the annealed film. In the as-deposited
film we observed some brighter contrast at the interface (Figure 2a) extending about
500 nm into the substrate, indicating mechanical deformation of the substrate caused by
the impact of the powder during deposition. Stresses in the substrate of the as-deposited
film were also observed from the divergence map obtained from the 4D STEM data set
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using differential phase contrast (Figure S4) that additionally revealed stresses of a higher
magnitude localized at the film-substrate interface and around the defects in the film itself.
According to the XRD studies, the internal stresses caused by particle impacts during the
AD process on stainless-steel substrates are tensile stresses [8]. Stainless steel (hardness
(H) of stainless steel No. 304 ~1.9 GPa [27]) is more susceptible to mechanical deformation
than substrates with a higher H. For example, for Pb(Zr0.52Ti0.48)O3 deposited on Si, a
100−150-nm-layer damaged layer was reported for the substrate [6] (H of Si ~11.1 GPa [28]).
The contrast caused by mechanical stresses is not seen in the substrate of the annealed film
(Figure 2c), indicating that the stresses are relieved in the substrate during annealing.
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Figure 1. STEM dark-field and EDS analyses, respectively, of the (a,b) the as-deposited film and
(c,d) the annealed PMN−10PT thick film. The black arrows on the STEM images (a,c) indicate larger
pores in the films, while the circles mark the chain-like defects composed of nanopores. White arrows
in the EDS mapping (b,d) mark Mg-rich inclusions in the films. Spectral lines Pb L, Pt M, Fe K, and
Mg K were used for the EDS mapping.

In addition, a redistribution of the elements in the substrate occurs at the interface
between the film and the substrate (Figure 2b,d). EDS showed that a layered structure
is formed at the interface, which consists (from the substrate matrix to the film) of an
Fe-rich and a Ni-rich layer, a CrxOy layer, and an FemOn layer (Figure S5). Each layer is
approximately 30−40-nm thick. Apart from the formation of the oxide layers, no reaction
with the film was observed in the annealed sample. It is described in the literature that
the passivation of stainless steel in air occurs at 300 ◦C due to the diffusivity of oxygen
from the atmosphere into the substrate and metal ions towards the surface, forming a
specific sequence of layers associated with the formation energies of FemOn, CrxOy and
NiO [29]. The source of oxygen forming the oxides in the substrate in our case has not
been determined. However, there are some studies that support the claim that oxygen can
diffuse through the film during annealing. Eckstein et al. argued that films deposited in an
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oxygen-depleted carrier gas such as N2, as used in this work, contain oxygen vacancies
created during deposition that can serve as pathways for the oxygen, which presumably
fills the vacancies during annealing in an oxygen-rich environment [13]. Another oxygen
pathway through could be the grain boundaries, which have been reported to have a higher
oxygen diffusivity than the grain matrix in nanocrystalline films [30]. The diffusion of
oxygen might also be related to the redistribution of defects during annealing (Figure 1).
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Figure 2. Film-substrate interface in STEM dark-field images and EDS, respectively, of (a,b) the as-
deposited film and (c,d) the annealed film. In (a) the dashed line marks the extent of the mechanical
deformation observed in the substrate due to particle impact. For the EDS mappings, the spectral
lines Ni K, Cr K, Fe K and Pb L were used.

The influence of annealing on the grain size is shown in Figure 3. The as-deposited
film consists of ~10 nm grains (Figure 3a), but the exact grain size is difficult to determine
because the grains overlap. Annealing at 500 ◦C triggered grain growth (Figure 3b), with
some grains growing up to about ~20 nm. The increase in grain size and crystallinity
can also be observed from selected-area electron diffraction (SAED) recorded from larger
areas of the FIB lamellae (Figure 3c), where more pronounced spots in diffraction rings are
observed after annealing. The increase in grain size and better crystallinity after annealing
affect the local stresses observed by XRD [10] and can contribute to improved electrical and
electromechanical as well as mechanical properties of the heat-treated films.
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SAED of both films. Circles mark reflections that are indicative of texturing. The Pm
−
3m space group

was used to index the SAED pattern (PDF#01-074-4513).

The proximity of the reflections in the SAED (some examples are circled in Figure 3c)
indicates that the film has some texture. A fast Fourier transform (FFT) of selected regions
in Figure 3a,b showed that the texture is very local and probably includes few neighboring
grains. The local texturing is a result of deposition causing the larger particles to break upon
impact. On a TiO2 nanoparticle model system, Daneshian et al. predicted, using molecular
dynamics, that a particle deposited by AD will fragment after impact and the fragmented
parts will form low-angle grain boundaries [31]. Other authors also reported a reorientation
of the crystallites during annealing at 500 ◦C in BaTiO3 [12], which was not observed in our
case, at least not to affect and thus reduce the local texturing after annealing.

3.2. Mechanical Behavior

Finally, the mechanical properties of the films were investigated by nanoindentation
over cross-sections. A matrix of nanoindentations was made for each film, as shown in
Figure 4a,b. At an applied load of 1 mN, both films exhibited good ductility as no cracks
were observed around the indentations in either film. Zhuo et al. showed for BaTiO3 that
a threshold load of 200 g (~2 N) is required to see the difference in the crack resistance
between the as-deposited and annealed films, with the as-deposited films performing better
and not forming cracks around the indentations [12]. The crack resistance of the films,
which is not characteristic of conventionally sintered ceramics [32], is probably related
to the high density of the grain boundaries, which makes it easy for the grains to slide
against each other during indentation, as well as to other defects in the films, such as
dislocations [13].

