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Revealing the Deposition Mechanism of the Powder Aerosol
Deposition Method Using Ceramic Oxide Core–Shell
Particles

Mario Linz,* Florian Bühner, Daniel Paulus, Lukas Hennerici, Yiran Guo,
Valeriu Mereacre, Ulrich Mansfeld, Martin Seipenbusch, Jaroslaw Kita, and Ralf Moos*

The powder aerosol deposition (PAD) method is a process to manufacture
ceramic films completely at room temperature. Since the first reports by
Akedo in the late 1990s, much research has been conducted to reveal the
exact mechanism of the deposition process. However, it is still not fully
understood. This work tackles this challenge using core–shell particles. Two
coated oxides, Al2O3 core with a SiO2 shell and LiNi0.6Mn0.2Co0.2O2 core with
a LiNbO3 shell, are investigated. Initially, the element ratios Al:Si and Ni:Nb of
the powder are determined by energy-dispersive X-ray spectroscopy (EDX). In
a second step, the change in the element ratios of Al:Si and Ni:Nb after
deposition is investigated. The element ratios from powder to film strongly
shift toward the shell elements, indicating that the particles fracture and only
the outer parts of the particles are deposited. In the last step, this work
investigates cross-sections of the deposited films with scanning transmission
electron microscopy (STEM combined with EDX and an energy-selective
back-scattered electron (EsB) detector to unveil the element distribution
within the film itself. Therefore, the following overall picture emerges:
particles impact on the substrate or on previously deposited particle, fracture,
and only a small part of the impacting particles that originate from the outer
part of the impacting particle gets deposited.

1. Introduction

The powder aerosol deposition method (PAD) is a coating pro-
cess to obtain dense ceramic films. It completely takes place
at room temperature. Other terms are vacuum kinetic spray
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(VKS),[1] vacuum cold spray (VCS),[2]

aerosol deposition method (ADM),[3] or
just aerosol deposition (AD).[4] A carrier gas
aerosolizes the fine, granular powder and
a pressure gradient accelerates it through
a nozzle into a vacuum chamber.[5,6] A
substrate is mounted in the vacuum cham-
ber where the particles impact at several
hundred meters per second, forming a
dense ceramic film.[7] Since the first re-
ports from Akedo et al. in the late 1990′s
and early 2000′s, PAD has become an
increasingly widespread tool for different
applications and materials.[8–10] Protective
coatings of alumina and yttrium stabilized
zirconia (YSZ) against mechanical abrasion
or corrosive environments are among the
recognized industrial applications.[11–14]

The particle fragments that form the PAD
films show a nanocrystalline size with
a distorted lattice.[15] As the numerous
grain boundaries and the lattice distortion
hinder the electric and ionic conductivity
of PAD films, a main focus within the
last decades was to improve the quality of
these films by a mild thermal annealing.[16]

