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Highlights 

• Extensive amorphization occurred below the melting temperature 

• Deformation occurred through amorphization and viscous flow 

• Impact velocity is the most significant variable for predicting adhesion 

• Material anisotropy significantly affects the processing window of MCS 

Abstract 

The impact of a single yttria (Y2O3) nanoparticle onto a yttria substrate was studied as a function of 

particle velocity (300-1200 m/s) and diameter (5-12 nm) for three particle orientations and two 

substrate orientations using molecular dynamics simulations. Impacts resulted in minimal dislocation 

motion but extensive disordering of the crystal lattice without approaching the melting temperature. 

The resulting amorphous microstructure was both precisely coincident with plastic strain and retained 

until the end of the simulation, suggesting a deformation mechanism of amorphization-facilitated 

viscous flow. Further analysis revealed that the degree of amorphization depended primarily on the 

impact velocity and secondarily on the orientations of the particle and substrate, with significant 

second-order effects from variable interactions. 

 

Graphical Abstract 
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1. Introduction 

Micro cold spray (MCS), also known as the aerosol deposition method and the vacuum kinetic spray 

process, is a spray coating technique that can deposit ceramic films onto a substrate at room 

temperature. The process consists of a dry aerosol of ceramic nanoparticles accelerated through a 

nozzle into a vacuum chamber where the particles impact at high velocities onto a substrate and adhere. 

Compared to competing processes able to produce ceramic films, such as physical vapor deposition, 

chemical vapor deposition, and atomic layer deposition, MCS has the advantages of being able to 

produce thick (1-100 µm) films in minutes at room temperature in a technical vacuum (0.1-10 Torr) 

(Akedo et al., 1998, 2003; Hanft et al., 2015). Unlike cold spray, a similar process which has primarily 

been used to deposit metal films (Stoltenhoff et al., 2001; Papyrin et al., 2007; Kong et al., 2019), MCS 

uses smaller particles, lower gas flow rates, and deposits into a vacuum instead of at atmospheric 

pressure. MCS is able to deposit extremely brittle ceramics (Tsurumi et al., 2003; Iwasawa et al., 2007; 

Kim & Lee, 2019). 

MCS results in film formation through room temperature impact consolidation that proceeds 

through two stages: (1) anchor layer formation and (2) steady-state film buildup. During anchor layer 

formation, the particles directly impact and adhere to the substrate. Once the anchor layer is formed, 

film buildup progresses by the impact of particles onto the already deposited film. It has been theorized 

that anchor layer formation and film buildup might require different operating conditions (Saunders et 

al., 2021), and it follows that this effect is most significant when the substrate and particle feedstock are 

different materials. TEM studies reveal that for dense films, both the anchor layer and film buildup are 

characterized by one or more of the following phenomena: grain size reduction, an increase in 

dislocation density and disordering of the crystal lattice (Liu et al., 2016; Kwon et al., 2020b). 

The nanocrystalline morphology indicative of successful impact consolidation is consistent across a 

wide range of substrates (plastics, metals, and technical ceramics), feedstocks (as soft as lead zirconate 

titanate and as hard as silicon carbide), and deposition parameters (100-500 nm particle size, 100-600 

m/s impact velocity). For a given material, however, the range of optimal deposition parameters is quite 
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narrow. If any parameter is out of range, the resulting film may fail to form an anchor layer, to build a 

thick film, or to produce a dense film. This implies that successful impact consolidation is characterized 

by a deformation mechanism that is common to a variety of materials but is only possible under 

conditions specific to each material. However, neither the deformation mechanisms nor the conditions 

necessary to activate them in an arbitrary material are well understood (Akedo, 2006; Chun & Ahn, 

2011). Therefore, it is of significant interest to the field to further study the deformation mechanisms 

responsible for impact consolidation. 

Nanoparticle impacts occur on a length scale of nanometers and a time scale of picoseconds, making 

in situ observations impractical. However, these time and spatial scales are well suited to simulation. 

Continuum mechanics-based models offer one approach, though they require elaborate, empirical 

equations of state that struggle to account for the large local strain gradients, rapid temperature 

fluctuations, and phase transformations endemic to nanoparticle impacts (Chun & Ahn, 2011; Kwon et 

al., 2020b). Molecular dynamics (MD) simulations provide a promising alternative by allowing for the 

direct simulation of inter-atomic forces through potential functions that accurately reproduce atomistic 

deformation mechanisms, mechanical behavior, and thermodynamic properties (Becker et al., 2013; 

Hale et al., 2018). 

Multiple teams have demonstrated the deposition of high quality yttria films through MCS, 

achieving densities of nearly 100% and properties similar to the bulk material (Iwasawa et al., 2007, Lee 

et al., 2011; Kwon et al., 2019, 2020a, 2020b). High quality yttria films have applications in optics due to 

their high transmission and low scattering, semiconductor manufacturing due to their resistance to 

plasma etching, and reactive metal casting due to their high melting temperature and chemical 

inertness. Several prior studies have utilized MD simulations to investigate the impact behavior of 3-40 

nm nanoparticles, including monoclinic zirconia (Ogawa, 2005), hydroxyapatite (Jami & Jabbarzadeh, 

2020), and various ductile metals (Ogawa, 2007; Meinander & Nordlund, 2009; Chitrakar et al., 2017; 

Rahmati et al., 2020) nanoparticles, though none have studied yttria. Yttria’s highly stable cubic phase 

and complex bixbyite structure make it an interesting counterpoint to these previously studied materials 

because it has no thermodynamically stable allotropes (Swamy et al., 1998) and a limited number of slip 

systems (Gaboriaud & Boisson, 1980) active at low temperatures and pressures. The combination of 

useful applications, experimental data, and novel properties make yttria an excellent candidate for MD 

simulations.  

