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Abstract 

The deformation and bonding of particles in Aerosol Deposition (AD) is a topic of growing 

technological interest for solid-state coating and additive manufacturing with ceramic 

materials. The core feature of the AD process is the unexpected plasticity of ceramics at high 

strain rates and small length scales, which is also a topic of general interest for understanding 

the response of intrinsically brittle materials to dynamic deformation. We explore this feature 

through computational analysis of the impact of ceramic particles – modelled based on a 

Lennard-Jones description of submicron TiO2-anatase particles in a two-dimensional 

molecular-dynamics system – onto a substrate at a range of impact velocities (100-800 m/s). 

The deformation behaviour of the particle for each impact velocity was analysed with respect 

to the evolution of the stress, strain, and temperature fields. The results reveal indications of 

dislocation-based plasticity within a certain velocity regime. This velocity regime, which 

becomes narrower with increasing the particle size, coincides incidentally with bonding of 

particles to the substrate in AD. The results also show that outside this regime, the impact is 

associated predominantly with either rebounding (at lower velocities) or particle fracture (at 

higher velocities). The simulation results are interpreted in view of a phenomenological model 

of fragmentation, considering the interplay between the material properties, such as the 

fracture energy, and the kinetic energy of particles upon impact. Based on the simulations and 

the analytical model, a window of deposition is proposed for AD.  

 

Keywords; Aerosol deposition, Cold spray, Nanoparticle, Bonding mechanism, Molecular 

dynamics 
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Abbreviations and symbols 

Abbreviation    

AD aerosol deposition 𝑚 atomic mass, kg 

CS cold spraying 𝑝𝑠 10−12 s 

MD molecular dynamics 𝑞 inelastic heat fraction coefficient 

in Eq. 10, 1 

D dislocation   𝑟 distance between two atoms, Å (= 
0.1 nm) 

2-D 2 dimensions 𝑟𝑐 cut off distance in Lennard-Jones 
potential function, Å (= 0.1 nm) 

symbols  𝑆 crack length, m 

𝑎 =
1

𝑞
 in Eq. 14, where 𝑞 is inelastic 

heat fraction coefficient, 1 

𝑆

𝑑0
 

normalized crack length with 

atomic diameter, 1 

𝑏1, 𝑏2, 𝑏3 fitting constants in Eq. 11,1 𝑡 thickness of the 2-D model 
system, m 

𝑐𝑝 heat specific capacity, J Kg
-1

 K
-1

 𝑇 temperature, K 

𝑑0 atomic diameter, Å (= 0.1 nm) 𝑇𝑚 melting temperature, K 

𝑑𝑝 particle diameter, m 𝑇 temperature difference, K 

𝑑𝑝

𝑑0
 

normalized particle diameter in 
schematic model, 1 

𝑣𝑃 particle velocity, ms
-1

 

𝑑(𝑓𝑟𝑎𝑔𝑚𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛) fragmentation diameter, m 𝑣threshold   threshold velocity 

𝐸 Young’s modulus, Pa 𝑌 stress at yield/fracture, GPa 

𝐸k particle kinetic energy, J 𝜌 density, kg m
-3

 

𝐸el maximum elastic energy of particle, 

J 
𝛾 surface energy, J m

-2
 

𝐸def inelastic deformation energy, J 𝜀 Lennard-Jones parameter, eV 

𝐸Fr_II required energy for fracturing mode 
II, J 

ơ Lennard-Jones parameter, Å (= 
0.1 nm) 

F fitting constants in in Eq. 13, 1 𝜎𝑡ℎ theoretical strength, GPa 

𝑓𝑠 10−15 s   
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1. Introduction  

Bulk ceramic materials are brittle and fail without any plastic deformation when subjected to 

standard deformation conditions at room temperature [1]. However, a number of ceramic 

materials exhibit a transition to inelastic deformation under quasi-static compression, when 

the sample size is reduced to submicron dimensions [2-8]. Kendall et al. [3, 4] demonstrated 

already in 1970s that submicron NaCl particles could be deformed inelastically under quasi-

static compressive loading. More recently, inelastic deformation under compression at room 

temperature has also been reported for Al2O3 nanoparticles [5, 6], TiO2-anatase nanoparticles 

[2], MgO nanocubes [7], GaAs micropillars [8] and Si nanoparticles [9]. There are also 

examples of research that specify the critical size limit below which plasticity could occur [4, 

10-13].  

 

Submicron ceramic plasticity has been associated with dislocation glide [14] and twinning 

[15]. There is also evidence for strain hardening and strain-rate hardening of ceramics, e.g., 

when exposed to shock wave or high strain-rate compression [16-18]. These effects have been 

attributed to the generation and propagation of micro cracks, dislocation-based plastic 

deformation, and phase transformations. Moreover, shear localization has been suggested to 

be a dominant factor in deformation and fracture of fine ceramic powders exposed to 

relatively high strains (0.2-0.4) and strain rates (> 104 s-1) under compression [20-22]. The 

inelastic deformation of small ceramic particles can be associated with significant heat 

release, which could facilitate formation of shear bands [10, 11, 21, 22]. However, the 

existing interpretations are mostly speculative, and the deformation mechanism for ceramics 

at high strain rates is yet to be fully understood [19]. Besides, most studies on high strain-rate 

dynamic deformation of ceramics have focused on powder compaction or deformation of 

sintered bulk materials.  
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The development of the aerosol deposition (AD) method [23-28] has thrusted the need for an 

in-depth understanding of high strain-rate deformation of ceramics. In this method, submicron 

ceramic particles are accelerated to velocities in the range of 100-600 m/s before impinging 

the substrate in an evacuated chamber at room temperature [23-28], to form dense layers of 

ceramic. AD deposits can have superior properties, not achievable by applying liquid state 

high-temperature thermal spraying methods [28] and be used as protective coatings, base for 

sensors in electronics and optics, magnetic materials, or as semiconducting functional material 

for solar energy harvesting. There is experimental evidence that monolithic ceramic particles 

could show plasticity or pseudo plasticity during AD deposition [26, 27]. 

 

In terms of the processing principles, the AD method is similar to cold spraying (CS) [29]. In 

both processes, solid particles at temperatures far below the melting point impinge a substrate 

at high velocity. The major difference between AD and CS concerns the type of feedstock, 

i.e., typically submicron ceramic powder for AD and micron-sized metallic powder (usually 

above 20 micron) for CS. The bonding mechanism of particles in CS is attributed to shear 

instabilities during plastic deformation of the interacting interfaces between particle and 

substrate due to local adiabatic temperature rise and the associated thermal softening [29]. 

Very recent work on AD of copper demonstrated that these concepts also hold for submicron 

metallic particles [30]. The experimental work on AD has been complemented by theoretical 

analyses through various numerical modelling methods. Examples include application of 

finite element method (FEM) [26-27], molecular dynamics (MD) [35-38], smoothed particle 

hydrodynamics (SPH) [31] and nonlinear transient FEM [39, 40] in the study of particle 

impact in AD. Based on these studies, various bonding mechanisms have been proposed for 

AD [26-27, 31-40]. The main proposed mechanisms are (1) room temperature impact 
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consolidation (RTIC) [26-27, 35-40], (2) fragmentation and packing [31], (3) interlocking 

along with creation of highly activated surfaces [32, 33], and (4) ‘shear localization’ [41]. It is 

not clear whether and to what extent these explanations, especially the latter, can be applied to 

intrinsically brittle ceramics particles. The question of deformation and bonding mechanism 

in AD has thus remained open to a large extent. 