This affects entire classes of materials and applications such as
perovskites for solar cells,[17,18] oxygen sensing materials such
as Ba(Fe,Ta)O3 (BFT),[19,20] and Sr(Ti,Fe)O3 (STF),[21–23] proton
ion conductor such as Ba(Zr,Y)O3 (BZY)[24,25] and BaTiO3 as a
piezoelectric material[26,27] to just name a few of them. Battery
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materials are also of particular interest for a green and sus-
tainable future: solid-state electrolytes[28–30] and cathode active
materials[31,32] are well studied. While much work has been di-
rected toward powder synthesis, powder pretreatment,[34–36] and
fluid mechanics of (super-) sonic impinging jets,[37–39] the depo-
sition mechanism of the PAD has not yet been completely un-
derstood. Initially, Akedo suggested the “Room Temperature Im-
pact Consolidation” (RTIC) mechanism, where particles fracture
and form an anchor layer.[40,41] Subsequent particles impact, frag-
ment as well, and consolidate the underlying particles to a dense
ceramic film.[42] This mechanism is also referred to as “ham-
mering effect.”[43,44] As a direct observation of the impacting and
fracturing particles is very difficult, molecular dynamics (MD)
simulations could play a key role to investigate the deposition
mechanism.[45] However, results of this study can only be taken
into account partially in our study, since the impact of nanopar-
ticles was simulated, and nanoparticles usually get deflected by
the stagnation point flow in the real application and cannot reach
the substrate at all.[46–50] Recently, two significant experimental
and simulative contributions toward a better understanding were
made by Lee et al.[51] and Furuya et al.[52] Lee et al.[51] observed
a cushioning effect on ductile substrate materials: particles that
hit the ductile substrate first will be less fragmented than those
that hit later. Therefore, the ceramic film near the substrate has a
lower density (or more voids) than in an area further away from
the substrate.[51] A very interesting observation stems from Fu-
ruya et al.[52] These authors suggested the fragmentation of the
impacting particles along a “maximum shear stress line.” A com-
bination of MD simulation and TEM analysis of alumina films
could prove a correlation.[52] The intention of our present study
is to shed more light on the deposition mechanism itself. To this
end, we used core–shell particles of two different material sys-
tems: Al2O3 particles with a SiO2 shell and LiNi0.6Mn0.2Co0.2O2
particles with a LiNbO3 shell. Two different material systems
were used to obtain more generally valid data. The change in the
element ratios between core and shell elements before and after
deposition allows us to develop a model of the deposition mech-
anism. The deposition of core–shell particles by PAD itself has
already been demonstrated with the focus of obtaining highly lu-
minescent nanocomposite films.[33]

2. Experimental Section

In this study, we investigate two material systems: the Al2O3:SiO2
system and the NMC:LiNbO3 system. The synthesis of the
Al2O3:SiO2 system was performed as a downstream process with
the PAD process directly afterwards, while the NMC:LiNbO3
coated powder was synthesized according to Mereacre et al.[53]

and were deposited subsequently by the PAD.
To produce Al2O3 particles with a SiO2 shell, a system con-

sisting of an aerosol brush generator, a bubbler system and a
tube furnace was used (cf. Figure 1 for the setup). A commer-
cially available Al2O3 powder was first sieved with a mesh size
of 200 μm and kept dry in an oven at 200 °C to allow for easier
deagglomeration in the following process steps. The powder was
then fed to an aerosol brush generator, which ensured deagglom-
eration and aerosolization of the Al2O3 particles. The so-formed
aerosol was then mixed with tetraethoxysilane (TEOS) enriched
nitrogen from a bubbler.[54] In the next step, high temperature

Figure 1. Schematic drawing of the SiO2 coating of Al2O3 particles with
the downstream powder aerosol deposition (PAD) apparatus for film man-
ufacturing.

chemical vapor deposition takes place in a tube furnace to de-
posit the SiO2 shell onto the Al2O3 particles. The system was di-
rectly connected to the PAD-apparatus with a critical nozzle to
prevent re-agglomeration of the so-formed core–shell particles.
This setup ensured a constant flowrate of Al2O3:SiO2 particles
and carrier gas into the low-pressure deposition chamber while
keeping the system before the critical nozzle at ambient pres-
sure. To reach sufficiently high impact velocities in the deposi-
tion chamber, additional oxygen was added to the flow after the
critical nozzle. Impact took place on a stainless steel substrate
in this case. Stainless steel (containing Fe and Ni but no Al) was
chosen as a substrate material to avoid any interference with the
EDX spectra of Al2O3:SiO2. The complete setup is schematically
depicted in Figure 1 with the respective volume flows of nitrogen
and oxygen. Additionally, core–shell particles were collected be-
fore entering the deposition chamber, to allow for comparisons
of the element ratio of unfragmented particles and particles in
the deposited films. As the critical nozzle decouples the pressure
and fluid velocity before and after it, a filter was mounted after
the critical nozzle and kept the system attached to the vacuum
chamber with the vacuum pump. Due to the decoupling of the
pressure and the fluid velocity, the reaction and flow conditions
in the aerosol generator, bubbler system, and tube furnace re-
mained constant. The powder samples taken were therefore rep-
resentative for the deposited powder.