In this paper, we report MD simulation investigations of the deformation mechanisms active within 

yttria nanoparticles as they impact on yttria substrates. To this end, we systematically vary particle 

impact velocity, particle diameter, particle orientation, and substrate orientation. We seek to 

understand both the direct effects of changing each variable and the compound effects of changing 

multiple variables at once. The first part of this analysis focuses on characterizing the deformation 

mechanisms that dominate the behavior of nanoparticle impacts, and the remaining analysis seeks to 

elucidate how the controlled variables affect both the active deformation mechanisms and the final 

morphology of the particle after it is on the substrate. 

2. Methodology 

2.1. Numerical model 
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The atomistic behavior of nanoparticles as they impact a substrate was modeled in LAMMPS (the 

Large-scale Atomic/Molecular Massively Parallel Simulator, https://www.lammps.org) (Plimpton, 1995). 

The simulations were run on the Lonestar 5 and Stampede 2 supercomputers at the Texas Advanced 

Computing Center at the University of Texas at Austin. The forces between pairs of ions were calculated 

using the exponential repulsive term of a Buckingham potential and a Coulombic term to account for the 

partially ionic nature of the bonds in yttria. Belonoshko et al. (2001) fitted this form of potential to 

accurately reproduce the bixbyite structure, lattice parameter, bulk modulus, the stiffness tensor 

elements C11 and C12, and the melting temperature of crystalline yttria. Lazdins & Kuzmin (2015) refined 

the work of Belonshko et al. (2001) with x-ray absorption spectroscopy data, which improved the ability 

of the potential function to predict local ionic structure and disordering behavior at elevated 

temperatures. This ability to accurately predict disordering is an important consideration in modeling 

the impact behavior of nanoparticles. Additionally, this potential was found to produce a free surface 

energy of 1.11 J/m2 at 300 K, which underestimates the value of 2.16 J/m2 predicted by Triantafyllou et 

al. (2009). This degree of accuracy was deemed sufficient, as the primary phenomena of interest to this 

study are the mechanisms of deformation and disorder, which the potential function has been shown to 

reproduce well. The final form of the potential is given in Equation 1.1, with constants provided in 

Tables 1&2). 

𝑈(𝑟𝑖𝑗) = 𝐴𝑖𝑗exp(−𝑟𝑖𝑗/𝜌𝑖𝑗) − 𝐶𝑖𝑗/𝑟𝑖𝑗
6 + 𝑞𝑖𝑞𝑗𝑒

2/𝑟𝑖𝑗   (1.1) 

Pair of ions A (eV) 𝜌 (nm) C (eV∙nm6) 

Y-O 162401.94 0.0172628 0 

O-O 351366.27 0.0187988 0 

Y-Y 112925.98 0.0232299 0 

Table 1: Buckingham potential terms 

Ionic species Charge (e-) 

Y 1.8 

O -1.2 
Table 2: Coulombic potential terms 

For all ions within 1 nm of one another, the forces were directly computed. For those beyond this 

cutoff, the short-range Buckingham component was neglected while the long-range Coulombic 

component was computed in k-space with a relative accuracy of 1 x 10-4 using a particle-particle-

particle-mesh, as described in (Hockney & Eastwood, 1988). Finally, a time-step of 0.001 ps (1 fs) was 

used, and the list of neighbors was recomputed for every timestep. Results produced with these input 

parameters were both thermally stable under NVE equilibration and fully consistent with those 

produced using longer cutoff distances, higher k-space accuracies, and shorter time steps, indicating 

convergence for these parameters. 

Simulation geometry was defined parametrically in terms of the particle diameter (d) and lattice 

parameter (a) to ensure that impact conditions were consistent between all experimental cases, as 

shown in Figure 1. Based on preliminary results, the lattice parameter was specified as 1.0644 nm. The 

simulation box was a square prism with a (√2d+2a) × (√2d+2a) base and a height of 3d. The bottom of 

the simulation box was filled with a 12 nm thick substrate to control for thickness-related effects such as 
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bending of the substrate. The center of the particle was placed d + a above the surface of the substrate. 

Simulation boundaries were periodic along all three axes. 

 

Figure 1: Geometry of the substrate, nanoparticle, regions, and boundary conditions. 

2.2 Charge neutralization 

Yttria, Y2O3, is an ionic material, so it is therefore essential to ensure that both the total net charge 

and the local charge distribution are sufficiently neutral. Depending on crystallographic orientation, 

surfaces may present alternating layers of positive and negative charges, resulting in a particle that is 

covered in patches that are highly charged. This can result in energetically unfavorable configurations 

even when the particle has no net charge. Preliminary simulations in LAMMPS showed limited ionic 

mobility in yttria at low temperatures, and as a result, ions are unable to migrate the long distances 

necessary to ensure local charge neutrality within a timeframe accessible to MD simulations even at 

elevated temperatures. For ceramics with simple crystal structures, one strategy that is used to 

eliminate this problem is to melt the material to allow for rapid diffusion required for charge migration 

and then cool it until it devitrifies (Sayle et al., 2002). This is not a viable strategy for yttria because its 
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complex bixbyite structure, which has a primitive unit cell consisting of 40 ions, makes it quite slow to 

devitrify. 

The low ionic mobility in the solid phase at all temperatures prevents the local charge distribution 

from equilibrating in the simulation, and the slow devitrification following complete melting does not 

yield the desired crystalline morphology within reasonable simulation run times. Therefore, the initial 

configuration of ions must be nearly charge-neutral without relying on solid- or liquid-state 

thermalization. The following approach was used to ensure that the net charge was neutral at both a 

global and local level. The x- and y-axis boundaries of the substrate were periodic multiples of the unit 

cell and therefore were guaranteed to be charge neutral. The x-axis boundary of the (100)-oriented 

substrate was rounded to the nearest a and the (101)-oriented substrate rounded to the nearest √2 a. 

