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Abstract

The ability to integrate ceramics with other materials has been limited due to high temperature (>800°C)
ceramic processing. Recently, researchers demonstrated a novel process, aerosol deposition (AD), to
fabricate ceramic films at room temperature (RT). In this process, sub-micron sized ceramic particles are
accelerated by pressurized gas, impacted on the substrate, plastically deformed, and form a dense film
under vacuum. This AD process eliminates high temperature processing thereby enabling new coatings
and device integration, in which ceramics can be deposited on metals, plastics, and glass. However,
knowledge in fundamental mechanisms for ceramic particles to deform and form a dense ceramic film is
still needed and is essential in advancing this novel RT technology. In this work, a combination of
experimentation and atomistic simulation was used to determine the deformation behavior of sub-micron
sized ceramic particles; this is the first fundamental step needed to explain coating formation in the AD
process. High purity, single crystal, alpha alumina particles with nominal sizes of 0.3 um and 3.0 um
were examined. Particle characterization, using transmission electron microscopy (TEM), showed that the
0.3 um particles were relatively defect-free single crystals whereas 3.0 um particles were highly defective
single crystals or particles contained low angle grain boundaries. Sub-micron sized Al,O; particles
exhibited ductile failure in compression. In situ compression experiments showed 0.3um particles
deformed plastically, fractured, and became polycrystalline. Moreover, dislocation activity was observed
within these particles during compression. These sub-micron sized Al,O; particles exhibited large
accumulated strain (2-3 times those of micron-sized particles) before first fracture. In agreement with the
findings from experimentation, atomistic simulations of nano-Al,Os particles showed dislocation slip and
significant plastic deformation during compression. On the other hand, the micron sized Al,O; particles
exhibited brittle fracture in compression. In situ compression experiments showed 3um Al,O; particles
fractured into pieces without observable plastic deformation in compression. Particle deformation
behaviors will be used to inform Al,O3 coating deposition parameters and particle-particle bonding in the
consolidated Al,O3 coatings.
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1. INTRODUCTION

In this work, fundamental deformation mechanisms in sub-micron ceramic particles were studied
as a basis for particle consolidation (particle-particle bonding) in aerosol deposition (AD). AD is
a room temperature (RT) solid-state deposition process. In this novel process, particles are
accelerated to high velocity (200-600 m/s) by pressurized gas, impacted, deformed, and
consolidated on the substrates at RT under vacuum. High velocity ceramic particles undergo
plastic deformation and break up into small crystallites (20-75nm), which bind together [1-3] to
form thick films with high deposition rates (10-30 um/min) [4]. These films have excellent
integrity and properties equivalent to or exceeding those of bulk ceramics processed by
conventional methods. Deposition of traditional (Al,Os, TiO,, AIN) [2], dielectric (BaTiOs3)
[4,5], piezoelectric (PZT, PNN) [2,6,7], magnetic (Sm-Fe-N) [8,9] and battery (LiMn;Oy,
LiCoO,) [5] ceramic materials has been reported. Traditionally, these ceramic materials were
processed at high temperatures, >800°C, limiting ceramic integration with other materials
systems. The ability to deposit ceramics using a RT process enables multi-materials (metals,
ceramics, polymers) fabrication and device integration.

Although empirical data exist for RT solid-state deposition of ceramics, underlying mechanisms
for particle deformation and particle-particle bonding are not understood. Likewise, a large gap
exists between the knowledge of ceramic plastic deformation and its role in room temperature
consolidation of ceramics particles. Whereas deformation of polycrystalline ceramics may be
explained by grain boundary sliding accommodated by slip [10,11] at high temperatures and low
strain rate, current literature lacks explanations for deformation at room temperature and high
strain rate, applicable to the RT solid-state deposition process. Compression of single crystal
sapphire pillars at RT has shown dislocation slip, plastic deformation, and cracking [12].
Similarly, compression of single crystal sub-micron sized Silicon (Si) particles at RT has also
shown dislocation activity, plastic deformation, and cracking [13, 14]. Moreover, feature-size-
dependent brittle-to-ductile transition in deformation behavior of Si pillars [15] and alumina
(Al,O3) particles in compression [1] have also been reported in the literature. For Al,O; particles
in compression, it has been shown that ‘large’ particles (>1 pm diameter) fracture into pieces
whereas ‘small’ particles (<500 nm in diameter) plastically deform (Figure 1) [1]. Our
hypothesis is that a common underlying mechanism exists for sub-micron sized ceramic particles
to plastically deform and bond in RT solid-state deposition processes because similar
microstructural characteristics, where particles break up into 20-75 nm sized crystallites were
observed for Al,O3 (Figure 2), BaTiOs, and PZT solid-state deposited films [5].