The NMC:LiNbO3 particles were deposited on a Si-wafer us-
ing a modified PAD method, the so-called discontinuous PAD
(DPAD) process. It was developed to manufacture dense ceramic
films with comparable properties as the conventional PAD while
using powder quantities less than 100 mg. Oxygen was fed into
the gas pressure chamber until 3.7 bar was reached. The ceramic
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Figure 2. Schematic drawing of the discontinuous powder aerosol depo-
sition (DPAD) apparatus. NMC:LiNbO3 films were deposited with this
setup. Reproduced under the terms of the CC-BY license.[55] 2021, Linz
et al., published by MDPI.

powder was filled into the aerosol chamber and was set under vac-
uum with the deposition chamber by the vacuum pump. When
the solenoid valve was opened, oxygen entrained the ceramic par-
ticles, accelerated them, and deposited them as a dense film on
the substrate. The details of the apparatus are described in,[55]

while Figure 2 shows a schematic illustration of it.
NMC:LiNbO3 core–shell particles were only available in small

powder quantities and therefore, the DPAD apparatus was cho-
sen. The synthesis of the core–shell particles is a wet coating pro-
cess using NMC particles as a starting powder, H2O2 as solvent
and for chemical activation and a Li/Nb solution for the coating.
Subsequent drying and calcination results in the core–shell parti-
cles. Further details of the core–shell particle preparation are de-
scribed in.[53] Prior to the deposition process, the powders were
sieved (sieve mesh size is 200 μm) and stored in a furnace at
200 °C to prevent moisture absorption. A powder quantity of 30–
40 mg was filled into the aerosol chamber and subsequently de-
posited on a Si-wafer. A Si-wafer was chosen as a substrate ma-
terial, since Si is not present in the NMC:LiNbO3 film and there-
fore it does not interfere with the EDX spectrum of the deposited
films.

The main analysis of the particles and the films were con-
ducted by SEM imaging (Zeiss Leo 1530, Oberkochen, Germany)
and EDX analysis (Thermo Fisher Scientific NS7, Waltham, MA,
USA). The particles were dispersed in ethanol and drop-casted
on different substrates: stainless steel and carbon substrates for
the Al2O3:SiO2 particles and Si-wafers for the NMC:LiNbO3 par-
ticles. A conductive film of carbon (film thickness about 20 nm)
was vapor-deposited on top of the particles and the SEM acceler-
ation voltage was chosen to 15 kV. Six to 10 particles per sample
are analyzed and the atomic mass of the respective elements were
evaluated. The median and the upper and lower quartile was cal-
culated and is shown in Figure 7.

A similar procedure was conducted with the ceramic films.
A conductive layer of carbon (film thickness about 20 nm) was
vapor-deposited on top of the ceramic film and an acceleration
voltage of 15 kV was applied. The median of the atomic mass
was calculated by measuring different spots on each sample.

To validate the uniformity of the SiO2 shell for the Al2O3:SiO2
core–shell particles, collected particles were embedded in a resin
(Spurr Low Viscosity Embedding Kit, polyscience, USA) and sub-
sequently, thin lamellas were prepared with a ultramicrotome
(Leica UCT Ultramicrotome, Wetzlar, Germany) to allow for
STEM–EDX analysis of sliced particles.[56] An analytical 200 kV
transmission electron microscope with a field emission gun
(JEM-2010F by Jeol, Akishima, Tokyo, Japan) was used to assess
the microstructure down to the nanoscale. For analytical stud-
ies, the TEM was equipped with an Apollo EDX system from
EDAX (Pleasanton, USA). The EDX system was capable of de-
tecting all elements with an atomic number > 11 (sodium). The
lower detection limit was about 0.1 wt% and the spatial resolution
is about 2 nm. For the STEM (scanning TEM), imaging a probe
size of 1 nm was used. Also, a lamella of the Al2O3:SiO2 film was
prepared by FIB-SEM (Zeiss Auriga 40 DualBeam, Oberkochen,
Germany) for subsequent STEM–EDX mapping of the element
composition.