The y-axis boundary presents a (010)-oriented surface for both cases, and was therefore rounded to the 

nearest a.  The crystal structure is not continuous along the z-axis, resulting in vacuum boundaries at the 

top and bottom of the substrate, and as such the exposed plane of ions must contain a stochiometric 

ratio of ions to be charge neutral. To ensure this condition was met, the origin of the lattice along the z-

axis was raised by 0.4 a for both the (100)- and (101)-oriented substrates. For the (101)-oriented 

substrate, this exposed a stochiometric ratio of ions, but for the (100)-oriented substrate, there are 

twice as many oxygens present as necessary for charge neutrality. Thus, half of all oxygen ions on the 

substrate surfaces were deleted using a mask of diagonal stripes that were each ¼ of a unit cell wide and 

positioned in the (001) plane along the [110] direction. 

The particle was generated by placing ions such that the (100) aligned with the simulation axes, then 

rotating it into the appropriate orientation. For the (100)-oriented particle, no rotation was necessary, 

while for the (101)-oriented particle, a 45° rotation about the (010) was used, and for the (111)-oriented 

particle a 45° rotation about the (11̅0) was used. Thereafter, the particle was moved to its final position, 

and then the local charge distribution was neutralized through a script. Although a sphere necessarily 

presents all surfaces equally, there is no guarantee that a given slice presents a stochiometric ratio of 

ions. This was addressed in the script by deleting the highest energy ions on the particle surface in small 

batches until no yttrium ion had a potential energy higher than -3 eV, no oxygen ions had a potential 

energy higher than +2 eV, and the entire particle-substrate system had a net charge less than ±5 e-. The 

final simulation geometries and ion counts are summarized in Table 3. The variations in the number of 

ions present in the particle and substrate are of order 10% between substrate orientations and 1% 

between nanoparticle orientations, so the final values are reported as ranges. 

Particle 
diameter 

Final substrate dimensions Final ion counts 

X Y Z Nanoparticle Substrate Total 

5 nm 9.5-10.5 nm 9.5 nm 12 nm 4302-4309 72900-80640 77202-84944 

8 nm 13.5-13.8 nm 13.8 nm 12 nm 17686-17702 149760-152100 167446-169802 

12 nm 19.1-19.6 nm 19.1 nm 12 nm 59714-59790 291600-299520 351314-359310 

Table 3: Final simulation geometries and ion counts 

2.3 Simulation setup 

The particle and substrate were then thermalized for 40 ps to allow the system to reach a local 

minimum of potential energy. This thermalization was performed through a microcanonical (NVE) 

ensemble, with the heat of thermalization removed through a simulation-wide 300 K Langevin 

thermostat with a time constant of 1 ps. After the system stabilized, the simulation wide Langevin 
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thermostat was removed and replaced with the boundary conditions to be used for the impact itself and 

then thermalized for an additional 10 ps. 

For the impact behavior to be realistic while minimizing the number of ions required for the 

simulation, a thin substrate that absorbs momentum, phonons, and heat the same way an effectively 

semi-infinite bulk substrate is needed. This was accomplished through a number of boundary conditions. 

A zero-momentum boundary condition was applied to the bottom ½ a of the substrate by removing any 

net velocity for these ions at every time-step. The energy removed from the system was then returned 

by re-scaling the velocity of each ion such that energy was conserved. The temperature of the 1 a thick 

slab of the substrate ions immediately above the zero-momentum boundary condition was held at 300 K 

by rescaling the kinetic energy of each ion every timestep. Finally, a Langevin thermostat, as described in 

(Schneider & Stoll, 1978), was applied to a tub-shaped region surrounding the interior of the substrate 

to approximate the acoustic semi-infinite condition and prevent shockwaves from rippling through the 

periodic x and y boundaries and reflecting off the z boundary. This Langevin thermostat was applied to 

two regions: an anti-cylinder with radius √2 d and the 1 a thick slab immediately above the zero-

momentum boundary condition. Preliminary results showed that the simulation dimensions and 

boundary conditions were sufficient to prevent impact interactions across the periodic boundaries. 

Next, a net velocity was added to the particle’s thermal energy to move the particle towards the 

substrate and the resulting impact was observed. The duration of the impact event varied with particle 

size and impact velocity, but for all simulated conditions the duration of the behaviors of interest to this 

study were less than a runtime of 50 ps. For this stage of the simulation, dump files containing the 

position, potential energy (PE), and the bond-orientational order parameter of each ion were written 

every 1000 timesteps (1 ps). The bond-orientational order parameter, as described by Steinhardt et al. 

(1983), is a robust measure of short-range rotational symmetry on a per-ion basis. Preliminary studies 

were performed that showed that the fourth-degree order parameter (q4) of the Y8b sites of yttria was 

found to be the particularly sensitive to apparent changes in crystallinity for the bixbyite structure of 

yttria. 

2.4 Post-processing of analytical metrics 

Atomistic-scale order parameters tend to be quite noisy, requiring spatial averaging for both the 

local order parameter and potential energy. To calculate our local order metric, hereafter Q4, the q4 

values of the six Y8b sites nearest to the target ion were averaged together. This technique assumed 

that cation diffusion was negligible on the time scales of the simulation. To calculate an atomistic 

potential energy metric that was robust to local charge inequality, the potential energy reported by 

LAMMPS was averaged over stoichiometric parcels. For each yttrium ion, averaging was conducted over 

the nearest 6 coordinated oxygen ions and then the nearest 3 yttrium ions to maintain stoichiometry. 

For each oxygen ion, averaging was conducted over the nearest 4 coordinated yttrium ions and then the 

nearest 5 oxygen ions to maintain stoichiometry. Averaging across stochiometric parcels reduced the 

variation in PE/ion from 14 eV to 1 eV, with the greatest contrast of PE/ion occurring between the 

energetically unfavorable free surfaces and the fully coordinated ions of the interior. 

