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Abstract

Aerosol deposition (AD) is a coating process wherein aerosol particles are impacted on a tar-
get substrate. There are fundamental differences between the AD process (cold impact), where
particle translational kinetic energy is high and thermal energy is low, and thermal spray de-
position (thermal impact), where translational energy is lower but thermal energy is high. To
better compare cold and thermal impact effects on particles, we carried out molecular dynamics
simulations using yttria-stabilized zirconia (YSZ) nanoparticles on YSZ substrates as a model
system. We performed cold impact simulations at 300 K with variable impact velocity in the
500ms 1-1500 ms ! range to understand how increasing translational kinetic energy affects
thermal energy and mechanical evolution. We then performed thermal impact simulations at
variable temperature and impact velocity, but where the total kinetic energy of the nanopar-
ticle was equivalent to that of a 300 K, 1000 m s * impact. In cold impact, the temperature

increases in YSZ nanoparticles at a rate of 10*3-10 K s !

, and large temperature gradients
result. Conversely, in thermal impact, nanoparticle temperatures remain uniform. The temper-
ature gradients during cold impact coincide with plastic deformation in nanoparticles, while

with larger thermal energies, plastic deformation is reduced.
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Impact Consolidation



Temperature (K)
1800

1600
1400
1200
1000
800
600

J -

.

3nm-12nm

[010]

Temperature (K)
i _ 1000

[100] y— _ "

0o1) o) |

800

3 700
AN Newtonian layer . v 600

500

& +«— Thermal layer

b 400
L | 0 = ’”\ K _Ivh\oi 300
~L' S~ Immobile layer 0 15 30 45 60 75 90

Graphical Abstract



1. Introduction

Aerosol deposition (AD), also known as room temperature impact consolidation (RTIC)!!!,
enables direct production of ceramic coatings onto variable types of substrate, and is applicable
with nanoparticles or submicrometer particles>*#. A variant of elevated-pressure cold spray de-
position, the AD process typically utilizes atmospheric pressure aerosolization of precursor pow-
der, powder particle acceleration to supersonic or even hypersonic speeds>®7, and finally particle
deposition onto substrates in a low-pressure chamber. The particle size and impact velocity need
to be tuned precisely such that AD yields near bulk density coatings with impacting particles well-
adhered to the substrate®.

There are a considerable number of previous studies successfully utilizing AD processes
to produce coatings ranging from refractory ceramic®!%! to high-entropy alloys!!!l. Materials of
particular interest for AD are those such as yttria-stabilized zirconia (YSZ), i.e., a ceramic with low
thermal conductivity, high melting temperature, a high degree of chemical stability, and good ionic
conductivity['>!3!, There have been numerous efforts focusing on the fabrication and application of
YSZ as dental materials!!#!, thermal barrier coatings!!>1%!7 and solid oxide fuel cells (SOFC) thin
films!¥!. Traditionally, high-temperature processes, such as thermal plasma spray deposition!!%20!
and flame spray deposition!?!), are applied to deposit YSZ coatings. However, the reason AD is
of interest is that these high-temperature processes often expose the target surface to molten par-
ticles and high temperature gases, which can cause damage in the substrate!??!, and the deposited
coatings usually have relatively low coating-substrate adhesion strength!?*2425 Moreover, parti-
cles may experience undesired phase transformation due to the high-temperature environment!?®,
Recent studies have employed AD to produce YSZ coatings and to investigate the effect of process
parameters on properties of as-deposited YSZ coatings!'>>7-281,