The lamella preparation of the NMC:LiNbO3 film began with
scribing of the Si-wafer using a laser (LPKF ProtoLaser R4, Garb-
sen, Germany) and subsequent breaking of the substrate into
appropriate fragments. The Si-wafer was laser-scribed on the
backside, so that the deposited NMC:LiNbO3 film was not ex-
posed to laser radiation and thus also not to increased temper-
ature. The fragments underwent a wet polishing and a broad
ion-milling step with argon ions (Jeol Cryo Ion Slicer, Akishima,
Tokyo, Japan). A thinned lamella was investigated in the SEM
using an EsB and an EDX detector. The EsB detector provides
high-resolution backscattered electron imaging at only 3 kV ac-
celeration voltage. In addition, an energy filtering up to 1.5 keV
was applied to obtain only low energy loss electrons close from
the surface. The EsB images provide a material contrast image
dependent on the average molar mass of the compounds. The
large magnification of the images allows for the visualization of
the fragmentation of the particles and the distribution of the par-
ticipating compounds. For EDX analysis the accelaration voltage
was set to 15 kV (identical settings as for the analysis of the parti-
cles and the films) to investigate the cross-section of the lamella.

3. Results

The collected Al2O3:SiO2 particles were investigated by SEM and
STEM. SEM images are shown in Figure 3. Parameters in the
TEOS bubbler and aerosol brush generator were chosen in a way
to ensure an evenly distributed coating and little to no formation
of pure SiO2 particles. Figure 3a) shows an overview image and
displays agglomerated particles of 2–3 μm in diameter. Little to
no pure SiO2 particles can be detected, which indicates a suitable
setting of the bubbler system (TEOS dosing). These particles con-
sist of smaller primary particles of about 300–500 nm and can be
seen in Figure 3b).

To make sure that the particles were uniformly coated, sliced
Al2O3:SiO2 core–shell particles were analyzed by STEM–EDX.
The results are shown in Figure 4.
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Figure 3. SEM images of the Al2O3:SiO2 core–shell particles: Little to no pure SiO2 particles are generated a) and the coating is evenly distributed b).

The element analysis confirms the formation of a thin and uni-
form SiO2 shell around the Al2O3 particles (cf. thin blue structure
at the edge of the particles in Figure 4b).

SEM images of the NMC:LiNbO3 particles can be seen in
Figure 5. The particles are slightly agglomerated, and they consist
of primary particles with diameters of about 2 μm (cf. Figure 5a).
The coating is evenly distributed as no inhomogeneities can be
found on the particles’ surfaces (cf. Figure 5b).

It is possible to manufacture PAD films with both material
systems (cf. Figure 6). An example for a PAD film formed by
Al2O3:SiO2 particles on a stainless steel substrate is shown in
Figure 6a). The slit nozzle and the repeated traversing of the sub-
strate results in the rectangular film. A stylus profilometer (Wave-
line W20, Jenoptik, Hommel Hercules, Viernheim, Germany) in-
dicates a film thickness of hPAD = 150 nm. This sample is used
for the continued STEM–EDX analysis. The NMC:LiNbO3 par-
ticles were deposited on a Si-wafer using the DPAD apparatus.
The circular shaped film (cf. Figure 6b) results from the circular
de-Laval nozzle. It is difficult to determine the maximum height
of the Gaussian shaped film profile with a stylus profilometer.[55]

The smooth transition from substrate to film, the small inclina-
tion angle from the edge of the film to the maximum and the
surface roughness of the film affect the measurements. Never-
theless, the film thickness of the NMC:LiNbO3 system could be
determined to hDPAD = 500 nm by using the EsB image of the
cross-section (cf. Figure 11).

A quantitative analysis of the element distribution between
shell elements and core elements of the particles and the films
was performed by standardless quantification from SEM–EDX
normal to the coated surface. Substrate materials were chosen so

that they do not interfere in the energy spectrum with elements
of core and shell. Several particles from each sample were inves-
tigated and the atomic percentage was calculated from the K-line
of Si (K

𝛼
= 1.74 keV) and Al (K

𝛼
= 1.49 keV). In total, 11 dif-

ferent positions on four different powder samples were investi-
gated for Al2O3:SiO2 particles. The Al2O3:SiO2 film was analyzed
on two different areas from one sample. The analyzed area of the
film was 665 μm2. For each particle, the atomic percentage of Si
was divided by the atomic percentage of the Al. The median of all
particles is displayed in Figure 7 with error bars that represent
the upper and lower quartile of the median. The preparation and
evaluation steps for the NMC:LiNbO3 particles vary as a Si-wafer
is chosen as substrate material and the Nb L-line (L

𝛼1 = 2.17 keV)
and Ni K-line (K

𝛼1 = 7.48 keV) was used to determine the atomic
percentage and therefore the element ratio. In total, eight differ-
ent positions on two different powder samples were investigated
for NMC:LiNbO3 particles. The NMC:LiNbO3 film was analyzed
on four different areas from one sample. The analyzed area of the
film was about 32600 μm2.