 

The present study aims to address this question, to shed light on the mechanism of AD 

deposition and in particular, to identify the role of plasticity – be it dislocation glide or shear 

localization – in particle bonding. In addition, we seek explanations through numerical 

modelling for nanocrystallisation as observed in AD coatings. The study is based on MD 

simulations, which has already been widely used for structural and mechanical analysis of 

ceramic particles. The focus is on TiO2-anatase – a material of particular interest for photo-

catalytic applications [45]. The MD parameters are tuned in such a way so that the tensile 

properties of the modelled system match the experimentally obtained values of the 

yield/fracture strength and Young’s modulus of anatase [2, 44]. The numerical results are 

analysed with respect to the evolution of the thermomechanical field variables (stress, strain, 

temperature) and further interpreted in view of a phenomenological model of fragmentation. 

In this way, the behaviour of particles during AD is predicted and mapped for a range of 

particle diameters and impact velocities.  

 

2. Methods 

The MD simulations were performed by LAMMPS (https://lammps.sandia.gov) software. The 

following, modified Lennard-Jones potential [38] was applied for the MD simulations: 

 𝑈 =  Ɛ[(
ơ

𝑟
)
12

− (
ơ

𝑟
)
6
] , 𝑟 < 𝑟𝑐 = 3.345 Ǻ                   (1) 
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where 𝑟 is the distance between two atoms, 𝑟𝑐  is an adjustable cut-off radius, 𝜎 = 2.23 Å is the 

characteristic length scale (bonding length) and 𝜀 is the characteristic energy parameter. 

Brittleness was introduced by tuning the cut-off radius according to previous work where  𝑟𝑐 

is set to 3.345 Å, i.e., 1.5 σ [38]. The ε parameter was tuned by tensile and compression MD 

simulations in order to mimic the brittleness and the compression behaviour of a 33 nm TiO2-

anatase particle for mechanical properties being available from the literature [2, 44]. By 

subsequent fine-tuning, 𝑟𝑐  and the ε parameter in equation (1) were set to 3.345Ǻ and 0.45 eV, 

respectively.   

 

2.1 Tensile test simulations: 

The 2-D tensile test model setups were made as following: First, the initial atomic 

configurations of the models were cut out from <10> and <01> crystallographic directions of 

a close-packed (11) fcc plane in 2-D. The tensile test in <01> direction model is shown in Fig. 

1a. The systems were set to an initial temperature of 300 K. A micro canonical ensemble 

(NVE) [42] was applied to the tensile test simulations, where the total energy and the volume 

(area in 2-D) of the simulation system are considered as constant. The time steps were set to 

5×10-15 s and equations of motion were integrated using the Velocity Verlet algorithm [42]. In 

the tensile models, one side of the models were considered as fixed and the other side was 

pulled up with a constant rate of 0.3 m/s in <10> and <01> crystallographic directions. 

Resulting structures after tensile test simulations and associated stress-strain curves are 

depicted in Fig. 2. Although both strain modes proof the brittle material behaviour, the stress-

strain curves in <10> and <01> crystallographic directions reveal slight differences by 

anisotropy.  
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2.2. Compression test simulations: 

Particle compression simulations were initially designed in order to tune the Lennard-Jones 

potential  to reflect the experimentally determined mechanical properties of TiO2-anatase 

nanoparticles of similar diameter given in literature [2, 43]. The 2-D compression model was 

created (Fig. 1b) from three parts: (i) a moving rigid upper jaw on the top, (ii) a fixed rigid 

lower jaw at the bottom and (iii) a 33 nm diameter nanoparticle in the middle being in contact 

with both jaws. The upper jaw moved down with a constant velocity of 40 m/s due to 

restricted computational time in MD. All these parts were cut from an atomic (11) fcc plane. 

The compression tests were performed using a constant energy condition (NVE). The MD 

algorithms were the same as those applied for the tensile test. The test was used to adjust the ε 

parameter for finally reaching a compressive strength of 11.11 GPa in compression test 

simulation, comparable to the experimental data that are available from literature for TiO2-

anatase nanoparticles within a diameter range of 30 - 40 nm [2, 44]. Details of compression 

test simulation and its results can be found in our previous study [41].  

 

2.2. Impact simulations: For impact simulation, as well a 2-D model was set up (Fig. 1c). 

This impact model consisted of 10, 25, 33, 50, 75, 100 and 300 nm monolithic or single-

crystalline brittle nanoparticles and a rigid substrate. A rigid substrate was used to ensure 

defined strain rates in the particle, avoiding any influence of substrate properties and 

boundary conditions. Material properties and brittleness of the particle were induced by using 

the description of the potential as previously determined from the tensile test and compression 

simulations with 𝜎 = 2.23 Å, ε= 0.45 eV and rc= 3.345 Å. Similar to the previous models, the 

atomic configurations of the nanoparticles and the substrate were cut out from the close-

packed (11) fcc plane. However, due to the fixed atomic positions of the rigid substrate, such 

epitaxy should have no influence on particle deformation. Also, the impact simulations were 
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carried out under constant energy condition (NVE). The nanoparticles were introduced at 

initial velocities of 100-800 m/s before impacting to the rigid substrate at an angle of 90°. The 

scenarios were calculated in velocity intervals of 100 m/s. The time steps were set to 5×10-15 s 

and the equations of motion were integrated using the Velocity Verlet algorithm. For 

considering a rigid substrate, the positions of atoms within the substrate were fixed. 

Nevertheless, their corresponding potentials and forces were calculated throughout the 

simulation. Stress and local temperature field variables were calculated by LAMMPS 

(https://lammps.sandia.gov) and the strain fields were separately extracted by using OVITIO 

version 3.0.0, (www.ovito.org) [46]. 

 

3. Results   

3.1. Study of deformation mechanism by stress, strain and temperature fields 

Representative impact scenarios obtained by the MD simulations and shear strain analysis for 

TiO2-anatase particles with a diameter of 33 nm that impact at velocities of 100, 400 and 700 

m/s on a rigid substrate are compared in Fig. 3a and Fig. 3b, respectively. In the comparison 

of Fig. 3a, three distinct impact behaviours can be distinguished as (i) rebounding, (ii) full 

bonding without fragmentation, and (iii) partial bonding with fragmentation. The rebounding 

behaviour was observed for impact velocities  vp < 400 m/s. For the rebounded particles, the 

deposition efficiency, here defined as the ratio of atoms in parts adhering to the substrate to 

the total number of atoms in the particle, reaches less than 10 %. Bonding of complete 

particles was computed for 400 ≤ vp < 600 m/s. Fragmentation was observed if vp ≥ 600 m/s. 

For the fractured particles, the deposition efficiency, i.e., the ratio of bonded atoms, was 

around 30 % at the lower impact velocities, and decreased with further velocity increase. The 

three impact behaviours of rebounding, bonding and fragmentation were also obtained, when 
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the particle and the substrate had different initial crystallographic orientations. However, the 

velocity ranges for obtaining them, were slightly different. 