Simulation has also been utilized to gain insights into bonding mechanisms. Finite element
modeling using the Johnson-Holmquist material model for a single 0.3 um Al,O3 particle
impacting a substrate at 150 m/s was performed by Akedo [3]. The conclusions were that the
local temperature rise of 500°C was not high enough for sintering (>800°C) and the pressure of
10 GPa was less than that of conventional shock wave synthesis [3]. The effects of local pressure
and temperature rise, however, were not investigated experimentally. It may be possible that
local pressure during impact may be high enough to create shock-induced amorphization of
ceramics [16-18] and that the local temperature rise at the impact interface may be high enough
to induce sintering of sub-micron-scale ceramic particles.
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Figure 1: The work by Akedo and Ogiso showing micron-sized alumina particles fractured into
pieces and eroded during the deposition whereas sub-micron sized alumina particles deformed
during compression and consolidated into coatings during AD [1].
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Figure 2: TEM images of Al,O; particles before and after deposition. Small crystallites (20-75 nm)
were found inside of the deformed particles after deposition [2].
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In order to gain insights into sub-micron and micron sized ceramic particle deformation
behaviors, a series of experiments and atomistic simulations were conducted to investigate how
the presence/absence of defects in ceramic particles affects deformation behavior. Smaller
particles may be relatively defect-free and may be more energetically favorable to deform rather
than fracture under compression. The reverse may be true for large particles.

Alumina (Al,O3) was selected for this study. Two sets of high purity a-Al,O3 particles with
nominal sizes of 0.3 um (AA-03) and 3 um (AA-3) were obtained from Sumitomo Chemical
Co., LTD. Both sets of particles were characterized for morphology, size distribution, possible
internal boundaries, purity, and phase. In situ compression in the scanning electron microscope
(SEM) was performed on both sets of particles to observe the nature of deformation/fracturing
behaviors. In situ compression in the transmission electron microscope (TEM) was performed
only on the electron transparent 0.3um particles to capture dislocation activities, possible sub-
grain formation, and nano-scale fracturing. Load and displacement were recorded during each
particle compression.

Atomistic simulations were performed with the goal of understanding features in the load vs.
displacement curves during nanoparticle (NP) compression. In particular, load drops in the
experimental load vs. displacement curves are often ascribed to either dislocation movement or
fracture events in the NPs. Moreover, because molecular dynamics (MD) tracks the motion of
individual atoms in a given system, the identification of dislocations, slip planes, and particle
fracture is feasible.
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2. PARTICLE CHARACTERISTICS
2.1 Particle Morphology and Size Distribution

2.1.1 SEM Image Analysis

The 0.3 um and 3 um Al,O;3 particles were imaged via a Carl Zeiss Supra 55VP, at a working
distance of 9 mm, using a 10 kV excitation voltage. The 0.3 um particle size distribution was
analyzed by outlining individual particles in SEM images and making measurements on the
outlined particles in the Clemex image analysis software. An example of the image analysis is
shown in Figure 3. Over 500 particles were analyzed and particle size distribution was plotted.
The 3 pum particle size distribution was analyzed using the automated Oxford Inca Feature
analysis suite.

é

-
|

0

EHT = 3.00 kV WD= 34 mm Signal A=InLens  Width=3.365 ym

200 nm

Figure 3: Image analysis performed on the 0.3 um particles using the Clemex image analysis
software. Red and blue were used to highlight/distinguish particles that share relatively flat
boundaries. Over 500 particles were analyzed and the data was compiled to give a particle size
distribution.

SEM images showed highly faceted Sumitomo AA-03, 0.3 um and AA-3, 3 um Al,O; particles
(Figure 4A and B). The 0.3 pum particles agglomerated together whereas the 3 um particles were
well dispersed. SEM image analysis showed that size distribution of the AA-03 peaked at 0.23
pm, which was slightly less than the 0.3 um expected size (Figure 5).
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EHT =10.00 kV WD=92mm Signal A= BSD Width=71.13 ym

Figure 4: SEM images of A) 0.3 um and B) 3 um Al,O3 particles. Both particle sets appeared to be
single crystalline and faceted.

2.1.2 Aerosol Generator and Particle Counter

A fluidized bed aerosol generator (3400A, TSI Inc., Shoreview, MN, USA) was used to disperse
the particles. In this aerosol generator, bronze beads were used to break up the powder
agglomerates. A scanning mobility particle sizer (SMPS, TSI Inc., Shoreview, MN, USA) and
aerodynamic particle sizer (APS, TSI Inc., Shoreview, MN, USA) were used to measure aerosol
concentrations and particle size distributions of sub-micrometer and supramicrometer particles,
respectively [19].
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Figure 5: Particle size (ferret diameter) distribution of the Sumitomo AA-03, 0.3 um Al,O; particles
measured using the Clemex image analysis software. Particle size peaked at ~0.23 pm.

On the other hand, the particle size measured in particle stream from the aerosol generator
showed several peaks in the distribution (Figure 6). This is because the as-received 0.3 pm
Al,O3 particles were agglomerated together and fed into the aerosol generator. In the aerosol
generator, only some of the Al,O; agglomerates were broken up by the bronze beads into
individual 0.3 pum Al,O3 particles. Thus the particle stream from the aerosol generator
consisted of three populations, the large Al,O3 agglomerates (green curve in Figure 6, peaked
at 1 um), the individual Al,O3 particles (broken up by bronze beads, red curve in Figure 6,
peaked at 0.23 pm), and the bronze bead residue (blue curve in Figure 6). The AA-3 particle
distribution peaked at 3 um as expected (Figure 7).
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Figure 6: Particle size distribution of the Sumitomo AA-03, 0.3 um Al,O; particles measured using
the aerosol generator (with bronze beads that break up agglomerates) and particle counter. Well
dispersed particle size peaked at ~0.3 um. Agglomerated particle size peaked at ~1um.
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Figure 7: Particle size distribution of the Sumitomo AA-3, 3 um Al,O; particles measured and
analyzed using the automated Oxford Inca Feature analysis suite.
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2.2 Phase, Crystallinity, and Chemical Composition