The atomic percentage of the Al2O3:SiO2 films and the
NMC:LiNbO3 films were calculated analogously to the previous
procedure. The median, the upper and the lower quartile (plotted
as error bars) were determined as different areas on the respec-
tive sample were evaluated. The results are plotted in Figure 7.

In the particles of both material systems, core elements (Al and
Ni respectively) and shell elements (Si and Nb respectively) are
detectable. The medians of the particle element ratios are Si:Al =
0.23 and Nb:Ni = 0.07. After deposition, the medians of the films
show a significant increase in shell elements: Si:Al = 0.39 and
Nb:Ni = 0.64. Regardless of the increase in shell elements, core

Figure 4. a) STEM image of sliced Al2O3:SiO2 core–shell particles. b) EDX analysis of element distribution (green = Al, blue = Si, red = O)
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Figure 5. SEM images of the NMC:LiNbO3 particles on a Si-wafer as a substrate. a,b) The images show different spots of the sample in different
magnifications. The particles are slightly agglomerated and they are composed of primary particles with a diameter of approximately 2 μm.

elements can still be detected in the film. Although, a minor error
in quantification due to geometry differences and the heterogenic
nature of core–shell particles cannot be excluded, this is an indi-
cation that only a part of the particle (namely mainly the outer
part) is deposited in the film, since otherwise the element ratio
before and after deposition would be similar. By the presence of
core elements in the film, we can also exclude that only the shell
or even more only parts of the shell are deposited. Subsequently,

Figure 6. Comparison of the deposited powder aerosol deposition (PAD)
films: The Al2O3:SiO2 system is deposited by conventional PAD a) (dark,
rectangular film; stainless steel substrate) and the NMC:LiNbO3 system
by discontinuous PAD (DPAD) b) (bright, round film; Si-wafer as sub-
strate).

Figure 7. Comparison of the standardless EDX quantification of the
SiO2:Al2O3 system and the NMC:LiNbO3 system. Both material systems
show a shift in the element ratio (atomic ratio) toward the shell elements
(Si and Nb respectively) in the deposited state (film). Nevertheless, core
material (Al and Ni respectively) can be detected in the film. The bars are
the median of the ratio of the weight percentage of the respective ele-
ments. The error bars represent the upper and lower quartile of the re-
spective medians.

Figure 8. STEM image of an Al2O3:SiO2 film on a stainless steel substrate.

lamellae of the respective films are evaluated by STEM–EDX and
EsB to support the partial deposition of the particles.

Figure 8 shows an STEM image of a thin lamella that was
prepared from the Al2O3:SiO2 film. Contrast differences in the
nanocrystalline film verify the fragmentation of the primary par-
ticles.

The element composition of the Al2O3:SiO2 lamella was sub-
sequently investigated with STEM–EDX mapping, as can be seen
in Figure 9. Green color relates to aluminum, purple to silicon,
and red to oxygen. Accumulation of SiO2 between larger Al2O3
fragments can clearly be observed. The different size of the parti-
cles before (2–3 μm agglomerated particles with primary particles

Figure 9. STEM–EDX mapping of an Al2O3:SiO2 film. The colors indicate
the following elements: green relates to aluminum, purple to silicon, and
red to oxygen.
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Figure 10. STEM–EDX image at Al2O3:SiO2 films with a color-indicating element composition. Two areas are analyzed respectively. a) The evaluation
area of the aluminum-rich area and b) the silicon-rich area.