 

For associating the distinguished impact scenarios given in Fig. 3a with individually different 

deformation behaviours, Fig. 3b shows the atomic shear strain distributions corresponding to 

the final states after impact at velocities of 100, 400 and 700 m/s. The dark blue areas 

correspond to the elastic regions. The areas coloured in a range from green to red underlie an 

atomic shear strain of 0.4 to 0.7 that indicates inelastic deformation and plasticity. In general, 

it can be inferred from this figure that rebounding, e.g., at 100 m/s, corresponds to elastic 

behaviour, except for the final fracture area close to the interface to the substrate, where some 

traces of the particle bond to the substrate. At velocities ≥ 400 m/s, inelastic deformation 

initiates at the interface to the substrate, and then spreads towards the centre of the particle 

mostly along with the (11)-slip directions. For velocities ≥ 600 m/s, inelastic deformation 

spreads over larger widths, but also shear cracks start to form and to grow. Despite substantial 

parts of the particle moving to the sides (X-direction) and getting lost by such fracture, a 

dense cone of highly deformed material remains well bonded in all cases of these high 

velocity events (v > 600 m/s). The results suggest that these nanoparticles exhibit inelastic 

deformation for velocities ≥ 400 m/s. Avoiding rebounding and fracture by deformation 

features, the velocity regime of 400 to 600 m/s can enable the adhesion of whole particles and 

might be associated with needed criteria for bonding. However, with respect to continuous 

bombardment of ceramic materials during AD, also the velocity regimes causing fracture 

could possibly contribute to layer formation. As main feature, the inelastic deformation 

appears to play a key role for bonding.  

 

In order to understand the nature of these inelastic deformations, the concept of the von Mises 

shear strain method applied by OVITO was compared with the concept of one Burger’s vector 
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in a 2D closed-packed structure. The shear strain is calculated in 2-D by OVITO [46] from the 

three components of the atomic strain tensor per equation (2), where 𝑒𝑖𝑗 refers to the atomic 

strains in X, Y and XY directions. In fact, the shear strain is determined by calculation of the 

atomic-level deformation gradient and the strain tensor for each atom by the relative motion 

of its neighbour atoms defined via a cut-off space [47].  

 𝑠ℎ𝑒𝑎𝑟 𝑠𝑡𝑟𝑎𝑖𝑛 =  √(𝑒𝑥𝑦
2 +

(𝑒𝑥𝑥  −  𝑒𝑦𝑦)
2

2
) 

(2), 

 

In addition, according to the formal definition of Burger’s vector, one step of sliding of 

atomic planes in a 2D closed-packed structure should result in a value of 𝑏⃗  = 2 tan (π/6) = 

1.15. Such displacement between two adjacent atomic configurations leads to a shear strain 

value of 0.58. Thus, the green regions in shear strain fields of Fig. 6 and even Fig. 3, 

correspond to a displacement of one Burger’s vector. Therefore, it can be claimed that the 

inelastic deformation mechanism expressed in the shear strain fields is attributed to plastic 

deformation. 

 

For gaining an inside view on the atomic structure under more severe deformation, three 

different areas inside the modelled TiO2-anatase particle impacting the substrate at a velocity 

of 400 m/s were displayed with higher resolution at 12.5 ps after first contact when the 

particle reaches to equilibrium condition in Fig. 4. Fig. 4a shows the front of a spreading 

dislocation. Fig. 4b shows the interface of the particle to the substrate where most of plastic 

deformation initiates. Fig. 4c exhibits the intersection of dislocations at the top of the cone 

shape region spreading from the bottom of the particle. Appling a Burgers analyses to the 

surrounding of disturbed areas reveals an edge dislocation on the (11)-plane in Fig. 4a during 

propagation from the particle centre. However, more works is needed to transfer these 
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concepts of plastic deformation from a simplified closed packed 2-D model to real 3-D 

structures as TiO2-anatase or others. The static situation in an equilibrated configuration after 

dislocation emission at the interface to the substrate can be seen in Fig. 4b. For this complex 

atomic arrangement, it is not possible to perform a detailed Burger’s analysis. However, a 

shear crack and vacancies can be identified as the main defects that remain in the finally 

relaxed condition within this region. Highest shear strains are observed in the intersection of 

plastic deformations, as shown in Fig. 4c. Apart from local dislocation like arrangements, 

slight crystal rotation and disordered areas can be observed.  

 

Fig. 5 reports the cumulative average values of total atomic strain over all atoms in the 

particle, in X (perpendicular to impact direction), Y (parallel to impact direction) and shear 

strain for different impact velocities vp. The integration was performed until the end of the 

simulation in case of shear strain, and until the start of fragmentation inside the particle in 

cases of X- and Y-strains, respectively. The integrated values were then divided by the 

number of atoms inside the nanoparticle. The determination of total X- and Y-strain values for 

velocities larger than 600 m/s was not possible due to particle fragmentation and separation. 

Below vp of about 400 m/s, the average value of shear strain shows a linear increase with the 

impact velocity. Above vp of about 400 m/s, however, when rebounding behaviour is finished 

and the bonding behaviour started, a considerable increase in slope of the shear strain curve is 

observed. At vp > 600 m/s, the slope of shear strain drastically decreases. This could be 

attributed to fragmented parts not contributing to shear and also not applying loads to the 

adhering material anymore. Within the rebound range of vp < 400 m/s, the Y-strain is 

negligibly small and rather constant. At vp between 400 and 500 m/s corresponding to the 

bonding regime, Y-strain decreases, by negative values indicating compressive strain nature. 

The compressive Y-strain is then released at the onset of fragmentation at a vp of 600 m/s. 

The X-strain is negligible at small impact velocities of up 200 m/s corresponding to the 
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rebound regime. For higher velocities of up to 500 m/s, already corresponding the bonding 

regime, it shows a rather linear increase, indicating growing tensile loads perpendicular to 

impact direction and associated deformation. At 600 m/s, just before the onset of 

fragmentation, a drastic rise in X-strain is observed. This indicates that X-strain plays a very 

important role in fragmentation of the impacted particle at velocities equal and highe r than 

600 m/s. In summary, the comparison of the different strain developments helps to distinguish 

the influences on particle deformation behaviour. Particularly, the shear strain development 

directly indicates the velocity regimes for impact behaviours of rebounding, bonding and even 

fragmentation.  

 

In order to identify the nature of the inelastic deformations, observed in Fig. 3, a combination 

of subsequent stress, strain and temperature analysis were performed. Fig. 6 exhibits the 

temporal development of stress in Y-direction (parallel to the impact direction), shear strain, 

temperature and stress in X-direction (perpendicular to the impact direction) in the 33 nm that 

shows the bonding behaviour by colliding at an impact velocity of 400 m/s onto the substrate. 

Time sequences of 3.5, 4, 4.5 and 5 ps after initial contact to the substrate were selected in 

order to illustrate the initial changes in stress concentration at the contact area, stress 

releasing, inelastic deformation and temperature evolution. As shown in Fig. 6a, a 

homogenous stress gradient in Y direction (parallel to the impact direction) develops from the 

contact point and the maximum stress, localized at the interface to the substrate, reaches up to 

32 GPa. Despite the ongoing particle movement and the increase of contact area to the 

substrate, local compressive stresses show a gradual relaxation with increasing time at 4, 4.5 

and 5 ps, respectively. This development cannot be explained just by elastic phenomena. The 

explanation for the stress pattern development is given by the sequential formation of inelastic 

deformation as depicted in the shear strain fields in Fig. 6b. From comparing the stress in Y 

direction in Fig. 6a with the shear strain fields in Fig. 6b, it becomes obvious that this inelastic 
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deformation locally occurs in areas of highest stress, and that local stress release is associated 

with the formation of such inelastic deformation.  