2.2.1 X-ray Diffraction

X-ray diffraction (XRD) patterns were collected from the 0.3 um and 3 pum Al,O3; powders to
identify crystal structure/phase. XRD was performed using a Siemens 6—6 D500 diffractometer
equipped with a sealed-tube source (Cu K, A=0.15406 nm), a diffracted beam graphite
monochromator, and a scintillation detector. Al,O3; powder samples were mounted on quartz
zero-background holders for analysis. The conditions for each scan were fixed incident and
diffracted beam slits (1° aperture), 10-80° 26 scan range, 0.04° 20 step-size, and a dwell time of
19 s/step. The XRD patterns were analyzed using JADE 9.6.0 software (Materials Data, Inc.,
Livermore, CA) equipped with the Powder Diffraction File PDF 4+ 2013 database (International
Centre for Diffraction Data, Newtown Square, PA).

A powder XRD pattern collected from 0.3 um Al,O3 particles is compared to a star quality
ICDD PDF card in Figure 8. All peaks in the powder pattern collected from 0.3 um Al,O3 can
be indexed to PDF #00-046-1212 which confirms that the particles were a-Al,O3. The XRD
pattern collected from 3 um Al,O3 particles is shown in Figure 9 and was also confirmed to be a-
Al,O3. No other phases were detected.
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Strong Lines: 2.55/X 1.60/9 2.09/7 3.48/5 1.74/3 1.24/3 1.37/3 1.40/2 (1%-Type: (Unknown))
General Comments: Unit cell computed from dobs. Sample Source or Locality: The
sample is an alumina plate as received from ICDD.
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Figure 9: X-ray diffraction pattern collected from the 3 um Al,O; particles (red, above) and pattern
showing relative intensity of corundum Al,O;z; (blue, below). The patterns matched well, confirming
the corundum structure of a-Al,O;.

2.2.2 Transmission Electron Microscopy (TEM)

The 0.3 um alumina powder was dispersed in air onto a carbon-coated copper TEM grid. No
further preparation was required as the particles were electron transparent.

The 3 um particles were cross-sectioned using the focused ion beam (FIB) and prepared for
subsequent TEM imaging. A FEI Helios dual platform focused ion beam (FIB) tool equipped
with both a Ga+ ion column and a SEM column was used to produce cross sections of the
particle samples for TEM imaging. Localized platinum deposition was used to protect the surface
of the sample from direct ion beam irradiation. Thin samples for TEM analysis were produced by
the in situ lift-out technique. A selected area of the sample was cut free using the ion beam. The
cut sample was then transferred to a support Cu grid where final ion thinning was conducted.

Microscopy was performed with a FEI Tecnai F30-ST TEM/STEM operated at 300kV and

equipped with an energy-dispersive x-ray spectrometer. A combination of TEM (bright and dark-
field) and STEM (bright and dark-field) and selected area diffraction were used to determine
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defects in the particles. X-ray spectra were taken from the particles to detect chemical elements
(and possible impurities). The estimated sensitivity of EDS on this system is approximately 0.5
at% under the conditions used.

A combination of TEM (bright and dark-field) and STEM (bright and dark-field) and selected
area diffraction were used to determine that the 0.3 um particles were largely defect free, a-phase
single-crystals (Figure 10). Moreover, the particles were found to agglomerate with some
fraction having sintered to other particles, consistent with the SEM images in the previous
section. Figure 11A shows an agglomerate of Al,O3 particles. Figure 11B and C show the two
Al,O3 particles sharing a flat interface consistent with having sintered at high-temperature. The
upper particle had several defects, likely dislocation loops, present (arrowed).
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F|re 10: Bright field TEM image of A) a 0.3 um Al,O; particle, B) dark field TEM image of the
same particle, and C) a diffraction pattern consistent with that of corundum. Facetted particle
oriented on the [0001] zone axis. White arrow in A points to a dislocation loop.

n n
Figure 11: A) Dark field TEM images of 0.3 um Al,O; agglomerate and B) two alumina particles

sintered together, and C) a bright field TEM image of two alumina particles sintered together. The
spots within the particles in B and C were dislocation loops.

Figure 12 shows TEM images and diffraction patterns from several nominally three micron
alumina particles. Figure 12A and B are bright-field and dark-field TEM images of a 3 um
particle that is free of dislocations but contains a low-angle grain boundary (lower part of grain).
Figure 12C is a weak-beam dark field image of another 3 pum alumina particle with numerous
defects. This grain is a single crystal albeit with several defects including dislocations and
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stacking faults. Figure 12D is a selected area diffraction pattern showing reflections from one
grain, confirming that the particle in Figure 12C, is a single crystal.