of about 500 nm, cf. Figure 3b) and after deposition (fragments of
50–100 nm, cf. Figure 9) points unambiguously to a fragmenta-
tion process as it is typical for PAD. From Figure 9, the area frac-
tion of Si and Al can be determined. This results in the respective
areas of Al2O3 = 24450.25 px2 and SiO2 = 9232.36 px2 (for details,
please see Figure S1, Supporting Information). The ratio of the
two areas ASiO2

∕AAl2O2
= 0.38 almost matches the standardless

EDX quantification Si:Al = 0.39 (cf. Figure 7) of the deposited
Al2O3:SiO2 film. The quantification of nanocrystalline films on
a single TEM lamella is of course always subject to uncertain-
ties. Nevertheless, the tendency that a higher shell fraction is de-
posited can be confirmed.

This further supports the results obtained by the quantitative
EDX measurements of particles and films normal to the sur-
face conducted earlier. Small areas of this lamella were inves-
tigated further regarding element composition: aluminum-rich
(cf. Figure 10a) and silicon-rich (cf. Figure 10b) areas were inves-
tigated respectively.

Here, yellow indicates aluminum while dark green indicates
silicon. The calculated element ratios are Si:Al = 1.2 × 10−3 in
the aluminum-rich area (cf. Figure 10a) and Si:Al = 6.2 in the
silicon-rich area (cf. Figure 10b). The element ratios in the re-
spective regions differ by three orders of magnitude and show
that the aluminum-rich region is almost exclusively alumina and
the silicon-rich region is almost exclusively silica.

The NMC:LiNbO3 particles were deposited on a Si-wafer. An
EsB image of the film is shown in Figure 11. The EsB is sen-

sitive to the average atomic mass, so Si (black, substrate), car-
bon (black, contamination within the darker gray and whitish
areas), NMC (darker gray, core material), and LiNbO3 (whitish,
shell material) are represented by contrast. The particles be-
fore deposition (cf. Figure 5) have a diameter of about 2 μm.
While one significantly large fragment of NMC (diameter is
about 500 nm) can be observed, all other fragments of NMC
are in the range of 100 nm or less. Furthermore, the NMC par-
ticles are well surrounded by LiNbO3, indicated by the whitish
structures. Figure 11 supports the EDX data from the results
shown in Figure 7, where the element ratio of the film is de-
termined to Nb:Ni = 0.64. Much more whitish structures (Nb)
can be found in the film as initially expected from the particles
(Nb:Ni = 0.07). If we count the number of pixels of the area that
is assigned to LiNbO3 (whitish structures: LiNbO3 = 68400 px2)
and NMC (darker, grayish structures: ANMC = 97300 px2) re-
spectively, we obtain an area ratio of about LiNbO3/NMC = 0.7.
The discrepancy between standardless EDX measurement and
counted pixels may vary depending on where the TEM lamella
is cut. Shifting the cut in a nanocrystalline layer can result in
smaller deviations in irregular structures. Nevertheless, a signif-
icant shift toward shell material can clearly be observed. For de-
tails of the counted pixels, please see Figure S2 (Supporting In-
formation).

In addition to the EsB measurements, the lamellas were also
investigated by SEM–EDX. The results are shown in Figure 12.
Figure 12a is the grayscale image of the coating and Figure 12b

Figure 11. EsB image of a cross section of an NMC:LiNbO3 film. The darker grayish structures represent the NMC (core material) while the whitish
structures correspond to the LiNbO3 (shell material). The film is deposited on a Si-wafer (substrate material, black in the upper part of the image). The
fragmentation into nanocrystalline fragments can be clearly observed. An increase of shell material is also visible.
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Figure 12. EDX-mapping of a cross-section of an NMC:LiNbO3 film. The grayscale image a) shows the cross-section. The core element Ni (green) and
the shell element Nb (pink) are shown as an overlay with the grayscale image in (b). Areas with a high Ni count show a lack of Nb and vice versa. The
areas of core and shell elements can be clearly distinguished.

represents the EDX-mapping as an overlay of the grayscale im-
age. The core element Ni is represented by green color, while
pink indicates the shell element Nb. The substrate material (Si-
wafer) is on the right lower corner, while the upper left corner
shows epoxy resin from the ion beam milling process on the sur-
face of the lamella (view into the depth). EDX measurements
clearly exhibit the presence of core (Ni, green color) and shell
(Nb, pink color) elements. Once again, the size of the observable
fragments is smaller than the initial particles, indicating a frac-

ture mechanism that they must have undergone to form a dense
film.