 

The local temperature evolution at the time sequences of 3.5, 4, 4.5 and 5 ps inside the 33 nm 

particle is depicted in Fig. 6c via analysing the kinetic energy of atoms in the surrounding of 

defined atoms. The applied method and its accuracy for calculation of temperature fields has 

been shown in Fig. 7. The comparison of the evolution of local temperature fields (Fig. 6c) 

with that of the strain distribution fields (Fig. 6b) reveals that local heat generation is 

associated with plastic deformation. Even within the investigated short time scales, heat 

diffusion seems to play a role. The local heat is distributed to regions in the vicinity of 

originally occurring plastic deformation, finally resulting in a rather uniform temperature 

distribution.  

 

In addition, comparing shear strain (Fig. 6b) and respective temperature fields (Fig. 6c) at 

time sequences of 3.5, 4 and 4.5ps also allows to follow the formation sequence of the plastic 

deformation fields. According to these figures, the heat is generated upon occurrence of the 

plastic deformation and then rapidly dissipates to the surrounding. Strain and temperature 

fields at time sequences of 4 and 4.5 ps reveal the occurrence of second and third sets of 

dislocations (D2 and D3) by the green shear strain fields mainly in the vicinity of previous 

ones, despite a possible local stress relaxation. The tracked temperature fields allow to 

determine the exact location of the heat source. For example, D2 was formed at about the 

middle of D1, where the highest initial temperature is observed, and then propagated from 

there. However, D3 nucleated like D1 at the interface to the substrate, but in rather short 

distance. Judging from stress relaxation reducing local stresses and temperatures at points of 

origin of secondary plastic deformation events, the results indicated that thermal activation 

has a major influence in causing consecutive plastic deformation. Fig. 6d shows the stresses in 
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X-direction and reveals high stress concentrations in the centre of the particle at 4.5 ps after 

initial contact, which then spreads to the upper parts of the particle (see contact time of 5 ps).  

 

Fig. 8 displays the development of stress in Y-direction (Fig. 8a), shear strain (Fig. 8b), 

temperature (Fig. 8c) and stress in X-direction (Fig. 8d) for the 33 nm particle and the impact 

velocity of 400 m/s for later time sequences of 5.5, 6, 6.5 and 8.5 ps after initial contact. 

These sequences were selected in order to illustrate the evolutions in stress relaxation and 

temperature distribution inside the particle. As shown in Fig. 8a, the Y-stress releases 

gradually until a time of about 6.0 ps. For longer times (6.5 ps), the decrease in Y-stress 

speeds up, leading to a rather complete stress release at about 8.5 ps. The reason for this stress 

relaxation is given by the shear strain development in Fig. 8b, showing spreading plastic 

deformation and the short sequence of initiating new dislocation sets ones mainly at the cone 

shape region at the interface of the particle to the substrate. Fig. 8c depicts the corresponding 

temperature evolution. Highest temperatures are reached in areas of highest shear localization 

and intersection of plastic deformation fields, here mainly arising in a central area in the lower 

third volume of the particle. At a time of 8.5 ps, the temperature is still locally higher in the 

lower cone shape plastic deformation zone of the modelled TiO2-anatase particle. As 

illustrated in Fig. 8d, the stress evolution in X direction shows an increase with time, 

dominating the overall stress states at 5.5 to 8.5 ps. These results indicate that high stresses in 

X direction can cause formation of possible cracks inside the particle.  

 

The simulations also support the understanding of grain refinement due to plastic 

deformation. The example in Fig. 9 shows the deformation pattern and local orientational 

mismatch for a particle impact under non-epitaxial crystallographic orientation to the 

substrate. The 33 nm TiO2-anatase particle was first rotated by 30° around its centre and then 

collided with the substrate at an impact velocity of 500 ms-1. In Fig. 9a, a large angle grain 
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boundary is observed at the bottom part close to the substrate and a low angle grain boundary 

can be seen at the top- left part of the particle. The rotation field analyses in Fig. 9b - 9d reveal 

the mismatch with more precision by calculation of the crystallographic rotation matrix and 

determining regions with different rotation values of 11°, 5° and 3°, respectively. These 

different range of atomic rotations around Z axis with respect to their initial positions (as 

reference points) can distinguish between existing low and large angle grain boundaries inside 

the particle. Particularly the orientation fields in Fig. 9c reveal grain refinement for the more 

heavily deformed areas close the substrate. 

 

For comparison of the deformation mechanism pattern between ceramics and metals, separate 

sets of MD simulations were applied to the deformation of a 33 nm copper particle impinging 

the substrate at a velocity of 600 m/s. As for TiO2-anatase, the 2D-model was created by a 

cutting an epitaxial arrangement of substrate and particle out from a (11) plane. The velocity 

of 600 m/s was selected to allow for a direct comparison to the ranges studied for TiO2-

anatase and for observing features during impact of a small copper particle at maximum 

velocities reachable by using nitrogen as process gas during AD. For the quantitative 

description of copper properties, the EAM potential function [48] was used. Fig. 10 shows the 

atomic shear strain for different time steps and reveals that plastic deformation begins at the 

interface between the particle and the substrate, and spreads towards particle core (Fig. 10a). 

Similar to the deformation of a TiO2-anatase particle at same velocity, regions with high shear 

strains rapidly spread over more than half of the whole size (Fig. 10b). Showing the shear 

strain distribution in 3 times larger range than for TiO2-anatase, areas of highest deformation 

can be identified, roughly showing similar pattern as obtained for the ceramic material, but 

here corresponding to up to 3 times higher atomic displacement. The comparison of the result 

for copper with those shown for the for the TiO2-anatase nanoparticle (Figs. 3, 6, 8) at same 

impact velocity confirm that even at these diameters areas of plastic deformation in metals 
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much more prominently occur than in ceramics. Moreover, the maximum values of local 

shear strain inside the ceramic are much smaller than that of the metal. For justifying the 

concept of modelling for the deformation of metals, simulations for copper were also 

performed using higher impact velocities (the example for 1000 m/s is presented in Fig. 11). 

The results show that sufficiently highly velocities result in similar deformation pattern as 

observed in FEM analyses or experiments of cold sprayed Cu-particles [29] and rather well 

agrees to recent results on AD of Cu [30]. Differences with respect to needed velocities are 

most probably due to size effects and specific modelling approaches (here 2-D). 

 

In addition to the numerical study of deformation features and strain developments, further 

studies were performed in order to develop an analytical model to explain the observed 

impact behaviours of rebounding, bonding and fragmentation, as given in the next section.  

 

3.2 Analytical models 

The molecular-dynamic simulations revealed that rebounding occurs at low impact velocities, 

when plastic deformation inside the particle can be neglected - Fig. 3. In addition, extended 

MD simulations showed that the velocity regime for rebounding is not size dependent [41]. 