To determine a threshold for the Q4 parameter so that it could be used to detect the onset of 

disordering, an additional simulation was performed consisting of an unstressed bar experiencing 

uniform heating. This resulted in substantial disordering that occurred during the melting transition at 

2700 K. Yttrium ions in the bixbyite structure form an FCC lattice with short-range distortions, which 
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allows the polyhedral template matching function built into the atom visualization program OVITO 

(Stukowski, 2009) to effectively distinguish between ordered and disordered atoms when using an 

RMSD cutoff of 0.12. Figure 2 shows a summary of this data, in which the Q4 and structural classification 

of every yttrium ion is recorded across a range of temperatures from 300 K to 3300 K, with dumps every 

30 K. This data set was sorted by Q4 into 0.01-wide bins centered on the listed Q4 value, as displayed on 

the x-axis, with the fraction of ions in each bin identified as FCC plotted on the y-axis. From this result, 

the Q4 threshold for disorder was defined as 0.56, the lowest value for which at least 50% of the ions 

were identified as FCC. 

 

Figure 2: Q4 and polyhedral template are in excellent agreement, with % of FCC increasing monotonically with Q4. 

A more complete representation of the melting simulation is shown in Figure 3, where the PE and 

Q4 are plotted versus temperature the studied range. Spatial averaging effectively samples the PE/ion 

and q4 from the population of values from individual ions, which reduces the variance but also changes 

the distribution. To illustrate the wide variance in PE/ion and Q4, even after spatial averaging, the plot 

displays the 10th- 50th- and 90th-percentiles of each measure. This plot confirms that the Q4 threshold 

can be used to assess the onset of disorder.  
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Figure 3: Plot of PE/ion and Q4 versus temperature showing that the onset of disordering (horizontal dotted line), 

as measured by the local order parameter q4, coincides with the melting temperature of yttria at ~2700 K (vertical 

dotted line). 

Both PE/ion and Q4 depend strongly on the local temperature, as shown in Figure 3, making the 

distribution of temperature an important consideration in later analysis. To this end, temperature was 

characterized at three locations by selecting a region of space when initializing the simulation, assigning 

ions within the region to a group, and then computing the sum total kinetic energy of the group. The 

temperature was computed from the relationship T = (2/3) (KE/kb), where kb = the Boltzmann constant 

and KE = the sum kinetic energy. One of the temperature regions consisted of the whole particle, while 

the other two are marked as particle contact and substrate contact in Figure 1. The particle contact 

region consists of the bottom sixth of the particle by height, while the substrate contact region consists 

of a 1*a thick, 1*D wide disc in the region directly beneath the particle. 

2.5 Test cases 

The test variables explored within this study include parameters that can be varied experimentally, 

such as particle diameter and velocity, and parameters that are challenging or impossible to vary 

experimentally, namely crystallographic orientation. Although the orientation of single crystal substrates 

can be controlled, that is not the case for polycrystalline substrates, or for the polycrystalline film built 

up after anchor layer formation. Furthermore, there is no way to control the orientation of individual 

particles as they impact the substrate. Thus, MD simulations offer an excellent way to both better 

understand how experimental variables affect particle impact and to probe the effects of otherwise 
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confounding variables. Three particle orientations were selected: the (100), (111), and (101), which are 

known to exhibit different deformation behaviors (Gaboriaud & Boisson, 1980). To limit the total 

number of test cases, only the (100) and (101) orientations were used for the substrate. MCS 

experiments typically use particles with diameters of 100 nm – 500 nm. However, computational 

resources limited our study to include particles no larger than 12 nm. Nevertheless, three nanoparticle 

sizes were studied: 5 nm, 8 nm, and 12 nm. Finally, velocities were selected from within the range 

achievable through MCS: 300, 600, 900, and 1200 m/s. Velocities as low as 100 - 300 m/s are commonly 

used for MCS of ceramics (Hanft et al., 2015), but for the particle sizes used within this study, 

preliminary results revealed that the impacts resulted in essentially no deformation of the particle or 

substrate and particle did not stick to the substrate. Thus, the velocity was scaled to larger values to 

compensate for the smaller particles used in the simulations. This resulted in a total of 72 test cases, 

each of which was assigned an identifying code in the form Substrate-Particle-Diameter-Velocity. For 

example, a 101S-100P-8d-900v case refers to a (100)-oriented substrate, (100)-oriented particle with an 

8 nm diameter, and 900 m/s impact velocity. 

Data processing, including spatial averaging and figure generation, was performed in MATLAB 

(MATLAB, 2010). OVITO was used to generate the atomistic visualizations (Stukowski, 2009). 

3. Results & Analysis 

3.1 Overview 

A variety of behaviors were observed for particle impact, depending on the impact conditions. These 

behaviors ranged from the particle bouncing off the surface to the particle deforming extensively and 

adhering to the substrate. Figure 4 shows ionic positions during impact for a 101S-100P-12d-1200v case 

through a series of snapshots in time. This case is considered first because it is representative of the 

behaviors observed for many impacts where particle adhesion occurred. The snapshots show a one 

lattice constant-thick cross sections through the midplane perpendicular to the y-axis, exposing a (010), 

with red representing yttrium ions in 8b sites, blue representing yttrium ions in 24d sites, and oxygen 

ions omitted for clarity. Additionally, both the width and height of the substrate has been cropped for 

the figures to highlight detail within the nanoparticle and contact region. 