Although a number of experimental studies reveal the applicability of AD to make YSZ

coatings, there remains the question of how different the AD process (cold impact) is from more



traditional thermal impact processes with regards to process influences on depositing particles and
substrates. In the present study, we seek to address this question by applying molecular dynamics
(MD) simulations to examine the cold impact and thermal impact processes for YSZ nanoparti-
cles, examining thermal and mechanical evolution in the particles and substrate during the impact
process. A number recent works have made use of MD simulations to examine particle deposi-
tion?%39-31:321 and high speed particle-particle collision phenomena****331, For example, Jami and
Jabbarzadeh[®] investigated the effects of Ti particle shape on particle deformation and mechani-
cal response during impact; Chitrakar et al.[3%] studied the crystallographic structure transition of
an Ag nanoparticle upon impact at variable incident velocities. Unique from these efforts, here we
specifically perform cold impact simulations at variable impact velocity and thermal (high temper-
ature) impact simulations wherein the total kinetic energy, i.e., the sum of the particle translational
energy and internal (thermal) energy, is a constant. Through the latter, cold impact and thermal
impact processes can be better compared to one another, i.e., simulations of variable impact ve-
locity and temperature with fixed total kinetic energy provide appropriate controls for the study.

We focus simulations on impact velocities in the 500 m's ! to 1500 m's *

range (near the upper
limit of what is achievable in AD) and temperature from 850 K to 1550 K for thermal impact, for
monocrystalline YSZ nanoparticles in the 3 nm - 12 nm equivalent diameter range. Although the
size range examined does not enable the study of particle size effects into the submicrometer and
microparticle size ranges, results do show that there are clear differences in the thermal energy

evolution, residual strain, and in the changes in crystallinity in depositing nanoparticles that occur

during cold impacts and in thermal impacts.

2. Computational Details
2.1. Simulations of Impact

We utilized a model wherein the initial atomic positions are depicted in Figure 1. The

simulation domain contained a single, nearly-spherical nanoparticle and a rectangular substrate;



both were made from cubic yttria-stabilized zirconia wherein the mole fraction of yttria was 0.08,
(Zr02)0:92(Y203)0:08. We utilized nominal YSZ nanoparticle diameters of 3 nm (1378 total ions),
4 nm (3141 total ions), 6 nm (11796 total ions), and 12 nm (80975 total ions), initially placing
the nanoparticle 20 A above the substrate. Prior to placement, the starting configuration of the
YSZ nanoparticles was generated with the c-ZrO,*®! unit cell crystal structure. Yttria-stabilized
zirconia is an ionic material, so it is important to ensure charge neutrality globally and locally in
both the substrate and nanoparticle. High levels of net charge can lead to unfavorably large and
unrealistic potential energy. To ensure global and local charge neutrality in the substrate, the x-axis,
y-axis, and z-axis boundaries were set as integer multiples of the unit cell, which guaranteed charge
neutrality in the cubic phase zirconia substrate. The 8YSZ substrate was prepared based upon the
cubic phase zirconia substrate, where an 8-mole fraction of zirconium ions was replaced with
yttrium ions uniformly throughout the substrate, and for every two cationic replacement events,
the nearest oxygen ion to those two replaced zirconium ions (based on the average distance to
both), was removed!?23738!, We utilized the same approach for making the 8YSZ nanoparticles.

Two sizes of substrate were employed in simulations, which had a 92.34 A 92.34 A
area and a 56.43 A depth and a 194.94 A 194.94 A area and a 97.47 A depth respectively. The
substrates were also constructed following the same procedure as the nanoparticle but with the
noted rectangular dimensions. The substrates were divided into three different layers along with
the depth, following the works of Chitrakar et al.[*®], Jami and Jabbarzadeh[*®]. For the smaller
substrate, atoms center of masses in the bottom 5.13 A of the substrate were part of an immobile
layer. Above the immobile layer was a thermal layer, with a thickness of 15.39 A, simulated in
an NVT (constant temperature) ensemble. For the large substrate, the immobile layer had a depth
of 5.13 A, and the thermal layer had a thickness of 25.65 A. The remaining upper region was a
Newtonian layer, which was simulated as unthermostatted during deposition.