For the present material description of TiO2-anatase, the maximum rebounding velocity, here 

defined as threshold velocity, 𝑣𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 , is determined to 400 m/s for a range of particle 

diameters from 25 to 300 nm [41]. The bonding behaviour starts as soon thresholds for the 

activation of plastic deformation are exceeded, thus indicating a velocity dependent brittle to 

ductile transition. In the following, the threshold velocity and rebounding behaviour are 

described by analytical methods and compared with the MD simulation results.  

 

3.2.1 Threshold velocity 
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Judging from the shape of rebounding cracks spreading rather parallel to the interface to the 

substrate (X-direction in Fig. 3), they might be initiated by tensile stresses when the particle 

after reaching maximum loads already moves back in reverse direction. These results thus 

indicate that rebounding is caused by the tensile stress applied in Y-direction to the collided, 

and now reversing particle. Based on this observation, an analytical model for rebounding of 

brittle particles can be developed to describe and predict threshold velocities during AD.  

Following descriptions for particle rebound in CS [49], rebounding can be distinguished as 

long as the kinetic energy of the particle Ek , is smaller than the maximum elastic energy, Eel, 

that stores in the particle in Y direction (flight direction) _ equation (3a).  

𝐸k < 𝐸𝑒𝑙                                           (3a), 

 

As soon as the kinetic energy of particle, Ek , exceeds the maximum elastic energy, Eel , 

conditions for bonding are attained. Therefore, the respective border is given by equation (3b) 

 𝐸𝐾 = 𝐸𝑒𝑙                               (3b), 

 

The maximum elastic energy per volume, Eel (in Y-direction), can be derived from integrating 

the stress-strain diagram given in Fig. 2b for the tensile test model (Fig. 1a). By considering 

the associated numbers of atoms, the results can be transferred  to the particle volume in order 

to obtain the maximum elastic energy stored in the particle before crack formation and 

rebounding _ equation (4). The particle volume in 2-D is calculated by considering the particle 

as a flat cylinder with diameter size 𝑑𝑝  and thickness 𝑡 . The thickness of the 2-D model 

system corresponds to the atomic diameter, but can be treated as an arbitrary value since it can 

be removed from both sides of the equation. The energy terms in equation (3b) can be 

rewritten in equations (4-5) as a function of material properties, particle diameter and particle 

velocity as following: 
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𝐸el = 
𝑚

𝜌

𝑌2

2𝐸
= 

𝜋𝑡𝑑𝑝
2

8

𝑌2

𝐸
                                        (4), 

𝐸k =
1

2
𝑚𝑣𝑝

2 = 
𝜋𝑡𝑑𝑝

2

8
𝜌𝑣𝑝

2                      (5), 

 

where 𝑚 is mass of the cylindrical particle model in 2-D, as calculated on basis of the particle 

volume, 𝜌 is density, Y and 𝐸 are the tensile stress at yield/fracture and the Young’s modulus, 

respectively, as obtained from the MD stress-strain diagram for pulling in Y-direction. 

Equation (3b) can then be simplified to equation (6) as a size independent formula: 

 𝑣𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 = √
𝑌2

𝜌𝐸
                                     (6), 

 

Equation (6) can be solved in order to calculate the threshold velocity (𝑣𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 ) between 

rebounding and bonding behaviours. For comparison with the MD simulation results, same 

model parameters are considered (𝜌 = 8980 kg/m3). The high density is attributed to the 

simplification as close packed 2-D monoatomic MD model. The values of 𝑌 and 𝐸  were 

obtained from tensile test simulations in Y direction to be 17.7 GPa and 277 GPa, respectively 

(compare Fig. 2b). The high value of 𝑌 is due to the lack of any defects inside the initial 

tensile test model. In fact, the value of 𝑌 is comparable with the theoretical strength, i.e., 𝜎𝑡ℎ, 

of the developed TiO2-anatase model according to an accepted model for ceramics [50]. With 

these data, the application of equation (6) yields a threshold velocity of 355 m/s for the TiO2-

anatase particles, which is in good agreement with the threshold velocity of 400 m/s obtained 

from the impact simulations.  

 

For supplying an estimate for vthreshold based on material data, following assumptions can be 

made. The stress at yield/fracture of a defect free single crystalline ceramic structure roughly 
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corresponds to the theoretical strength of that material, thus 𝜎𝑡ℎ, can be related to the Young’s 

modulus by equation (7), as developed for ceramic materials by Davidge et al [50]. With this 

relation, equation (6) can be rewritten in equation (8), now containing the theoretical strength. 

Such would allow general estimates of the threshold velocity for a wide range of brittle 

materials.  

𝑌 = 𝜎𝑡ℎ  ≈
𝐸

10 − 20
  [50]                                       (7), 

𝑣𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 = √
𝜎𝑡ℎ

2

𝜌𝐸
     =    √

𝐸

𝑘2 𝜌
   ; 𝑤𝑖𝑡ℎ 𝑘 = 10 𝑡𝑜 20                             (8).  

 

For testing the model, equation (8) was applied to calculate the threshold velocities of typical 

materials that are applied by AD. For the examples of alumina, SiO2, and TiO2- anatase. Table 

I compares estimated threshold velocities with so far published experimental data  [51], with 

setting k = 20 [50].  The estimations meet the experimentally determined threshold 

velocities [51] for bonding in AD with an accuracy of maximum up to 10 %, demonstrating a 

rather good agreement.  

 

Material ρ (Kg/m3) E (GPa) Y (GPa) vthreshold (m/s) - Model  vthr (m/s) - Literature 

 Al2O3 3000 215 10.75 423 400 [51] 
 

SiO2 2170 66.3 3.315 276 300 [51]  

TiO2- anatase 3780 230 11.5 390 not available  

 

Table I. Values of density, Young’s modulus, theoretical strength and calculated threshold 

velocities (vthreshold) for some of the most widely used ceramics in AD like Alumina, SiO2 and 

TiO2- anatase. The theoretical strength was considered as 0.05 of the Young’s modulus via 
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considering k = 20 in equation (7) based on literature data [50]. The threshold velocity was 

then calculated by using these values by equation (8). 

 

3.2.2. Velocity dependent sizes for fragmentation   

An energy-based analysis can also be applied to derive a criterion for the transition from 

bonding to the fragmentation behaviour. In view of the MD simulations, fragmentation starts 

when the minimum required energy for fragmentation can be provided by particle kinetic 

energy as per equation (9𝑎), where 𝐸el  is the maximum elastic energy stored in the particle in 

X direction, 𝐸def  is the plastic deformation energy and 𝐸Fr_II is the required fracture energy 

mode II.  

𝐸k > 𝐸el + 𝐸def + 𝐸Fr_II                                                                               (9𝑎), 

 

The border from bonding to fragmentation can be defined as equation (9𝑏).   

𝐸𝑘 =  𝐸el + 𝐸def + 𝐸Fr_II                                                          (9𝑏). 

 

According to the MD simulations, at higher impact velocities, fragmentation, which can be 

seen in fracture mode II, starts from the top part of the particle in Y, < 01 >, direction. 𝐸def 

can be correlated to the heat generated during plastic deformation of the nanoparticle [52-54]. 