0.2 um

Figure 12: A) bright-field TEM image and B) dark-field from the same largely defect free single

crystal particle. Note the dark region in the lower part of the particle in A is another grain; C) a

weak-beam dark-field TEM image of different a single-crystal but defective particle; and D) the

corresponding selected-area diffraction pattern (from particle in C) showing the single-crystal
particle oriented on a zone axis.
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X-ray spectra taken from the 0.3 um particles showed that the material was clean with no other
detectable elements but Al and O from the Al,O3 particles and Cu from the TEM grid (Figure
13). The estimated sensitivity of EDS on this system is approximately 0.5 at% under the
conditions used. This suggested that the Sumitomo AA-03 particles are of high purity.
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Figure 13: EDX spectra collected from the alumina particle agglomerate shown in the left of Figure
11. The only elements detected were Al and O from the Al,O; particles and Cu from the TEM grid.

2.2.3 Inductively Coupled Plasma Analysis

The samples were dissolved in triplicate. Inductively Coupled Plasma (ICP) analysis was
performed with a Perkin Elmer ICP-OES Optima 5300 DV. Samples were analyzed semi-
quantitatively to identify trace metals present at levels above 5ug/g of Al,03. Samples were then
analyzed quantitatively for the identified metals.

The ICP analysis suggested very small traces of Sc and Zn as contaminants in the alumina
powder. The results are shown in ug/g of original sample.

Element Average Standard Deviation
Sc 18.3ug/g 4.9u9/g
Zn 6.1ug/g 2.5ug/g9
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3. IN SITU COMPRESSION OF SUB-MICRON SIZED ALUMINA
PARTICLES IN THE TRANSMISSION ELECTRON MICROSCOPE

An in situ ion irradiation transmission electron microscope (TEM) allows high spatial resolution
and real time observation of the 0.3 um electron transparent alumina particles under mechanical
loading (nanoindentation). The 0.3 um electron transparent alumina particles were suspended in
ethanol, sonicated, and dispersed on single crystal sapphire substrates. As the alcohol evaporated,
the alumina particles were left on the surface. In situ compression in the TEM was performed at
SNL’s I*'TEM facility [21] using a 200 kV accelerating voltage. The system (Figure 14) consists
of a 200 kV JEOL 2100(HT) TEM with the LaBg filament, a 6 MV EN Tandem Van de Graaff —
Pelletron accelerator, and a 10 kV Colutron G-1 ion accelerator.

B A B

Figure 14: Images showi'ng the I’'TEM facility with A) JEOL 210b TEMTNit ke beamline and
stage capabilities identified; B) 6 MV EN Tandem Accelerator with the location of the ion sources
identified; and C) The Colutron [20].
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High tilt pole piece and the Tietze video and image processing systems (TVIPS) cameras were
used. The 1024 x 1024 camera was used for recording videos at 15 frames per second (FPS). The
4048 x 4048 camera was used to record still images. The Hysitron P195 indenter with a 1 pum
diameter flat punch indenter tip was used. The indenter transducer has a maximum force of
approximately 3 mN. Videos were recorded at 100k magnification during compression. The
compression parameters for three particles are shown in Table 1.

Table 1: In situ compression parameters for particles in the TEM

Compression Parameters with Open Loop | Particle A, indent I | Particle A, indent II | Particle 3 | Particle 4
Final Force (Um) 200 500 600 600
Seg. Time (s) 40 50 60 60
Loading Rate (LUN/s) 5 10 10 10
Data Acquisition Rate (Points/sec) 200 200 200 200

The electron transparent, sub-micron sized 0.3 um diameter particles exhibited ductile
deformation in compression. During compression, the sub-micron sized particles showed
dislocation activities, significant plastic deformation and fracturing. Figure 15 and Figure 16
show a 0.3 um diameter particle (“particle 1”’) before and after compression.

After compression, dislocations were found in the particle. Dark field images showed multiple
high dislocation density regions in the particle (Figure 16A-C). Corresponding diffraction
patterns from different areas of the particle appeared to be tilted varying amounts about a single
zone axis, indicating that the particle became polycrystalline (Figure 16D-F).

A detailed examination for compression of particle 2 will be discussed. Images of particle 2
before and after compression are shown in Figure 17. Load vs. displacement curves for two
compressions of particle 2 (open loop mode at 10 uN/s loading rate) are shown in Figure 18.
During the first compression (black curve in Figure 18), a surface asperity caused particle 2 to
roll initially. Eventually the particle reached a position where it stopped rolling. The subsequent
compression remained purely elastic, and no defect production was observed within the particle.
During unloading, the particle rolled back somewhat, but not entirely to its original position. In
the second compression, the particle only rolled slightly before undergoing elastic deformation,
then plastically deforming starting at 307uN. This transition from elastic to plastic deformation
can be seen through the change in slope of the load vs. displacement curve (red) in Figure 18.
The displacement excursion (burst) from 77 nm to 84 nm corresponding to a fracture event
occurred at a load of 433 puN. The tip was able to keep up with the displacement excursion and
the loading continued to 446 PN before the tip was retracted. It is important to note that the
particle fractured but did not separate into pieces (Figure 18B). TEM dark field images of the
particle are shown in Figure 19. The dark field images showed high dislocation density regions
in the particle in different diffracting conditions. Diffraction patterns collected at the left (Figure
20A), middle (Figure 20B), and right (Figure 20C) of the particle showed that the two halves of
the particle were rotated into different orientations, confirming that the particle had fractured.