With the geometry set, we examined deposition for a range of thermal and translational ki-

netic energies for the nanoparticle using Molecular Dynamics (MD) simulations. Simulations were



carried out using LAMMPS (the Large-scale Atomic/Molecular Massively Parallel Simulator) I
Prior to deposition simulation, both the thermal layer and Newtonian layer in the substrate, as well
as the nanoparticle, were equilibrated in an NVT ensemble via a Nose-Hoover thermostat for 50
ps with a time step of 0.001 ps. This was done to minimize their potential energies and further
aid in avoiding local high energy in the substrate and nanoparticle. Subsequently, NVE relaxation
was also applied for another 10 ps prior to deposition. The substrate layers were equilibrated at
300 K for all simulations while the nanoparticle was equilibrated at variable temperatures, noted
subsequently. For deposition simulations, the nanoparticle center of mass was given a prescribed
velocity in the 500 ms 1-1500 ms ! range. The Velocity-Verlet algorithm was used to integrate
Newton’s equations of motion with a time step of 1 fs “" for all atoms within the nanoparticle and
the Newtonian layer, with a Nose-Hoover thermostat again applied for the thermal layer. We also
attempted selected simulations with smaller and larger time steps and did not observe substantial
differences in results, suggesting the selected time step is sufficiently small.

The Buckingham potential was employed to describe short-range interatomic interactions.
Long-range electrostatic interactions were considered by a Coulombic term and calculated with
particle-particle particle-mesh (PPPM) method*?>**! with an accuracy of 10 . The form of the
combined potential function used is:

(rij) = % + Aij exp( ri) C—(;J (1)
Fij ij rij

where rj; is the interatomic distance between atom i and J, g; and ¢j are atomic charges for atom |

and J, respectively. The buckingham parameters A;j, ij,and Cjj are provided previously for yttria

stabilized zirconia*¥, enabling the simulations here.



2.2. Initial Conditions

We perform two classes of deposition simulations: (1) cold impact simulations, wherein
the nanoparticle was equilibrated at 300 K and the nanoparticle center of mass velocity is either 500
ms ! 750ms ! 1000ms 1, 1250m s ¢, or 1500m s %, and (2) thermal impact simulations,
wherein the nanoparticle equilibration temperature was adjusted in the 850 K - 1550 K range
and the sum of translational energy and nanoparticle thermal energy was equal in all simulations.

For the latter, the deposition velocity and the set nanoparticle temperatiitg; are linked via

equations:
3
Ev = Etwtal EN KpTset (2)
O z
%= Erz, e, ©
t

whereE; is the translational kinetic energy possessed by the nanoparticle at the noted veloci-
ties, Eioal IS the total kinetic energy possessed by the impacting nanoparticle in the cold impact
(300 K and 1000m s 1) simulation,k;, is Boltzmann's constarm, is the total atomic mass of the
nanoparticley.n, andv.y,, are the center of mass velocity for nanoparticle in x and z directions,
respectively. As noted in the introduction, simulation goals were hence two-fold. Cold impact
simulations enabled translational energy-to-thermal energy conversion and subsequent energy re-
laxation to be examined, while thermal impact simulations examined whether results were affected
by thermal activation in comparison to translational activation during the deposition process. Ta-
ble 1 summarizes the nanoparticle temperatures and corresponding impact velocities for thermal
impact simulations at elevated temperatures prior to impact events. We remark that the thermal
impact simulations are not intended to model thermal spray processes accurately (e.g., ame spray

or plasma spray deposition) as in these processes, there is a heated gas as well interacting with



Table 1. A summary of the molecular dynamics simulation conditions (nanoparticles temperatures
prior to impact and corresponding impact velocities) examined in thermal impact simulations.

: Particle diameter (nm)
Particle
Temperature (K 3 4 . 6 12
Impact velocity (ms 1)
850 815 820 818 817
950 780 782 781 780
1050 740 743 741 740
1250 654 657 656 654
1550 498 502 500 498

the substrate. Instead, these simulations provide a means to understand how energy partitioning
in uences behavior during impact. To ensure the depositing nanoparticle was in the solid phase in
all elevated temperature AD simulations, we derived the modi ed caloric cliPVésr the impact
particles. For the calculations, the nanoparticle was placed in a canonical ensemble controlled by a
Nose-Hoover thermostat under various bath temperatures uniformly selected from 300 K to 4500
K. At each temperature, the time-averaged potential energy and kinetic energy of nanoparticle
were calculated. Figure S1 shows the modi ed caloric curves for 3 nm and 4 nm YSZ nanopatr-
ticle (mean potential energy versus mean kinetic energy); the slope of the caloricggg@veis

also plotted in Figure S1 to better identify the solid-liquid phase transition, which occurs at tem-
peratures beyond those examined here (near 2800K). To validate the YSZ nanoparticle in MD
simulations, the speci c heats for different sizes of YSZ nanoparticles have been recovered from
these curves (slope of the sum of the potential and kinetic energies versus temperature), which are
609J-kg K ! and 784J-kg 'K ! before and after melting for 3 nm particles, respectively and