Thus, equation 10 has been developed here to calculate the particle plastic deformation energy 

based on the particle thermal energy. The deformation energy and its conversion to heat 

neither depends on particle size nor material density, but only on the particle velocity [52- 54] 

(see Fig. 12). This concept provides a relation between particle temperature increase (∆𝑇) and 

its initial velocity, as given in equation (11) as polynomial of 2nd order to describe the 
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temperature based on the kinetic energy of the whole system [55]. Equations (10) and (11) are 

given as following: 

𝐸def =
1

𝑞
 𝑚 𝑐𝑝  𝑇 =

1

𝑞
 
𝜋𝑡𝑑𝑝

2

4
𝜌 𝑐𝑝  [𝑇𝑚 𝑓(𝑣𝑝)]                                     (10), 

with 

𝑓(𝑣𝑝) = 𝑏1𝑣𝑝
2 + 𝑏2𝑣𝑝 + 𝑏3                                                            (11). 

 

q is a coefficient related to the inelastic heat fraction, and should consider that not all plastic 

deformation transforms into heat. The melting temperature (Tm = 2080 °K) and the heat 

specific capacity (cp = 120 
J
Kg. °K⁄ ) used in this equation were calculated separately by a 

separate MD simulation for a 33 nm particle by using the same Lennard-Jones parameters as 

for impact simulations. ∆𝑇 is correlated to the melting temperature and particle impact 

velocity through a fitting function, f(vp) in equation (11), with the resulting fitting parameters, 

b1, b2 and b3 as 10−6 , −2 × 10−4 and 2.42× 10−2 , respectively, (Fig. 13). The last term, 

 𝐸Fr_II, which is the required fracture energy for creation of two crack surfaces with length S 

in <01> direction at (11) surface, can be expressed as follows: 

𝐸Fr_II =  2𝑆𝑡𝛾                      (12) 

 

The analyses of crack lengths in fragmented particles are not simple and straightforward even 

in 2-D. Thus, based on the MD simulations, a schematic model had to be developed to study 

the relationship between the crack length and particle diameter, as sketched in Fig. 14a also 

considering the fact that cracks typically have fractal shapes [56, 57]. Then the equation (12) 

can be rewritten as following:  

𝐸Fr_II =  2𝑆𝑡𝛾 =  2𝐹𝑑𝑝𝑡𝛾           (13) 
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where F is a fitting parameter estimated to be around 0.71, according to the correlation of Fig. 

14b for the assumed simple crack geometry. The required crack surface energy of 𝛾= 2.18 

J.m-1 was separately measured by another MD simulation based on a method explained in the 

literature [38]. Inserting equations (10-13) into the equation (9b) gives: 

𝜋(𝜌𝐸𝑣𝑝
2 − 𝑌2 − 2𝑎𝐸𝜌𝑐𝑝  [𝑇𝑚  𝑓(𝑣𝑝  )]) 𝑑𝑝

2 = 16𝐸𝐹𝛾𝑑𝑝                                       (14), 

 

where 𝑎 =
1

𝑞
. This equation can be used to work out the ‘fragmentation diameter’, i.e., the 

maximum particle diameter that shows bonding behaviour with a meridional crack (like 

Fig.14a) at a given velocity.  

𝑑(𝑓𝑟𝑎𝑔𝑚𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛 ) = 
16𝐸𝐹𝛾

𝜋[𝜌𝐸𝑣𝑝
2 − 𝑌2 − 2𝑎𝐸𝜌𝑐𝑝𝑇𝑚𝑓(𝑣𝑝)]

                                                           (15) 

 

Since the assumed particle in the fragmentation model contains a meridional crack (Fig. 14a), 

applying the theoretic strength and related Young’s values resulting from tensile test 

modelling of flawless model in Y or <01>  direction (Fig. 2b) in equations (14) and (15) is not 

accurate. In fact, using these values in equation (15) predicts larger particle diameter 

(𝑑(𝑓𝑟𝑎𝑔𝑚𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛) ) for the same impact velocity. Therefore, the values of 𝑌 and 𝐸 were 

obtained from tensile test simulations in X or <10> direction  to be 12.8 GPa and 243 GPa, 

respectively (Fig. 2b). 

  

According to the MD results, at high impact velocities, deformation energy causes internal 

cracking. At lower impact velocities and near to the threshold velocity, however, internal 
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cracking was not observed. Therefore, quantifying the deformation energy in equation (10) in 

terms of thermal energy via only one uniform value for the ‘q’ parameter for all impact 

velocities results in a velocity dependent deviation of the fragmentation model according to 

(15) from respective MD results. This can be attributed to particle fragments that do not 

contribute to a temperature increase of the overall system. This issue can be addressed in the 

fragmentation model by considering two values of 𝑞 = 0.55 and 𝑞 = 0.75, respectively, for 

velocity regimes where many or only few fragments are observed. For 𝑞 = 0.55 , 

fragmentation diameters correspond well with the MD results 500 𝑚/𝑠 ≤ 𝑣𝑝 ≤ 800 𝑚/𝑠. 

Similarly, by considering 𝑞 = 0.75, good agreement with the MD results is observed at 

𝑣𝑝 = 400 𝑚/𝑠. This transition in determining the fragmentation diameter by two values for q 

is represented as dashed lines in Fig. 15.  

 

3.2.3. Common features from MD simulations and analytical descriptions 

The results of the analytical rebounding and fragmentation models are displayed in Fig. 15 

together with the MD simulation results and confirm a good agreement. Both analytical 

models consistently describe a rather simple way to define a window of deposition predicting 

particle impact behaviour depending on its size and impact velocity.  

 

Also, as common feature, the borders according to rebounding and fragmentation models’ 

approach each other at 355m/s, in agreement to simulation results. From this it can be 

estimated that the bonding behaviour without fragmentation of TiO2-anatase particles should 

be most unlikely for larger sizes of some hundreds of nanometers, irrespective of the impact 

velocity. This means, that possible layer formation of particles larger than that by AD would 

be always associated with fragmentation.  
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On the very small particle size regime, the rebound model disagrees to the MD-simulation 

results. According to the latter, all particles with a diameter of about 10 nm at velocities < 

𝑣𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 = 355 𝑚/𝑠 should bond to the substrate. This phenomenon can be attributed to 

adsorption phenomena. In the MD model, attractive interactions get activated as soon atomic 

distances fall below the threshold rc of the modified Lennard Jones model. As long the tensile 

stress on adjusted bonds is lower than the forces needed to stress the bonds to rc under the 

elastic rebound, the particle should bond. The applied tensile stress on the other hand depends 

on the number of atoms being affected by elastic loads, here in very small particles not 

reaching the needed thresholds for breaking already existing bonds. In real systems not 

reaching limits for common grain boundaries, Van der Waals forces might play a similar role 

with lower interaction energies.  

 

4.  Discussion 

4.1 Aspects for AD of ceramics 

This study for the first time combined applied stress and strain analysis by MD simulations 

and analytical models to describe contributions by plastic deformation to bonding phenomena 

of ceramic nanoparticles under high strain rates at room temperature, here using TiO2-anatase 

nanoparticles as model system. The developed models can supply a possible description for 

AD and contribute to a better understanding of the mechanisms associated with this coating 

technique. For a particle velocity range of 400-800 m/s, the results revealed the interplay 

between plastic deformation and fracture as the dominating phenomena leading to either full 

bonding to the substrate without fragmentation or partial bonding with fragmentation. For 

velocities smaller than 400 m/s, the particle shows only small amounts of plastic deformation 

and thus a rebounding behaviour. Strain analysis and deformation pattern demonstrate that the 
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occurrence of plastic deformation by reducing the elastic rebound stresses could enforce 

bonding between the nanoparticle and the substrate. As shown by subsequent analyses for a 

wide range of velocities, it seems that the combination of highly localized stress, plastic 

deformation and associated temperature rise are key factors in high velocity nanoparticle 

deformation, and probably bonding.  