Upon impact, the bottom several rows of the particle and the top of the substrate experience elastic 

deformation near the contact interface, as evidenced by bending of the lattice planes (Figure 4b). The 

elastic deformation propagates further into the particle as the top of the particle continues its 

downward motion and ions located in the contact region of the particle appear to disorder 5 ps after 

impact (Figure 4c). This also represents the approximate time when the top of the particle stops its 

downward motion, and the maximum strain is recorded in the substrate. At 7 ps (Figure 4d), the 

disordered region expands laterally as the substrate rebounds to its unstrained position, resulting in the 

maximum recorded strain in the particle. After 10 ps (Figure 4e), all large-scale motion in the particle has 

come to a halt, but most of the plastic strains and the disorder in the particle remain. During the next 

490 ps (Figure 4f), there are only very small, short-range changes in the ionic positions. The result for 

this case is that the particle containing both residual elastic strains and an amorphous region remains 

adhered to an unstrained, crystalline substrate.  

(a) (b) (c) 
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(d) (e) (f) 

 
Figure 4: Progression during a representative impact, showing a) contact after 1 ps, b) elastic deformation after 3 

ps, c) additional elastic deformation and the initiation of disordering and viscous flow after 5 ps, d) further viscous 

flow and disordering after 7 ps, e) a reduction in elastic deformation accompanied by an increase in disorder after 

10 ps. The particle remains adhered to the substrate following the impact event and there are only short-range 

changes in the ionic configurations between 10 ps and f) 500 ps. The impact shown is for the 101S-100P-12d-1200v 

case. 

3.2 Phase transformation 

Portions of the particle and substrate experienced significant heating during the impact due to the 

work of deformation and reduction in free surface energy. Ions within the particle, particle contact, and 

substrate contact regions were grouped together as described in Figure 1 to assess regional 

temperatures. These temperatures were computed from the average kinetic energy of the group, as 

reported in Figures 5a&b). Figures 5c-e) show ion-by-ion temperatures for the same cases at the 

moments of peak regional temperature after spatially averaging within a radius of ½ a (0.53022 nm). All 

temperatures are reported after correcting for the net velocity of the averaged group and without any 

time averaging. 

The highest average temperature in the particle occurred for the 101S-100P-12d-1200v case, as 

shown in Figure 5a), reaching a peak temperature of 881 K after 15 ps. A snapshot of the impact at 15 ps 

is shown in Figure 5c), which reveals that the high average temperature is the result of significant plastic 

deformation throughout the particle. The highest temperatures within both the particle and substrate 

contact regions occurred for the 101S-101P-12d-1200v case, as shown in Figure 5b), reaching a peak 
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substrate contact temperature of 1059 K after 15 ps and a peak particle contact temperatures of 1110 K 

after 22 ps. Additionally, the temperature-time profiles within the contact region show two peaks, with 

the first corresponding to the plastic deformation of impact, while the second corresponds to the plastic 

deformation of rebound. During the initial impact deformation, the particle and substrate deform 

simultaneously, but during rebound the deformation appears to occur first in the substrate and then in 

the particle, as evidenced by offset between the peak temperatures in these respective regions. These 

peak temperatures are shown in snapshots 5d and 5e), which reveal that both the deformation and 

elevated temperatures are highly concentrated. 

 
c) d) e) 

             

             
300 K 1800 K 300 K 1800 K 300 K 1800 K 

 

             
Figure 5: Heating within the impacting particle and substrate versus time for the 101S-100P-12d-1200v case (a), 

and the 101S-101P-12d-1200v case (b), showing that peak temperatures remain well below the melting 

temperature for yttria. Localized temperatures in the particle contact (✕) and substrate contact (□) regions (as per 

Figure 1) are plotted as well as the mean temperature of the particle (○). (c) shows snapshot of the temperature 
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distribution for the 101S-100P-12d-1200v case at a time of 15 ps. (d) and (e) show snapshots of the temperature 

distributions for the 101S-101P-12d-1200v case at times of 15 and 22 ps, respectively. 

The bulk temperatures remain well below yttria’s melting temperature of 2700 K, and thus the bulk 

disordering can be attributed to solid state amorphization. While this disordering behavior has been 

observed previously in MD simulation studies of particle impacts for ductile metals with a similar 

absolute rise in temperature (Chitrakar et al., 2017; Rahmati et al., 2020), the lower melting 

temperature of those materials made it difficult to distinguish between melting and an amorphous 

phase change. Previous MD simulations of ceramic particle impacts performed by Ogawa (2005) in 

zirconia and Jami & Jabbarzadeh (2020) in hydroxyapatite also demonstrate an amorphous phase 

change without melting, though neither provided quantitative analysis of amorphization.  

Previous MD simulations for Ag particle impacts showed that plastic deformation could arise from 

dislocation nucleation and propagation or from disordering (Chitrakar et al., 2017). Plastic deformation 

in yttria is highly anisotropic and considerably more difficult to initiate with active slip systems only in 

{001} planes in <110> and <100> directions (Gaboriaud & Boisson, 1980). Dislocation analyses were 

performed using the DXA tool in OVITO to determine if there was significant dislocation-driven plastic 

deformation during impact of yttria particles. The 101S-101P-12d-1200v case exhibited the largest 

number and length of dislocations for any of the simulations conducted for this study. The total number 

for this simulation reached 18 dislocations with a combined length of 39 nm at the moment of its peak 

elastic deformation. The vast majority of these dislocations were eliminated during elastic recovery 

within 10 ps of the peak deformation, with only one 3 nm long dislocation remaining in the final frame. 

Therefore, dislocation motion did not contribute significantly to the observed permanent deformation 

for this impact event, and the smaller number of observed dislocations for other impact conditions 

confirmed dislocation plasticity did not contribute significantly to the permanent deformation for any of 

the impact conditions that were considered. Instead, it was concluded that the deformation resulted 

primarily from amorphization followed by viscous flow. 