614 J-kg 'K ! and 781J-kg 'K 1! for 4 nm particles, respectively. For comparison, the bulk,
solid-phase speci ¢ heat of YSZ falls into 552-68%g 'K ! rangd*®#’l which is closed to MD

simulations determined values.



2.3. Thermal and Mechanical Characterization

The global temperature (T) of the particle and the substrate were calculated throughout

the simulations according to the equipartition theorem, using the following equations:

—_ 2 com
a) T= 3Nkb(Ek EM)
0 1 XX o) oo
T=—— m; (Vj m; Vicom 4
3NkF')° j=1 i=1 i=1  j=1 @
_ s My
b) Vicom = —PW
i=1 i

whereN represents the number of atoms in the nanoparticle or layer under considerat®ff'éand
is the kinetic energy contributed from the center of mass motion, which needs to be subtracted for
global temperature approximation. We computed effective local temperatures from the kinetic
energies of individual atoms and used these for radial averages in the nanoparticle from the top
three atomic layers in the substrate using similar equations.

We additionally examined stress and strain in the nanoparticle during deposition. The
virial stress for a collection of atoms under periodic boundary conditions introducéddoypson

et al[*®l is given by the following formula in an Irving-Kirkwood forr{®4°l

1 X DD\ _
= —h mu; u; + rij Fij | (5)
AV L
i i j>i
wherem,; is the mass of atom iJ; andu; are velocities for atom i in and directions. F;;

is the component of force applied on atom i from atonrjj; is the component of distance

between atom i and j. We also note that the stress ter&ol) for each individual atom i is



calculable directly in LAMMPS using the formula:

1 Xv
S = mvv+§ (ri Fr +r2 Fy)
n=1
(6)
1)%'*) Xir
+§ (rl I:1 T FZ )+ Fi I:i + Kspace(ri ;Fi )
n=1 n=1

where the rst term on the right side is the kinetic contribution to stress tensandv are the
atomic velocity for atom i in and direction, which are x, y, and z for a Cartesian system; m
denotes the mass for atom i. The second term is the contribution from pairwise interactions;
andr, are the positions of two atoms in the pairwise interaction in the principal direction noted,
where n loops over thdl, neighbors of atom iF; andF;, are the forces on two atoms in the
pairwise interaction in the noted direction. TKe term in the formula is the contribution from
long-range Coulombic interactions. For normal stress in a given direction, the component of the
stress of the tensor of interest (e.g., the normal stress in the y-direction, the direction of nanopatrticle
motion) was summed over all atoms and divided by the nanopatrticle volume. The strain value of
the incident particle was calculated by examing the change in particle height (maximum y-direction
atom-to-atom distance for atoms in the nanopatrticle) normalized by average height overtime (
time steps) prior to impact.

The mechanical contact between the incident nanoparticle and substrate was also probed
in simulations in an effort to link deposition conditions to nanoparticle-substrate adhesion. In the
classical continuum mechanics, the Hertz m&8ek employed to predict the relationship between
normal displacement and the contact radius for two elastic bodies. In the MD simulations, we
adopted the approach wergeles et al®!! to compute the contact radiua) (between two bodies

under high-speed collision at the nanoscale; this method was employed and validated by several



previous studie’8®>3 and the equation is:

[(X; XC)Z +(z Zc)z] (7)

whereN o is number of atoms in the incident particle that directly contact with substrate surface
(i.e. theN.,, atoms whose y coordinate are betwsgp, andymin + 0:5 , whereyni, is the
maximum y-coordinate in the substrate an the cutoff radius of the Buckingham potentiat).

andz; are the coordinates of atoms, andandz. are coordinates of center of mass of the incident

particle.
3. Results & Discussion

In total, simulations enable the study of the evolution of nanoparticle and substrate ef-
fective temperatures throughout the deposition processes, both cold impact conditions and thermal
impact conditions, as well as the corresponding nanoparticle stress-strain curves and temporal
evolution of the contact radius. We rst present results describing features of thermal evolution in

nanoparticles and substrates followed by the examination of stress and strain evolution.