 

Unlike to previous computer modelling attempts [27, 31, 35-38, 39, 40], a wide range of 

different particle diameters and also velocities were covered in this study to provide a window 

of deposition. In addition, analytical techniques like stress, strain and especially temperature 

field analysis were applied to shed more light into individual mechanisms, not being available 

so far in the previously presented modelling attempts for AD [27, 31, 35-38, 39, 40]. 

However, the major difference to previous simulations [27, 31, 35-38, 39, 40] concerns the 

possibility to reveal plastic deformation in brittle nanoparticles and distributions of respective 

strain fields. Apart from that, the present simulations can also explain nanocrystallization 

during AD, as reported by experimental observations [25, 58-60], by the rearrangement of 

local structures by plastic deformation leading to an angular mismatch.  

 

The good consistence between MD simulation results and the description of the particle 

behaviour by analytical models could enable the transfer of the model to other materials. This 

would allow to predict the impact behaviour with respect to the impact velocities, particle 

diameters and respective material properties. For AD, this might enhance a forecast for the 

ability of a material to form a dedicated coating layer. Nevertheless, due to the simplified 2-D 

approach used here, the transfer to real systems and particle diameters might need some 

scaling functions.  
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Owing to the limitation of computation time in MD, the MD simulations of this study are 

limited to particle diameters of maximum 300 nm. However, the presented analytical models 

are not inherently limited to the nanosized particles. For example, the threshold velocity is 

described by a size independent model. However, a size dependence is then considered in the 

model for fragmentation. According to that, at the lower border to the threshold velocity, 

particles with sizes of up to about 2 µm should be able to be bonded without fragmentation. 

However, in the fragmentation model, the maximum sizes of fully bonded particle then 

decrease with increasing velocity, as given in Fig. 15. This finding from the fragmentation 

model is in good agreement with experimental results for AD of TiO2-anatase powders where 

particles of up to 2.4 micron in size could be successfully deposited [61, 62]. Comparing 

results of the fragmentation model with the experimental observations, it seems that bonding 

by plasticity plays an important role for successful deposition of TiO2-anatase powders via 

AD. The fragmentation of larger particles and decreasing size boundaries with increasing 

velocities do not in disagree with experimental observations as long parts of the fragments 

well adhere to the substrate. Such is ensured by the highly deformed cone areas in the lower 

particle parts close to the substrate. Indeed, coating processed by AD show internal particle 

fragmentation and low deposition efficiencies. Thus, layer formation at particles sizes of 

about 1 µm or more is probably governed by fragmentation, in good agreement to the 

presented models. 

 

For complete layer build up in real systems, deformation caused by following particle impacts 

to initial ones have to be considered. Such additional loads would enhance fracture and 

contribute to the removal of substantial amounts of bonded material. Such might result to 

features where only parts of the highly deformed and probably grain refined but crack free 

cone zones of particles are left on the substrate. Possibly remaining nano-crystalline layers 

would be in agreement to experimental observations for AD [28, 58-60].  
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4.2 General aspects for extracting deformation features of ceramics in AD  

The following points address the most relevant field variables to be extracted to reveal 

deformation features in brittle materials. The basic ideas could probably be applied to other 

process techniques and strain rates and thus enhance modelling applications for ceramics in 

general.  

 

4.2.1. Strain distributions, plastic deformation and nanocrystallization 

The combination of stress and strain analysis proved as most powerful tool to study the 

impact behaviour of nanoparticles for a wide variety of impact velocities. For the present 

study, the average shear strain parameter by the occurring higher amounts of plastic 

deformation could clearly distinguish conditions within impacted nanoparticle for full 

bonding from those for rebounding. In addition, the strain in X (perpendicular) direction 

could separate the fragmentation from the bonding behaviour by a sharp increase of slop at 

velocities where fragmentation starts.  

 

Strain analysis could also clearly reveal locations of plastic deformations inside the 

nanoparticle. These regions are observed by shear strain fields within the fully or partially 

bonded nanoparticles, when the measured local stress at the particle/substrate reaches levels 

typically being higher than the particle maximum compression strength. These regions of 

localized plastic deformation then spread to inside the particle along the slip system directions 

and are accompanied with a release of local stresses and a rise in local temperature. Burgers 

analyses could reveal dislocation like features. Obtained deformation pattern with  locally 

concentrated plastic deformation and deformation free zones in between have some similarity 

to shear band like structures observed during the deformation of metallic glasses [63] or 
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composite materials [64]. At areas of intersecting plastic deformation, a slight crystal rotation 

could be observed.  

 

Strain analysis also revealed that formation of nanocrystals inside the bonded particles (with 

or without fragmentation) is related to the localized plastic deformation and respective 

intersections inside the nanoparticle, as proven by calculating the atomic rotation parameter 

along with the atomic strain parameter in MD. This could explain nanocrystallization, usually 

observed in AD [24, 26-29], by deformation features. As shown here for the example of 

copper, the developed strategies for analysing particle impact could be transferred to other 

materials and possibly also other phenomena.  

 

4.2.2. Temperature distributions 

Temperature analysis was performed by calculating the total temperature of the particle as 

well as monitoring the temperature fields inside the particle during impact simulations in Fig 

6, 8. The comparison between strain fields and local temperatures revealed that the heat is 

locally generated by plastic deformation. With plastic deformation mainly occurring within a 

deformation cone between the contact area to the substrate and intersections about the lower 

third of particle axis, the heat distribution is far less concentrated than in CS, where the high 

amounts of heat are generated by the deformation at the interface between the particle and 

substrate. By small dimensions and short diffusion paths, however the heat is distributed over 

a significant part of the nanoparticle and contributes to an overall temperature rise. Reasons 

for thermal heat dissipation being more prominent in smaller particles than in larger ones are 

known from cold gas spraying [52]. This can be attributed to the fact that heat diffusion 

spreads with the square root of time, whereas the deformation shows a linear correlation. 

Thus, the heat generation upon dynamic deformation of ceramic nanoparticles is not 

adiabatic. However, according to our recent MD simulation for larger particles [41], the local 
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temperature of particles with diameters of 300 nm or probably larger can rise locally up to 

1200 K, which should be sufficient to support layer formation. Fracture of larger particle can 

hinder dissipation of the heat to lost parts and thus retains the high temperature inside the 

remaining cone region on the substrate and might support bonding of following particles in 

AD [41]. 

 

The comparison of shear strain and temperature fields show that regions with higher 

temperatures support initiating plastic deformation. However, in AD of ceramics, the degree 

of deformation and thus possible thermal activation of plasticity occurs in lower amount and 

much less localized to the interface than in CS of metallic particles. Nevertheless, also for the 

impact of ceramic particles in AD, the plastic deformation remains localized to a highly 

deformed, and possibly grain refined cone at the lower part of the particles. Locally higher 

temperatures thus could support the thermal activation of plastic deformation phenomena. 