According to the results of the Al2O3:SiO2 system and the
NMC:LiNbO3 system, we developed a qualitative model to ex-
plain the film formation during the deposition from a mech-
anistic standpoint. It is illustrated in Figure 13. The element
ratio of the particles before deposition was examined by EDX
and indicate a high amount of the core elements and a low
amount of shell elements (cf. Figure 13a). The core–shell

Figure 13. Initially, the element ratio between core and shell is determined by EDX before spraying (a). The particles are accelerated by the gas flow
toward the substrate (b) and impact at the substrate (c). The particle fragment (d) and a part of the shell as well as a part of the core is deposited.
Subsequent particles undergo the same process and form the film. The final film is characterized by EDX (g) whereas a significantly more deposited
shell material can be determined.

Adv. Mater. 2023, 2308294 2308294 (7 of 9) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH

 15214095, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202308294 by K
arlsruher Institut F., W

iley O
nline L

ibrary on [04/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com www.advmat.de

particles are accelerated toward the substrate (Figure 13b) and
impact on the substrate (Figure 13c). The particles fracture
from about 2 μm (initial particle size before deposition, cf.
Figures 3 and 5) to fragments of about 200 nm (cf. Figures 9
and 11). Only parts of the particles are deposited (Figure 13e),
otherwise, the increase of the share of the shell elements (as in-
dicated by EDX, cf. Figure 7) cannot be explained. The remaining
parts of the particles follow with the gas flow toward the vacuum
pump. It is uncertain whether the remaining parts of the particles
will break as well. These results support the findings of Furuya
et al.,[52] suggesting that particles fracture along a “maximum
shear stress line.” Subsequent particles impact and contribute to
the film growth (Figure 13f). The EDX analysis after deposition
(Figure 13g) shows the increase of the shell elements within the
film.

4. Conclusions

In this work, we developed a model to explain the deposi-
tion mechanism of the PAD based on experimental results.
To achieve this, we investigated the different element composi-
tions of core–shell particles by EDX prior to deposition and af-
ter film formation. Two different material systems, Al2O3 with
a SiO2 coating (Al2O3:SiO2 system) and NMC with a LiNbO3
coating (NMC:LiNbO3 system) were deposited, examined, and
compared. For both material systems, we initially measured the
element ratios of the shell and the core elements of the pow-
ders (Si:Al = 0.23 and Nb:Ni = 0.07 respectively). After de-
position, both material systems show an increased amount of
the shell elements (Si:Al = 0.39 and Nb:Ni = 0.64, respec-
tively). Nevertheless, a certain amount of the core element can
still be observed after deposition. A complete deposition of the
entire particle or a sole deposition of the shell can be negated:
for these cases, either the element ratios prior and after deposi-
tion must have remained constant or only shell elements should
be detectable. A shift toward an increasing amount of shell ele-
ments can only be explained by a partial deposition of the impact-
ing particles. A further investigation by STEM–EDX (Al2O3:SiO2
system), EsB, and EDX (both NMC:LiNbO3 system) of cross-
section lamellae confirm the deposition mechanism. Both ma-
terial systems show fragments of the initial particles with a high
amount of shell elements. Therefore, we conclude that particles
impact, fracture, and only a small part originating from the outer
part of the impacting particle is deposited. These results are also
consistent with those of Furuya et al.,[52] who propose a maxi-
mum shear stress line as the fracture edge through the parti-
cles.

Based on this work, two particularly interesting questions arise
for the future: does the elemental shift toward shell material per-
sist with significantly thicker films than the anchor layer, and can
the behavior be reproduced with a reversed core–shell element
composition? The cushioning effect discussed by Lee et al.[51]

along with the impact of varying hardness through the reversal
of core and shell elements, could provide additional understand-
ing of the interactions between the substrate, film, and impacting
particles. Moreover, further experiments with other ceramic ox-
ide core-shell materials should be conducted to provide additional
evidence for the generality of the proposed mechanism.
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