3.1. Thermal Energy Evolution During Impact

In prior studie$*%%], the temporal evolution of temperature for metal microparticles in
cold impact has been studied by quasi-coarse-grained dynamics and nite element simulations.
While there are previous studié®®focused on thermal energy evolution for refractory nanopar-
ticles during impact events, performing MD simulations with variable initial states of translational
and thermal energy provides further insight into the impact process. The prior coarse-grained sim-
ulations revealed a localized increase in temperature at the microparticle-substrate interface, which
facilitates thermal softening in the microparticle and ductile particle behavior at ifpacither

previous experiments and simulations further support localized increases in temperature during



cold impact, leading to ductile particle behavior and possibly melting during ifipatt° How-
ever, in the present simulations, with a high melting temperature (2800 K) material, melting is
unlikely during any of the examined impact processes.

The time-dependent global temperatures of YSZ nanoparticles during cold impact (at 300
K initial temperature) are displayed in Figure 2 for variable impact velocities and nanopatrticle
diameters. Figure 2 (a-c) display the global temperature evolution in the nanoparticles over time,
and Figure 2 (d-f) displays the global Newtonian layer temperature as a function of time in the
substrate over the impact event. Clearly evident is that nanoparticles reach increasingly higher
maximum global temperatures with increasing initial impact speed, exceeding 1000 K for the
highest tested impact velocities. The temperature increases occur suddenly; as shown in Figure 2
insets the global increases in at araté@t10? K ps ! (or 10*3-10' K s 1) over the initial portion
of the impact process. We nd that larger nanopatrticles achieve higher global temperatures for all
impact velocities and require longer times for the excess thermal energy gained to dissipate into the
substrate. This is simply attributable to the larger thermal capacitance of larger particles and their
smaller surface-area-to-volume ratios, slowing down conductive energy transfer into the substrate.
The global temperature of the substrate Newtonian layer is also controlled by translational energy-
to-thermal energy conversion at the onset of the impact event. Unsurprisingly, larger nanopatrticles
lead to more signi cant substrate heating, but in all circumstances, the global temperature increase
in the substrate is smaller than the temperature increase in the nanoparticle by 100 K or more.
Furthermore, the Newtonian layer temperature increases3®) K under all conditions. We can
hence conclude that heating in cold impact processes predominantly occurs for nanoparticles and
not the substrate (though higher local heating levels are discussed subsequently), occurs rapidly at
the onset of the collision process, and occurs to a greater extent for larger nanoparticles (for the
same impact velocity).

Temperature evolution results for variable impact velocity and nanoparticle temperature

(conditions noted in Table 1) with xed total kinetic energy are presented in Figure 3. As the

10



initial particle temperature is elevated in these instances, in contrast to cold impact, nanoparticle
temperature does not increase upon impact, with the exception of the lowest examined tempera-
tures (but still elevated) with 4 nm and 6 nm nanoparticles. However, substrate response to impact
is similar in cold impact and thermal impact; as evidenced in Figure 3 (d-f), the Newtonian layer
temperature rises, with more pronounced rises for larger nanoparticles. As different thermal en-
ergy nanoparticles give rise to similar substrate temperature increases, we conclude that substrate
thermal behavior is largely determined by the sum of the impacting nanoparticle translational and
thermal energies.