24




2 tinm 20 nm

Figure 15: A) Diffraction pattern of the 0.3 um particle 1 before compression, B) Bright field TEM
images showed particle was relatively defect-free before compression, and C) was full of defects
after compression. The compression was performed in open loop control mode.

2 tinm 2 1nm 2 tinm

gure 16: Dark field TEM imas of the AA-03 (0.3 um) partice 1 after compression (A,B,C)
showing high dislocation density in different diffracting conditions and corresponding diffraction
patterns from different areas of the particle (D,E,F) suggesting polycrystallinity after compression.

In addition to the observed apparent deformation/fracturing behaviors, two quantitative measures
of ductility are the accumulated strain that the particle can withstand in compression before
fracturing and the critical energy release rate, G¢. Ge values were demonstrated in literature for
Si particles fracturing in compression [21]. In this work, approximated accumulated strain was
taken to be the total displacement divided by the initial particle diameter and the approximated
Gc can be extracted from the load vs. displacement data.

25



Strain energy release rate value is closely related to the fracture toughness through (eq. 1) with a
lower value of G¢ indicating lower ductility:

GC = K|(;2/E (eq l)

where K¢ is the critical stress intensity factor and E is Young’s modulus. For bulk alumina,
Kic = 44 MPaVm and E = 375 GPa [22], which gives a value of G¢ = 40 J/m*.

The Gc of most brittle ceramics is ~10s J/m® where as that of ductile metals is ~1,000s J/m?. The
approximated G¢ values of the compressed particles suggested the nature of deformation
behavior (i.e. whether the deformation is similar to brittle ceramics or ductile metals). The first
order of approximation for strain energy release rate during compression of the 0.3 um particles
can be calculated from the collected load vs. displacement curves. In this work, the G¢c was
estimated from the energy (area under the displacement burst obtained from in situ compression
in the TEM) divided by the fracture surface area (two times the cross-sectional area of the
particle before compression).

The fracture (or deformation) energy release rate, G¢, can be estimated by integrating the area
under the displacement burst (area under the red curve, highlighted in red in Figure 18) for
particle 2. With fracture, the energy can be normalized by the new surface area created. In order
to estimate the G, it was assumed that fracture went through the center of particle. The first
order of estimation was: energy of 7 nm * 435 uN = 305 pJ and particle diameter of 370 nm,
providing the Gc of 1386 J/m®. This particle fracture energy is much higher (i.e. the particle is
more ductile) than Gc for bulk Al,O3 (40 J/m?) and other ceramics.

It is important to note that the electron beam deposits some energy within any material it passes
through, and hence may have some effect on the plasticity of the particles here. Significant
global heating is not expected, but enhanced local diffusion may result from particularly strong
electron interactions within the sample [23]. Further work is needed to quantify the extent of any
electron beam effects during these or similar tests. However, the relatively low electron dose rate
(<50 pA/cm?), short duration of the compression tests (30 — 60 s), and crystalline structure of the
particles all contribute to a diminishing influence of the electron beam.
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17: TEM bright field images of particle A, A) before and B) after compression. The arrow
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Figure 18: Forces as a function of displacement collected during two open-loop nanoindentations on
asingle, 0.3um, Al,O; particle “A”. Indent 1 (red curve), particle was loaded elastically and rolled
with peak load of 180 pN. Indent 2 (blue curve), particle was loaded elastically and plastically
before fracturing at the peak load of 435 uN.
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Figure 19: TEM dark field images of particle A after compression in different diffracting
conditions. Both A) and B) showed areas with high dislocation density (appearing light in the
images) within the particle.

Figure 20: Diffraction patterns collected on particle A after compression at A) left side of the
particle, B) middle of the particle, and C) right side of the particle. These diffraction patterns
confirmed that the particle fractured and the two halves have different orientations.
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4. IN SITU COMPRESSION OF SUB-MICRON AND MICRON SIZED
ALUMINA PARTICLES IN THE SCANNING ELECTRON
MICROSCOPE

The effect of particle size on deformation behaviors in Al,O3 was investigated by loading
particles with nominal diameters of 0.3 pum and 3 pm in compression in situ with a nanoindenter
inside an SEM. Particles were deposited on a sapphire substrate by suspending them in methanol
or ethanol, sonicating the mixture, and then placing a drop of the mixture onto the single crystal
sapphire surface. As the alcohol evaporated, the Al,O3; particles were left on the surface.
Surfaces were sputtered with a thin layer of gold (on the order of nm) for 15 seconds to alleviate
charging in the SEM from the particles and the single crystal sapphire substrates.

Before loading, a sample of particles was imaged in plan-view (0°) in the SEM to select particles
for loading, for measuring particle geometry/size from this angle, and for comparison to later
plan-view images of the deformed particles. Loading was performed at an angle of 86° so that
the indentation process could be observed in situ. Loading was performed using an in situ
Hysitron PI185 SEM Picoindenter (Figure 21) with a 3 um diameter tip for 0.3 um particles and a
6 um diameter tip for 3 um particles.

During loading, video comprised of successive SEM images, was recorded concurrently with
load vs. displacement data. Specimens were loaded in a “displacement control” mode. Micron
sized particles with a diameter of 3 um were loaded at a displacement rate of 8 nm/s while sub-
micron particles with a diameter of 0.3 pm were loaded at a displacement rate of 15 nm/s.
Normalizing these displacement rates by the particle diameter gives nominal strain rates of 0.003
and 0.05 s™, respectively (strain is defined here as displacement divided by the particle height).
Images of particles before and after deformation were captured at several angles for comparative
analysis.