The differences in the mechanical properties of the films can be seen from the force-
depth curves in Figure 4c,d. The curves of the as-deposited film (Figure 4c) are more
uniform, while the curves of the annealed film show a larger scatter and many pop-ins
(sudden jumps of the measured depth at a constant force) are observed in the loading
portions of the curves. The difference can be attributed to the change in microstructural
properties, i.e., redistribution of the pores (Figure 1) and grain growth (Figure 3) observed
after annealing. The overall increase in H and Young’s modulus (E) of the AD films
after annealing from (5.9 ± 0.3) GPa to (6.8 ± 0.6) GPa and from (107.6 ± 7.7) GPa to
(125.5 ± 9.3) GPa, respectively, is in the literature associated with relaxation of residual
stresses [12,17]. The increase in the standard deviation of H and E also reflects the changes
in the microstructure caused by the heat treatment.
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Figure 4. SEM images of indents made on cross-sections of (a) the as-deposited and (b) annealed
film. Force-depth curves of (c) the as-deposited and (d) annealed film. (e) Hardness calculated from
individual measurements plotted against indentation position for both films. (f) Young’s modulus
calculated from individual measurements, plotted against the position of the indentation for both
films. The error bars represent the uncertainty of the method as determined from measurements on
the fused-silica standard. The dashed lines serve only as a guide to the eyes.
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In Figure 4e,f the calculated values of H and E, respectively, from the individual
indentations are plotted as a function of position relative to the film-substrate interface.
H (Figure 4e) shows no specific trend across the film thickness and no influence of the
substrate on the measurement was observed (H of stainless steel No. 304 ~1.9 GPa [27]).
The same cannot be said for E (Figure 4f). For both films, E decreases linearly as the
surface is approached, which is a consequence of the elastic properties of the substrate
being measured with those of the film. The E of the substrate is higher than that of the
film, as confirmed by the contact resonance frequency maps, (Figure S6) (E of stainless steel
No. 304 ~200 GPa [27]). The influence of the substrate is strongest near the film-substrate
interface, so a higher E is measured, and appears to have a significant range of at least 5 µm.
Measuring E by nanoindentation across the cross-section of films can be challenging due to
the large elastic zone that is deformed under the indentation probe [33]. The oxides that
form at the interface between the film and the substrate are likely to contribute little to the
total E measured.

4. Conclusions

The microstructure of 0.9Pb(Mg1/3Nb2/3)O3−0.1PbTiO3 thick films deposited on
stainless steel by aerosol deposition (AD) was studied before and after annealing in air at
500 ◦C to determine the changes in the unique microstructure created by the AD process.
The changes appear to be small, but detectable, such as the redistribution of pores into
chain-like defects consisting of nanopores and grain growth after heat treatment. Local
texturing at the level of a few adjacent grains was also observed in both films. Interestingly,
annealing affects the substrate as well by relieving stresses caused by the impact of particles
during the AD process and the oxidation of the substrate at the film-substrate interface.

While annealing induced microstructural changes at the nanoscale, the mechanical
properties, i.e., the hardness and Young’s modulus, were significantly affected, as evidenced
by the increase in both values after annealing. Both films resisted cracking at a force of
1 mN, which is not observed in conventionally produced ceramics, and is a consequence of
the unique microstructure of the densely packed nanograins produced by the AD method.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cryst13030536/s1, Figure S1: X-ray diffraction patterns of the
as deposited and the annealed film. All peaks were indexed with a cubic perovskite structure

(space group Pm
−
3m, JCPDS 81-0861) Figure S2: Scanning transmission electron microscopy (STEM)

(a) dark-field and (b) bright-field images of the as-deposited film; (c) the dark-field and (d) bright-
field images of the annealed film. Note that the black and white arrows point to pores locations,
which are black in dark field and white in bright field. The vertical lines observed on the STEM
images are a consequence of the focused ion beam curtain effect; Figure S3: Compositional anal-
ysis of the as deposited and the annealed film, respectively, performed using (a) and (b) EDS-
STEM and (c) and (d) EDS-SEM with the corresponding EDS line analysis. The white arrows in
(a) and (b) indicate the Mg-rich inclusions; Figure S4: (a) STEM dark-field image of the film-substrate
interface in the as-deposited film; (b) the corresponding divergence map obtained from the 4D STEM
dataset using differential phase contrast. Areas with higher contrast in the divergence map represent
higher local strain; Figure S5: EDS of the film-substrate interface of the annealed PMN−10PT thick
film resolving a layered structure formed due to oxidation of the substrate at 500 ◦C. The layer
structure is composed (from substrate to film) of an Fe- and Ni-rich layer, a CrxOy layer and an
FemOn layer; Figure S6: (a) Topography and (b) frequency mapping at the film-substrate interface of
the as-deposited film measured in the contact resonance frequency viscoelastic mapping mode. This
is an atomic force microscopy technique in which the frequency measured is the resonant frequency
of the tip-material system and is related to the Young’s modulus of the material. The higher the
frequency, the higher the Young’s modulus and vice versa. In b, a higher frequency is measured in
the substrate than in the film, which means that the substrate has a higher Young’s modulus than
the film.

https://www.mdpi.com/article/10.3390/cryst13030536/s1
https://www.mdpi.com/article/10.3390/cryst13030536/s1
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