A summary of the maximum global temperatures observed in nanoparticles as a func-
tion of incident velocities in cold impact and thermal impact simulations are provided in Figure
4. Insets display the maximum change in particle temperature from its initial value. To gain fur-
ther insight into the local temperature distribution in YSZ nanoparticles during cold impact and
thermal impact, we have also calculated instantaneous radially-averaged temperature pro les for
YSZ nanoparticles by circularly binning the simulation domain containing the nanoparticle along
half-discs aligned in the x-z plane. Figure 5 displays 6 nm YSZ nanoparticle temperature maps
at the instance of initial, maximum penetration, and maximum global temperature with different
incident velocities; similar plots are shown for 3 nm and 12 nm nanoparticles in Figure S2 of the
supporting information. For the 6 nm nanoparticle, instantaneous radially-averaged temperatures
indicate a non-homogeneous temperature distribution in nanoparticles during impact. At the in-
stance of maximum penetration, the particle is heated only at the area near the particle-substrate
interface; at the instance of maximum global temperature, heating extends further into the YSZ
nanoparticle. Similar, non-homogeneous heating is observed for the 12 nm nanoparticle in Fig-
ure S2 (b). However, for the 3 nm nanoparticle depicted in Figure S2 (a), the temperature pro le
remains much more uniform throughout the impact process, indicating that the degree of inhomo-
geneity is size-dependent. For most deposition processes, particles are much larger than 3 nm,

hence inhomogeneous temperature distributions should be anticipated in cold impact processes.
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As evidenced in Figure 6, the inhomogeneity in temperature pro le observed in cold impact does
not extend to thermal deposition, highlighting a fundamental difference between cold and thermal
impact processes. The nanopatrticle temperatures in thermal impact simulations do not rise appre-
ciably during impact, and strong thermal gradients, therefore, do not result. This has consequences
for the mechanical changes to nanoparticles brought about by deposition, which we discuss in the
subsequent section.

While the heating of the substrate is found to be signi cantly weaker than in the nanopar-
ticle during both cold and thermal impact events globally, heating in the substrate is elevated at
the precise location of particle impact. As comparison to Figure 5 and 6, Figure 7 and 8 display
the substrate temperatures, obtained via averaging over the top three layers of substrates at the
instance of maximum nanopatrticle penetration for cold impact and thermal impact, respectively.
Higher impact velocities and larger nanoparticles during cold impact lead to enhanced substrate
heating. Presumably, for softer substrate materials than the particles, or those of lower melting
temperature, cold impact may lead to phase change within the substrate as has been observed in
experiment$Y, though it does not do so in the present simulations. In thermal impact simulations,
where the total kinetic energy is conserved, we observe in Figure 8 that the degree of local sub-
strate heating is rather insensitive to initial nanoparticle temperature, again suggesting that the total

kinetic energy of impacting nanoparticle governs substrate heating in aerosol deposition processes.

3.2. Mechanical Deformation and Microstructure Transformation During Impact

Simulations enable examination of nanoparticle stress and strain simultaneously, as de-
scribed in the Simulation Methods section. Figure 9 (a) displays the calculated stress-strain curves
normal to the direction of motion for 6 nm YSZ nanoparticles and variable impact velocity during
cold impact simulations. The maximum stress increases with increasing impact velocity, and in all
cases, the nanoparticles compress upon impact. The strain reaches a maximum for nanoparticles

in cold impact simulations and then partially recovers at lower incident velocities. Meanwhile,
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we observe that the impacted nanoparticles maintain the maximum strain within them at higher
velocities. Recent in-situ compression experiments for YSZ micropillars have shown that elevated
temperatures and defects in the YSZ micropillar lead to a transition of brittle to plastic behavior
during compressiof?-®3l, which also appears to be the case in our simulations at higher speeds.
Interestingly, the maximum strain is nearly unchanged from 1256 ! to 1500m s ! impact

velocity showing that at these high velocities, the additional kinetic energy ultimately does not
yield greater compression in the impacting nanopaffitleThe strain energy density (the integral

of the stress-strain curve) roughly scales with the square of the impact velocity for all velocities
lower than 1250m s 1, but then increases sub-linearly as the velocity increases to 590

(Figure 9 (a) inset). The considerable residual stress in cold impact can be contrasted with sub-
stantially reduced maximum stress and residual strain during thermal impact (Figure 9 (b)). As
nanoparticle temperature increases, the maximum stress, maximum strain, and residual strain are
reduced, demonstrating that alongside the thermal gradients in the nanopatrticle in cold impact ver-
sus thermal impact, a key difference between these two processes is the degree of residual strain in
impacting particles and the maximum stress. The strain energy densities are also reduced in these
instances, showing a maximum near 1000 K but far below the values observed in cold impact. In
cold impact simulation, the maximum stress observed (Figure 10) is found to increase with impact
velocity and decrease slightly with increasing nanopatrticle size, with the maximum stress (Figure

9 (b)) are also reducing slightly for equal energy thermal impact conditions.