Indenter

Specimen

Figure 21: P1 85 SEM Picoindenter, Hysitron, Inc. [24]
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The sub-micron sized Al,O3 particles also deformed in a ductile manner in the in situ SEM
compression experiments. After compression, the sub-micron sized particles showed significant
plastic deformation and fracturing as shown in Figure 22. Each compressed sub-micron sized
particle stayed intact as a single entity even with fractures. The compression of particle 3 and
particle 4 in Figure 22 were stopped after observing a drop in force vs. displacement curves.
After releasing, significant deformation and cracking were observed in the particles. On the other
hand, particle 1 was loaded to the extreme. After releasing, particle 1 appeared ‘flattened’,
showing significant deformation and cracks. It was noteworthy to observe the similarity of this
compressed and ‘flattened” 0.3 pm Al,O3 particle 1 in this experiment to the reported
compressed 0.5 um Al,Oj3 particle previously displayed in Figure 1 [1]. This confirmed that sub-
micron sized alumina particles can undergo significant plastic deformation and cracking
simultaneously without cleaving apart into pieces.

cracks

\‘:

Particle#3

Particle#1

Particle#4

 —

Before Indentation, zero tilt ~ After Indentation, zero tilt After Indentation, 70° tilt
Figure 22: Top view SEM images of three AA-03 (0.3 um) particles before (left column) and after
(middle column) compression as well as tilted view SEM images of three particles after compression
(right column). This figure showed different variations in deformation behaviors (plastic
deformation, change in shape, cracks, etc.).
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Figure 23: A) Top view SEM image of “particle 5” with 0.3 um diameter and side view SEM images
B) before compression and C) after compression. The particle was stuck to the tip after
compression.

The load VS displacement curves and time-based plots of force and displacement for
compression of particle 5 are shown in Figure 23. Although these tests were performed in
displacement control mode, the control system was unable to keep up with the fast fracture event
resulting in the displacement spike around 5.8 seconds (Figure 23B). The result of this was an
apparent jump in displacement with an abrupt drop in load at the point of fracture.
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Figure 24: An example of loading data for a large particle, “particle #5”, shown in Figure 23. A)
Force VS displacement and B) force and displacement VS time. The control system was unable to
keep up with the fast fracture event resulting in the displacement spike around 8 seconds (in B).

In contrast, the 3 um diameter particles deformed in a brittle manner. Fast fracture was clearly
observed through in situ SEM, and particles were left in several pieces after the fracture event
such as those shown in Figure 25. No significant plastic deformation was observed. Load VS
displacement curves and time-based plots of force and displacement for particle 5 are shown in
Figure 26. The fast fracture event (and the resulting displacement jump) occurred around 51
seconds (Figure 26B).
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Figure 25: Top view SEM images of two AA-3 (3 um) particles before (left column) and after
compression (middle and right columns). Large particles fractured into pieces.
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Figure 26: An example of loading data for a large particle, “particle #5”, shown in Figure 25. A)
Force VS displacement and B) force and displacement VS time. The control system was unable to
keep up with the fast fracture event resulting in the displacement spike around 51 seconds (in B).

The failure modes observed in the SEM images and videos provide great insight to determine the
deformation behaviors of the sub-micron and micron sized Al,O3 particles. As shown in Figure
25, large particles burst into several pieces upon fracturing. In contrast, small particles such as
those shown in Figure 22 and Figure 23, often sustained cracking (e.g. particles 3 and 4), but
remained together and exhibited substantial deformation (e.g. particles 4 and 1).

A more quantitative approach would be to consider the G¢. However, the G¢ could not be
accurately estimated from the load vs. displacement curves from the in situ compression of the
0.3 um or the 3 um particles in the SEM. The reason for this was because the system had
difficulty maintaining a constant displacement rate when it experienced the sharp load drop
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associated with sudden fracture, although these experiments were performed in displacement
control mode. Consequently, a large displacement excursion occurred upon the onset of fracture
(at 51 seconds in Figure 26). Integrating the area under this displacement excursion was not valid
because the system did not keep up with the abrupt change in particle compliance due to fracture.
Future experiments using an open-loop control mode should address this issue.

Another quantitative approach was used to determine deformation behavior of the sub-micron
and micron sized Al,O3 particles. Definition of ductility is also how the particles withstand
substantial deformation, corresponding to high accumulated strain under an applied load. In this
work, strain is taken to be the displacement divided by the particle diameter. By this definition,
the small particles behave in a much more ductile manner. As shown in the last column of Table
2, the 0.3 um particles withstood two to three times the amount of strain before fracture as
compared to the 3 um particles.

Table 2 Compressed particle sizes, compression strain rates and corresponding
accumulated strain at first fracture.