The effects of particle orientation are compared using three representative cases shown in Figure 6: 

the 101S-100P-12d-1200v case, the 101S-111P-12d-1200v case, and the 101S-101P-12d-1200v case. The 

snapshots were all taken 7 ps after the start of the simulation at the moment when the downward 

motion of the particle stopped, and the substrate had completed its elastic rebound. These snapshots 

represent the moment in time where the stored elastic strain energy is maximum in the particle, and 

therefore the time when the maximum energy is available to initiate plastic deformation. 

The yttrium ion positions are shown Figure 6, along with color codings that indicate the PE/ion, the 

Q4 order parameter, and the magnitudes of the deviatoric and volumetric strains. The color coding for 

the first column of Figure 6 shows that the PE/ion in many regions of the substrate and particle remain 

largely unchanged, but there is also a localized region in either the particle or substrate that exhibits a 

much higher than average PE/ion. Within this region, there is a considerable range of PE/ion, but no 

systematic pattern. The second column of Figure 6 shows the degree of amorphization characterized 

using the Q4 parameter. These snapshots show that the region of reduced Q4 precisely corresponds to 

the region of elevated PE/ion. In contrast to the continuous gradients in shear strain shown by the third 

column of Figure 6, the PE/ion exhibits a sharp transition between the undisturbed material away from 

the contact region and the regions of elevated PE/ion near the contact region.  
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The third and fourth columns of Figure 6 show that the deviatoric and volumetric strains in the 

particle and substrate vary considerably depending on the orientation of the particle. These strains were 

computed using the atomic strain modifier in OVITO (OVITO, n.d.). This strain tensor was separated into 

deviatoric shear and hydrostatic components, which are shown on a per-atom basis in the third and 

fourth column, respectively. For the (100) and (111) particle orientations shown in the first and second 

row, for which amorphization and viscous flow is relatively facile, regions within the particle experience 

significant strains, with the maximum localized plastic strains approaching 60%. The substrate in these 

two cases experiences no measurable plastic strains in the final state. In contrast, in the final state of the 

harder (101) particle orientation shown in Figure 6k), all of the strain is accommodated by the substrate, 

leaving the particle undeformed. In each case, the region where plastic strain is apparent is 

characterized by a continuous gradient from the undeformed regions of the particle and substrate to the 

regions of maximum deformation. 

 PE/ion  Q4  Deviatoric Shear Strain  Volumetric Strain   

 -10.4 -10.1 0.7 0.5 0.0 0.6 0.0 0.2 

            
 (a) (b) (c) (d) 

  
 (e) (f) (g) (h) 

  
 (i) (j) (k) (l)  

   
Figure 6: Snapshots of 12 nm particles 7 ps after impacting (101)-oriented substrates at 1200 m/s, wherein the 

particle orientation is varied. The top row (a-d) shows the soft (100) orientation, the middle row (e-h) shows the 
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intermediate (111), and the bottom row (i-l) shows the hard (101). The columns show the PE/ion, the Q4 order 

parameter, the deviatoric strains and the volumetric strains. 

Amorphous yttria is not the thermodynamically stable state at ambient temperature and pressure 

and it is therefore predicted to devitrify back to the crystalline state. However, compared to many 

materials that have a simple crystal structure, devitrification to the complex bixbyite structure of yttria is 

likely kinetically limited by the slow ion diffusion rates at ambient temperature. To test this hypothesis, 

two impact events were simulated: one that exhibited minimal amorphization (101S-101P-5d-900v) and 

another that experienced almost complete amorphization of the particle (101S-100P-5d-1500v). These 

two cases used computationally inexpensive 5 nm particles to allow for an extended runtime of 800 ps. 

To confirm that the results can be extended to larger particles, a third case with a 12 nm particle was 

run for 500 ps (101S-100P-12d-1200v). Figure 7 shows the Q4 parameter averaged over the particle as a 

function of time for all three cases on a log-linear scale, with one datum per ps until 50 ps, at which 

point the time resolution decreases to one datum per 10 ps. 

For the 5 nm cases, the Q4 parameter reaches a minimum at about 5 ps, recovers quickly until 20 ps, 

and exhibits no significant change after 50ps. For the 12 nm case, the Q4 parameter reaches its 

minimum later and is slower to stabilize, but further run time yields rapidly diminishing returns in terms 

of devitrification progress per time step after 50 ps. This confirms the hypothesis that devitrification is 

kinetically limited in this system and that that the final states can therefore be deduced from shorter run 

times of 50 ps. 

 

Figure 7: The local order parameter q4 is averaged over the entire particle and plotted versus time (log-scale) for 

three cases. The solid vertical line demarcates a run time of 50 ps. 
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3.3 Quantifying amorphization 

The relative metastability of amorphous yttria, combined with its facilitating role in plastic 

deformation, suggests that the extent of amorphization in the particle and substrate may be a physically 

meaningful metric to characterize the degree of deformation for particle impacts. While strain and 

potential energy are robust measures of the current state of the particle, they change significantly over 

the course of the simulation. In contrast, amorphization is a cumulative measure of the amount of strain 

experienced throughout the impact, making it a robust metric even in the face of complex particle-scale 

behaviors. 

To test whether such a metric could provide useful information, the number of newly amorphized 

ions was calculated by subtracting the number of ions with a Q4 value lower than the amorphization 

threshold of 0.60, as defined in Figure 3, at the start of the simulation from the number after 50 ps. The 

percent amorphized ions (PAI) was calculated by dividing the number of ions that amorphized due to 

impact in both the particle and the substrate by the number of ions in the particle. 