In addition to the observed temperature gradients in cold impact and large levels of resid-
ual strain, the difference in nanoparticle mechanical behavior between cold and thermal impact re-
sults in changes to YSZ nanopatrticle crystal structures during cold impact, which are not observed
in thermal impact. Figure 11 displays radial distribution functions (RDF) for YSZ nanopatrticles
initially, at the point of maximum penetration, and the point of maximum global nanopatrticle tem-
perature during cold impact for the 12 nm YSZ nanoparticle (which has more ions, enable better

statistics on radial distribution function calculations). The YSZ nanoparticle is initially crystalline,
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as evidenced by multiple sharp peaks found in variable pairs of ions in RDFs. As the impact veloc-
ity increases, a consistent loss in particle crystallinity is evident as the peaks in radial distribution
functions for all pairs of ions become broader at small separation and almost disappear at large in-
teratomic separation after impact, suggesting the YSZ nanoparticles become am¢pHbhis

loss of crystallinity is consistent with nearly all studies of cold spray and aerosol deposition to ce-
ramic materials; a substantial loss of crystallinity and reduction in grain size are observed in the as-
deposited Imgt66:67] To further quantify the loss in crystallinity, we apply the common neighbor
analysis (CNA) methol¢9 to classify the crystal structure of Zr ions in the nanoparticle during
impact; in Figure 12, Zr ions colored in purple, red and white belong to FCC (face-centered cubic),
HCP (hexagonal close-packed) and defects, respectively. We found that increased impact veloci-
ties in cold impact simulations lead to more defects generated within the nanopatrticle. Defects in
nanoparticles are generated at the area that directly contacts the substrate when the nanoparticle
reaches its maximum penetration depth; however, the defects start expanding into the lateral (neck)
area of the nanoparticle subsequently. This lateral expansion of defects in the nanopatrticle coin-
cides with the local temperature evolution of the nanopatrticle displayed in Figure 5 and Figure S2;
the elevated temperature region in the nanoparticle after impact overlaps well with defects gener-
ated in the nanoparticle. It is also worth noting that when the nanopatrticle reaches its maximum
global temperature, there are some zirconium ions that directly contact the substrate at the instance
of maximum penetration that appears to re-nucleate into an FCC structure. At an impact velocity
of 1500m s 1, we nd that the tested monocrystalline nanoparticles become polycrystalline with
several small grains found after impact and with defects between crystalline domains, forming
grain boundaries. A similar phenomenon has been found in thermal spray simulations for copper
nanoparticle€® and has also been reported in experiments and simulations of cold impacts of Ag
nanoparticleg!); the nucleation of atoms and grain growth of nanoparticles is presumably due to
the extremely high local temperatures, enabling recrystallizBtion

The results in Figures 11 and 12 can be contrasted with similar results for thermal impact
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in Figure S3 and S4 of the supporting information. During thermal impact, the changes in radial
distribution functions are much more modest and decrease with increasing nanoparticle tempera-
ture. Similarly, while defects and loss of crystallinity are evident under all deposition conditions,
crystallinity loss is less pronounced during high temperature, lower velocity impact. The contact
radius between the nanoparticle and the substrate in cold and thermal impact simulations are addi-
tionally provided in Figure 13. The contact area between the nanoparticle and the substrate after
impact increases with increasing impact speed, both cold impact and in thermal impact, though the
effect is more modest in the latter simulations. We thus conclude that elevated translational kinetic

energy during impact is essential for particle-substrate adhesion.