Particle  |Diameter [Strain Rate | Strain at First
Identifier |(um) s Fracture (%)
Large Particles

D6P1 2.9 0.03 5
D6P2 2.6 0.006 5
D6P4 2.9 0.005 5
D6P5 2.9 0.003 7
Small Particles

D5P2 0.17 0.09 11
D5P3 0.29 0.05 12
D5P4 0.28 0.05 13
D5P5 0.29 0.05 16
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5. MOLECULAR DYNAMICS SIMULATION OF NANOPARTICLES
UNDER COMPRESSION

Molecular dynamics (MD) tracks the motion of individual atoms in a given system, making the
identification of dislocations, slip planes, and particle fracture possible. In order to correctly
identify such events during compression of the particles, it is necessary to use a MD force field
(FF) that allows for the formation and breaking of bonds between atoms. The simplest MD FFs
assign bonds between neighboring atoms at the beginning of a simulation, without allowing for
the possibility of these bonds breaking, or new bonds forming. Such a FF would not be
appropriate for the current project. Instead, an FF developed by Garofalini’s group at Rutgers
University [25] that has accurately predicted surface structures, defect concentrations, and
composition of intergranular films in a variety of ceramics, was implemented. While fracture
surfaces have been studied with this FF [26], the authors are unaware of any studies of dynamic
fracture. Another FF [27] is currently being explored to determine if our simulation results are
universal.

The applicability of MD simulations in the interpretation of experimental results is often
hampered by a large mismatch in time and length scales. Because MD requires accurate
representation of atomic vibrations, timesteps for the numerical integration are on the order of 1
fs. The timestep constrains the simulation times to approximately tens of ns and velocities to
greater than ~0.01 m/s. While massively parallel computers allow for simulations to be spread
over many processors, the balance between intra-processor computations and inter-processor
communications is generally most favorable at about 10° — 10* atoms per processor, which in
turn limits simulations to 10°-10" atoms at most.

For the Al,O3 nanoparticles in this study, the computational limits described above imply that the
largest NP amenable to MD has a diameter of approximately 500 nm (ca. 3 x 10° atoms), which
limits the simulations to the regime of plastic deformation. It is hypothesized that the reason
‘smaller’ particles (diameter < 1um) deform plastically while ‘larger’ particles (diameter > 1
pum) fracture is due to the former being defect-free single crystals, while the latter have initial
defects present. In an attempt to circumvent this size issue, a variety of small NPs (diameter 10
nm) that are either single crystal or have a variety of initial defects were created. If it is, in fact,
the presence of defects that lead to fracture rather than the actual size of the NP, then these
systems should allow the authors to study NP fracture in systems that are still computationally
feasible.

Snapshots of thin slices through the initial configurations of the three NPs studied are shown in
Figure 27. These include a single crystal NP (Figure 27A), a NP with a vertically oriented grain
boundary (hereafter referred to as a ‘Janus’ NP in Figure 27B), and the same Janus NP with a
rectangular notch opened along the grain boundary (Figure 27C). A Janus NP with a triangular
notch was also simulated. However, it was found that the triangular type notch for ‘initial crack’
healed upon equilibration due to successive rebonding across the crack, starting from the apex
and continuing to the surface of the NP. Whereas results from the compression of NPs with this
triangular notch are given below, no snapshots will be shown.
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Figure 27: Snapshot of initial configuration of A) a single crystal nanoparticle, B) a Janus
nanoparticle with a vertically oriented grain boundary, and C) a notched Janus nanoparticle
showing location of initial crack.

The NPs were created from a bulk single crystal a-Al,03 sample with the basal plane {0001}
oriented vertically (i.e. perpendicular to the direction of compression). The single crystal NP was
created by removing all atoms that did not lie within a prescribed distance from the center of the
NP. This necessarily implied that a variety of crystal faces were exposed on the surface of the
NP. To create the Janus particle, the single crystal NP was duplicated and given random rotations
along the three Euler angles. The initial and rotated particles were cut in half along the z-axis
and joined. Notches were created by moving all atoms along the upper third of the NP away from
the grain boundary. Atoms were translated by distances linearly decreasing from 5 A (for those
initially at the grain boundary) to 0 A (for surface atoms). The NPs were energy minimized at 0
K, followed by equilibration at room temperature for 1 ns.

To compress the particles, purely repulsive Lennard-Jones walls were created at a distance of 3
A from the top and bottom of the NPs. These walls were moved together at a constant velocity of
200 m/s. Particles were compressed for an overall distance of 34 A (approximately 1/3 the
diameter of the particles) and then the direction of the walls was reversed. A plot of the overall
calculated pressure of the system as a function of compression distance was created for each NP

type.

MD simulations were performed on the Al,O3 NPs (10 nm diameter) in compression. The overall
calculated pressure of the system as a function of compression distance for all NP types is shown
in Figure 28. The zero of compression has been set to coincide with the first contact of the walls
and the particles. During the first 8-10 A of compression, there is essentially no difference in the
pressure for the single crystal NP and the Janus NP, indicating that the grain boundary has little
effect. The triangularly notched Janus NP is also nearly identical, indicating that the healing of
the notch seen under equilibration results in a NP that is equivalent to the unnotched NP. The NP
with the rectangular notch, shown in green in Figure 28, shows substantially smaller maximum
pressure, although this could be due to the void space in the particle. It is particularly interesting
to note that none of the curves in Figure 28 show pressure drops like those in literature [12] that
have been ascribed to fracture events.