Figure 8 shows the yttrium ion positions color-coded based on the amorphization threshold for 8 

different impact conditions after 50 ps. The impact behavior of the particles can be divided into three 

general regimes. The first regime, exemplified in Figures 8a), 8b), and 8e), is superficial adhesion, where 

the particle comes to rest on or near the substrate with little to no deformation. For all of the cases in 

the first regime the PAI is less than 10%. The second regime, as exemplified in Figures 8f) and 8g), is 

rebound, in which the particle retains enough elastic energy to tear off the substrate when elastic 

recovery occurs. The PAI when complete particle rebound occurs is also less than 10%. In Figure 8f), this 

rebound is complete, while in Figure 8g), the particle remains tenuously connected to the substrate by 

threads of ions, indicating that it is on the transition between the rebound and adhesion. The slice for 

the snapshot Figure 8g) is offset from the particle’s midplane by 1 nm to capture the thread of ions, 

which is not otherwise visible. The third regime, as exemplified in Figures 8c), 8d), and 8h), is adhesion 

facilitated by significant deformation. The third regime experiences the largest PAI, with a wide range 

from 10% - 36%. The results from Figure 8 show that the PAI consistently correlates with local 

deformation and the eventual adhesion of the particle across a broad range of impact behaviors from 

particle rebound to particle adhesion. 

(a) (b) (c)  (d)  

 
(e) (f)  (g)  (h)  
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Figure 8: Yttrium ion positions for a range of impaction conditions at a time of 50 ps.  The ions are color-coded so 

that those in a crystalline configuration are light blue and those in an amorphous configuration (i.e., Q4<0.56) are 

red. a) 101S-100P-12d-300v, PAI = <1%; b) 101S-100P-12d-600v, PAI =6%; c) 101S-100P-12d-900v, PAI = 22%; d) 

101S-100P-12d-1200v; PAI = 36%, e) 101S-101P-12d-300v; PAI = <1%, f) 101S-101P-12d-600v; PAI = 3%, g) 101S-

101P-12d-900v, PAI =12%; and h) 101S-101P-12d-1200v, PAI = 24%. 

More generally, the PAI depends on impact velocity, particle orientation, substrate orientation, and 

particle diameter. Figure 9 shows plots of the PAI versus impact velocity for a range of particle sizes, 

with each column showing one particle orientation and each row showing one substrate orientation. 

These plots show that there is a strong dependence on impact velocity for all impact conditions. 

Increasing the impact velocity from 600 to 1200 m/s increases the PAI by as much as 30%. Changes in 

the particle orientation affect the PAI by roughly 10%, while changes to the substrate orientation result 

in changes generally less than 10%. Varying the particle size has no significant effect on PAI for soft 

particle orientations, though the difference can be as high as 10% for the hard (101) orientation. 
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Figure 9: PAI for the particle + substrate is plotted versus impact velocity for a range of particle sizes, particle 

orientations, and substrate orientations. 

Differentiating between the amorphization occurring within the particle from that occurring within 

the substrate provides additional insights into deformation behavior. To do so, the PAI was computed 

separately for the particle and substrate and the results, plotted in Figure 10, reveal the following 

important trends:  

1) For plastically soft particle orientations such as the (100) shown in Figures 10a) and 10d), most 

amorphization occurs in the particle, even if the substrate is also soft. 

2) If the substrate is soft and the particle is harder (Figures 10b and 10c), some of the 

amorphization occurs in the substrate. Under these conditions, the amount of amorphization in 

the substrate and particle depend on the particle diameter, though these effects are of opposite 

sign and therefore partially mask each other when summing the amorphization in the particle 

and substrate together (Figures 9b and 9c). 

3) If the particle is hard (Figures 10c and 10f), increasing the particle size increases the 

amorphization in the substrate while decreasing it in the particle. 

4) If both the particle and substrate are hard (Figure 10f), there is much less amorphization, but 

any amorphization that does occur is split between the particle and the substrate. 

 

Figure 10: PAI for the particle + substrate, particle only, and substrate only is plotted versus particle diameter at a 

fixed velocity of 1200 m/s for a range of particle orientations and substrate orientations. 
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4. Discussion 

As shown in Figure 4, defect-free crystalline yttria at the nanoscale can accommodate large elastic 

strains through lattice bending (see top half of the particle). Although some dislocations are nucleated 

upon impact, both lattice bending and the dislocations are recovered as the particle rebounds, as shown 

by the lack of permanent deformation or residual dislocations in the particle or substrate. However, if 

the impact is energetic sufficient, energy can be dissipated through amorphization and viscous flow. In 

this way, amorphization and viscous flow play a critical role in the adhesion of particles. 

Under the studied impact conditions, modest temperature increases were observed as the particle 

kinetic energy was partially converted to thermal energy. However, no part of the particle or substrate 

experienced a sufficient rise in temperature to melt, as evidenced by Figure 5. The amorphous region is 

therefore the result of a solid-state phase transformation resulting from large multiaxial stresses that 

are produced at high strain rates. Similar amorphization has been observed during MD simulations of 

particle impacts for both metals (Chitrakar et al., 2017; Rahmati et al., 2020) and ceramics (Ogawa, 

2005). Because amorphization and viscous flow are integral to achieving adhesion, the precise 

conditions necessary to achieve amorphization are of considerable interest. 

Based on the snapshots taken at the moment of maximum deformation, shown in Figure 6, there is 

a clear gradient in the deviatoric shear strain within the deformed region. The region of elevated PE/ion 

closely coincides with the region that experienced strain of order 0.1, yet it does not exhibit a similar 

gradient. Furthermore, the almost exact coincidence between the region of elevated PE/ion and the 

amorphized region indicates that an amorphous phase transformation follows a localized rise in 

potential energy, and thereafter prevents further rise in potential energy by dissipating it through 

viscous flow. 