4. Conclusion

MD simulations of deposition with monocrystalline YSZ nanoparticles reveal substantial
differences between cold impact and thermal impact processes with regard to the process in u-
ences on nanopatrticles. In cold impacts, high impact velocity leads to higher maximum global
temperature and faster temperature increase rate in both YSZ nanoparticle and the substrate; the
temperature increase rate in the nanoparticle can ré@éhl0* K s 1, with high spatial tem-
perature gradients existing during the impact process. Such high heating rates and temperature
gradients are not present in thermal impact processes, where nanoparticle temperatures do not in-
crease sharply during impact. Strain-stress curves derived for 6 nm YSZ nanoparticles in cold
impacts and thermal impacts indicate that the maximum stress found in the nanoparticle increases
with the nanoparticle-impacting velocity increase. Ductile behavior is found in YSZ nanoparticles
for higher incident velocity cases in cold impacts, and the strain energy density roughly scales with
the square of particle velocity in cold impacts. The strain energy density in the thermal impacts is
much lower and has a maximum of 1000 K initial temperature. In cold impact, YSZ nanopatrticles
amorphized to a much larger extent after impact at higher impact velocities, an effect that is also

alleviated in thermal impacts where the kinetic energy is preferentially partitioned into thermal
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energy.

Overall, our study suggests that impact deposition processes should be described by (1)
the total kinetic energy of the impacting particles, as this best described the in uence on the sub-
strate, (2) the partitioning between thermal energy and translational kinetic energy, as this strongly
affects residual strain and defect formation in depositing particles and (3) whether phase change is
possible in either the nanoparticle or substrate during the impact process, which can be estimated
from the total kinetic energy of the impacting particle. Using such descriptions shows that cold
and thermal impact processes exist along a continuum of process settings, as opposed to being mu-
tually exclusive processes. The study presented here is of course, limited to speci c particle and
substrate material models, speci ¢ temperature range, and velocities, wherein the phase change
was not possible. We also did not study nanoparticle orientation effects which may play a role
in defect formation upon impact, and limited study to smaller nanopatrticles whose limited kinetic
energies may have limited the types of substrate behaviors observed. Future studies of ceramic par-
ticle deposition processes of larger particles and higher deposition velocities may reveal behavior

in substrates and particles not observed in the present study.
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Figure 1. Depiction of the molecular dynamics simulation setup to examine YSZ nanoparticle im-
pacts with a crystalline YSZ substrate, highlighting the Newtonian layer (unthermostatted), ther-
mal layer (NVT), and fixed layer (immobile, zero kinetic energy). The nanoparticle is additionally
simulated as unthermosttated. Nanoparticle bulk motion was assigned to the y-component of the
Cartesian coordinate system utilized.
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Figure 2. Time evolution of the average temperature for nanoparticles and the substrate Newtonian
layers. (a,b,c): Nanoparticle temperatures. (d,e,f): Substrate Newtonian Layer Temperatures.
(a,d): 3 nm diameter. (b,e): 4 nm diameter. (¢,f): 6 nm diameter. Simulations apply with variable
nanoparticle velocities but with 300 k initial temperature. Insets show the derivative of global

temperatures with respect to time (units of K ps 1)
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Figure 3. Time evolution of the average temperature for nanoparticles and substrate Newtonian
layers. (a,b,c): Nanoparticle temperatures. (d,e,f): Substrate Newtonian Layer Temperatures.
(a,d): 3 nm diameter. (b,e): 4 nm diameter. (¢,f): 6 nm diameter. Simulations apply with variable
nanoparticle velocity and fixed nanoparticle total kinetic energy (translational+thermal energy) as

noted in Table 1.
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Figure 4. Maximum particle global temperature as a function of impact velocity for (a) initially
300 K nanoparticles, and (b) fixed kinetic energy (translational+thermal) nanoparticles.
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Figure 5. Instantaneous radially-averaged temperature profiles in 6 nm particles initially (left),

at maximum penetration (center), and at maximum global particle temperature (right) at variable
impact velocities with initial temperature of 300 K.
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impact velocities with fixed initial total kinetic energy, as defined in Table 1 of the main text
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