After compression, the walls are reversed to allow the particles to decompress, and indicate the
extent of plastic deformation. While the pressure curves do indicate a negative pressure after
approximately 2 A of decompression, this is likely due to the elastic recovery of the particles,
and should not necessarily be correlated with the negative forces measured experimentally.
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Figure 28: Pressure vs. compression curves for the nanoparticles. Lines show single crystal (black),
Janus (blue), Janus with triangular notch (red) and Janus with rectangular notch (green).

Even with no clear fracture events in the pressure VS compression curves, it is useful to examine
snapshots of the simulations to determine what mechanisms might underlie the accommodation
of the applied stresses. The snapshots for the single crystal NP, the Janus NP, and the Janus with
rectangular notch NP in compression are shown respectively in Figure 29, Figure 30, and Figure
31.

Figure 29 shows a slice through the single crystal NP during compression, with the clear
appearance of a slip band diagonally across the particle. Although this snapshot only shows the
band as it extends over the entire particle, earlier snapshots indicate that this feature began at the
bottom of the particle and moved upwards and to the left. The displacement vectors of the
individual atoms are also shown in Figure 29. The vectors further indicate that this feature
corresponds to slip. This feature began forming at a compression of approximately 5 A— near
where the pressure levels off in Figure 28—and extended across the particle (to the snapshot
shown in Figure 29) at approximately 12 A. The dislocation activity observed during the in situ
compression of the 0.3 um particle in the TEM experiment shown in section 3.3 supported the
dislocation slip observed here.

Figure 29: A) Single crystal nanoparticle during compression and B) associated displacement
vectors. The feature along the diagonal appears to be a slip plane that has formed.
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A snapshot of the compression of the Janus NP after approximately 12 A and the associated
displacement vectors are shown in Figure 30. It is clear from Figure 30 that the original grain
boundary has undergone some rotation to the right of the figure, and it is along this pre-existing
“defect” that slip occurs. In Figure 28, there is a slight drop in the pressure that corresponds to
the beginning of the slip, but it is unclear whether this could be called a fracture event. It is
possible that because of the limitations inherent in presenting the total system pressure (as
opposed to a true normal force on a compressing platen) the indication of fracture events is
different from experiments. Future simulations with atomistic compression plates should clarify
this issue.
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Figure 30: A) Janus nanoparticle under compression and B) associated displacement vectors.

Finally a snapshot of the rectangularly notched Janus NP in compression, with the displacement
vectors, is shown in Figure 31. This snapshot, as for the other NPs, corresponds to approximately
12 A of compression, but the curve in Figure 28 is relatively featureless in this region for this
NP. The notch and grain boundary in this case have rotated to the left, but this is a consequence
of the compression and disappearance of the notch. The circular patterns seen in the
displacement vectors in Figure 31 are related to the overall rotation of the NP itself under
compression. We note that this overall rotation was constrained in the single crystal and Janus
NPs, but not for the notched NP. It is possible that the lower overall pressures seen in Figure 28
mask any possible pressure drops such as that seen for the unnotched Janus NP.

Figure 31: A) Notched nanoparticle under compression and B) associated displacement vectors.
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These results indicate that, while a slip plane appears in the single crystal particle, the
deformation overall seems to be plastic. There is potentially a fracture event that occurs due to
the existence of the grain boundary in the Janus NP, but it is still unclear if this correlates to the
type of force drop seen experimentally. Future simulations with better calculations of the normal
force can potentially show whether or not this event should be considered a fracture event, and
indicate the differences in compression behavior between pre-existing flaws (grain boundaries)
and created slip planes.

6. CONCLUSIONS

Particle characterization, using transmission electron microscopy (TEM), showed that the 0.3 um
particles were relatively defect-free single crystals whereas 3.0 um particles were highly defective single
crystals or particles contained low angle grain boundaries. The presence of internal defects and/or internal
boundaries plays a role in different deformation behaviors of the sub-micron and micron sized particles in
compression. Sub-micron sized particles exhibited ductile deformation whereas micron sized particles
exhibited brittle fracture in compression.

The findings from the in situ compression experiments supported the atomistic simulation of Al,O;
particles in compression. Sub-micron sized Al,O5 particles exhibited ductile deformation in compression.
In situ compression experiments showed 0.3um particles exhibit significant plastic deformation, before
they fractured, and become polycrystalline. Moreover, dislocation activities within the particles were
observed during compression. These sub-micron sized Al,O5 particles exhibited large accumulated strain
before first fracture, 2-3 times that of the micron sized Al,O; particles. The first order approximation of
the strain energy release rate of a 0.3um particle fracturing in compression was G¢ = 1,386 J/m?, a much
higher value than bulk Al,O; and other ceramics. This further suggested that the deformation behavior of
the sub-micron sized Al,Os particles were much more ductile than normal brittle ceramics.

Atomistic simulation of nano-Al,O; particles showed dislocation slip and significant plastic deformation
during compression, in agreement with the findings from experimentation. Simulations of the same sized
particles with pre-existing flaws (to mimic the effects of larger particles), however, showed signs of
fracture.

Micron sized Al,O; particles exhibited brittle fracture in compression, and in situ compression
experiments showed that these particles fractured into pieces without observable plastic deformation.
Particle deformation behaviors will be used to inform Al,O3 coating deposition parameters and particle-
particle bonding in the consolidated Al,O3 coatings.
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