TEM of yttria films made through the impact of 300 nm particles revealed a polycrystalline structure 

with a crystallite size of 5-20 nm with substantial amounts of retained amorphization (Iwasawa et al., 

2007; Lee et al., 2011; Kwon 2019, 2020a, 2020b). Amorphous yttria is less energetically favorable than 

the crystalline form, but devitrification is limited by kinetics at room temperature. For both the 

minimally amorphized 101S-101P-5d-900v case and highly amorphized 101S-100P-5d-1500 case, 

devitrification progressed by the short-range reconfiguration of the ions on the border between the 

crystalline and amorphous regions, as observed in the simulations used to generate Figure 7 (not 

shown). The 101S-100P-12d-1200v case with a larger particle exhibited a substantial reduction in 

disorder within the amorphized region of the particle, though complete crystallization did not occur. 

Although the 5-12 nm particles simulated within this study are of too similar a scale to definitively 

capture the devitrification mechanism, the amorphization followed by gradual devitrification observed 

within the interior of each particle provides insight as to how the experimentally observed 

nanocrystalline structure may arise.  

It has been shown that for metal atoms that experience a combination of a critical strain rate and a 

critical potential energy sustained for long enough to allow for short-range ionic motion will undergo 

solid state amorphization (Chirtrakar et al., 2021). This theory may be able to account for the shifts in 

optimal deposition velocity as particle diameter increases. For a given particle velocity, larger particles 

experience lower strain rates because they come to rest over a longer interval of time than their smaller 

counterparts. Thus, an increase in velocity is needed to achieve the critical strain rate for amorphization 

as the particle size is increased. This supports the observation that there is a maximum particle size for 
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particle deposition that can be achieved without increasing the particle velocity so much that it results in 

abrasive blasting (Hanft et al., 2015) rather than particle deformation and adhesion.  

Which ions attain and sustain the critical potential energy required for amorphization depends on 

the spatial and temporal distribution of potential energy. Ions on the free surfaces of the particle and 

substrate have far higher potential energies than those in the bulk, and therefore readily amorphize. For 

5nm particles, this effect was found to significantly influence impact behavior, though as size increases, 

the surface energy decreases on a per-ion basis, meaning that the effect is likely insignificant for 

realistically large particles. The particle rebound behavior observed in Figures 8f) and 8g) exemplifies a 

general trend that if an impacting particle fails to dissipate energy through plastic deformation, it may 

have enough elastic energy remaining to overcome the adhesion due to surface energy and rebound off 

the substrate. The potential function used within these simulations underpredicts surface energy, while 

the small size of the simulation overemphasizes the effects of surface energy. For these reasons, the 

specific results for when particles do or do not adhere to the substrate is not conclusive.  

Each of the studied input variables had a demonstrable effect on the overall impact behavior, 

though the most significant by far was velocity, followed in order by the orientation of the nanoparticle, 

the orientation of the substrate, and the diameter of the particle. In fact, the primary significance of all 

variables other than velocity appears to be changing the slope of the dependence of PAI on velocity, as 

shown in Figure 9. This may be attributed to the secondary variables changing how readily the material 

in the contact region is able to dissipate energy by undergoing amorphization and viscous flow. For 

sufficiently small particles at sufficiently low velocities, adhesion with the substrate actually reduces the 

PAI, because free surfaces tend to be less ordered than the interior of a crystal. This phenomenon is 

particularly noticeable for the 5 nm particles impacting the (101)-oriented substrate. With this 

exception, PAI shows little dependence on particle diameter over the studied range, indicating that it 

may be possible to extrapolate conclusions drawn from the PAI to larger particle sizes. 

Tuning impact velocity is of critical importance to the phenomenon of room temperature impact 

consolidation. However, it was also found that for yttria, the orientations of both the particle and 

substrate plays a lesser, but still significant role on impact behavior. This trend is likely to extend to 

other materials with significant plastic anisotropy, and yet there is no practical way to control particle 

and substrate orientation during steady-state film formation using MCS. Because room temperature 

impact consolidation has a narrow processing window, it is reasonable to expect that relatively isotropic 

materials will exhibit higher deposition efficiencies than their anisotropic counterparts. This is because a 

greater fraction of particle and substrate orientations will experience the required amount of 

deformation.  

5. Conclusions 

Simulations of a yttria nanoparticle impacting a yttria substrate were conducted for the range of 

impact velocities and particle sizes accessible with MD in order to investigate the deformation 

mechanisms responsible for the phenomenon of room temperature impact consolidation. This study 

illustrated that the highly non-equilibrium conditions of a nanoparticle impact result in an amorphous 

phase transition well below the melting temperature. While dislocations were present when the elastic 

strains in the particle were at their maximum, they did not significantly contribute to the extensive 

plastic deformation retained at the end of the simulation. Instead, plastic deformation in yttria resulted 

primarily from amorphization followed by viscous flow.  
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A strong correlation was shown between the fraction of the particle that amorphized and the 

degree of adhesion between the particle and substrate. Because the degree of amorphization is both 

easier to measure than the cumulative deformation experienced by the system and is a physically 

meaningful representation of the deformation, it is a useful metric for characterizing the impact event. 

Of the studied input variables, velocity had by far the most significant effect on the PAI. For the 100S-

100P-12d case, an increase of velocity from 300 m/s to 1200 m/s increased the PAI from 0% to 44%, all 

other variables held constant. Furthermore, changes to the velocity had meaningful interaction effects 

with the other variables.  

The extent of deformation in the particle and substrate depended on both of their orientations, with 

the soft-on-soft case experiencing the greatest deformation and the hard-on-hard case experiencing the 

least, all other parameters held constant. The particle experienced a greater fraction of the deformation 

than the substrate so long as it was in a soft or intermediate orientation. For hard particle orientations, 

the substrate accounted for a greater fraction of the deformation, and this effect was further 

pronounced with increasing particle diameter. With the exception of this interaction effect, particle 

diameter had little effect on the overall deformation behavior across the studied range of 5 to 12 nm. 
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