 

5.  Conclusions  

By using modelling approaches, the high velocity brittle nanoparticle deformation in AD 

could be associated with plastic deformation. Three different phenomena as rebounding, 

bonding and fragmentation can be distinguished, whereas bonding and fragmentation may 

contribute to coating formation. Governing the occurrence of these phenomena, plastic 

deformation can be identified as major mechanism enabling bonding and layer formation in 

AD. Studies of stress, strain and temperature analysis at atomic scale reveal that plastic 

deformation within the particle initiates at the interfaces to the substrate and then spreads into 

its centre. It can also be shown that a locally higher concentration of shear and plastic 

deformation could contribute to grain refinement inside the nanoparticle upon impact.  
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The transitions between the different phenomena are described by respective analytical 

models. Energy balances explain the behaviours of nanoparticles upon impact, considering 

their size, velocity as well as their physical and mechanical properties. These models describe 

threshold and fragmentation diameters and by that, in agreement to the MD simulation results, 

define a consistent window of deposition with respect to particle size and velocity. The 

simulations and the models suggest a maximum fragmentation diameter, above which particle 

fragmentation in TiO2-anatase is inevitable. The simplification to a 2-D model and respective 

simple crystallographic structures may limit the direct comparison to experimentally observed 

structures and scales. Nevertheless, the general features and trends in any case will hold as 

suitable description. The developed procedures can also be applied to more sophisticated 3D 

calculations systems and probably other deformation techniques. Thus, the present work just 

can be regarded as a first step for consecutive studies to apply MD for processing of ceramics.  
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9. List of figure captions  

 
 

Fig. 1. Main simulation model setups for (a) tensile test simulation, (b) compression test 

simulation and (c) impact simulations at 100-800 m/s. Particle diameters of 10, 25, 33, 50, 75, 

100 and 300 nm were used in the impact modelling. The compression test simulations (b) 

were used for adjusting the material properties with respect to available results for real TiO 2-

anatase from literature [2, 44].   

 

Fig. 2. Results from tensile tests simulations showing (a) the final crack paths fracture in the 

defect free single crystal tensile test models after application of the tensile loading in <10> 

and <01> crystallographic directions and (b) resulting stress-strain evaluation. 

 

Fig. 3. (a) Calculated impact morphologies (a) of the brittle TiO2 nanoparticle 33 nm in 

diameter for impact velocities of 100, 400 and 700 m/s and room temperature as starting 

conditions. Three typical impact behaviours of (i) rebounding, (ii) full bonding without 

fragmentation, and (iii) partial bonding with fragmentation are observed.  (b) Strain 
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distributions inside the atomic structure of the 33nm TiO2 particle after simulation with 

impact velocities of 100, 400 and 700 m/s, respectively, showing typical examples for the 

different pattern of rebounding, bonding and fragmentation. 

 

Fig. 4. Details of deformation pattern and strain distribution within the 33 nm TiO2-anatase 

particle colliding to the substrate with an impact velocity of 400 m/s at 12.5 ps after first 

contact when the particle reaches to equilibrium condition. Local atomic arrangements are 

shown for (a) front of spreading dislocation, with Burgers analyses (i), (b) the interface of the 

particle to the substrate, where most of plastic deformation initiated, and (c) intersection of 

dislocations at the top of the cone shape region spreading from the bottom of the particle. The 

details of deformation features allow the distinction of different defect types as (i) edge 

dislocation, with burgers vector 𝑏⃗  (i), vacancies (ii), shear crack nuclei (iii), vacancy cluster 

(iv) as possible crack nuclei, and intersection of dislocations, leaving a distorted area (v). 

 

Fig. 5. Average over total, cumulative atomic strains in X- (perpendicular to impact 

direction), Y- direction (parallel to impact direction), as well as shear strain inside the brittle 

nanoparticle for a range of different impact velocities of 100 - 800 m/s. The integrations were 

performed until the end of the simulation in case of shear strain, and until the start of 

fragmentation inside the particle in cases of X- and Y-strains and by dividing that by the 

number of atoms inside the nanoparticle. A considerable increase in slope of the shear strain 

and strain in X is seen at 400 m/s < vp < 600 m/s (hashed region), which can be attributed to 

the rise of occurring deformation features and in addition to first occurring internal cracks 

inside the particle.  
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Fig. 6. Temporal development of stress in Y (parallel to the impact direction), shear strain, 

temperature and stress in X (perpendicular to impact direction) inside the 33 nm TiO2 particle 

during impact with a velocity of 400 m/s at 3.5, 4, 4.5 and 5.0 picoseconds after the first 

contact to the substrate. Stress Y localization (3.5 ps) and local Y-stress release (4-5 PS) can 

be revealed in (a). Shear strain fields in (b) depict formation sequences of plastic deformation 

at the lower part of the particle from 3.5 to 5 ps by dislocations, indicated as D1 to D3. Heat 

generation in (c) follows the current moving direction of progressing dislocations in (b). The 

generated heat (c) dissipates then fast to the surrounding. Stress concentration in X-direction 

(perpendicular to impact) in (d) indicate tensile forces spreading from the centre to the upper 

part of the particle.  

 

Fig. 7. Influence of different domain (box) sizes (a-d) on accuracy of temperature field 

measurement for the 33 nm TiO2 particle during impact with a velocity of 400 m/s. The 

temperature field was measured in the vicinity of a dislocation (D) in Fig. 6b at 4.5 ps after 

impact. 

 

Fig. 8. Temporal development of stress in Y (parallel to the impact direction), shear strain, 

temperature and stress in X (perpendicular to impact direction) inside the 33 nm TiO2 particle 

during impact with a velocity of 400 m/s at 5.5, 6, 6.5 and 8.5 picoseconds after the first 

contact to the substrate. (a) illustrates the continuing, gradual Y-stress release (5.5-8.5). Shear 

strain fields in (b) depict formation and progressing of multiple dislocations inside the 

particle. Local temperature fields in (c) reveal heat generation according to dislocation 

movement and following heat dissipation. (d) Stress concentration in X direction becomes 

more dominant and cover larger parts of the upper particle area.   
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Fig. 9. Deformation features and rotation fields of a non-epitaxial impact at a velocity of 500 

m/s of a 33 nm TiO2-anatase particle, rotated 30° with respect to the substrate. (a) illustrates 

the impact morphology with cracks and atomic configuration. (b, c, d) illustrate the rotation 

fields for mismatches of 11, 5 and 3 degrees, respectively. Nanocrystallization is visualized 

by low and large angle grain boundaries (b, c, d)  

 

Fig. 10. Snapshots of atomic shear strain for a 33 nm copper nanoparticle impinging the 

substrate with a velocity of 600 m/s at room temperature for different deformation sequences. 

The final time of 100 ps corresponds to the time of system equilibration. The different ranges 

in strain should allow to recognize general features (max. strain of 3.4 atomic displacements) 

and a direct comparison to the strain fields occurring in ceramics (strain ≥ 1.2 atomic 

displacement).  

 

Fig. 11. Atomic shear strain for a 33 nm copper nanoparticle impacting on a rigid substrate at 

a velocity of 1000 m/s at room temperature. This figure shows the distribution of strain fields 

inside the particle at large (a) and small (b) atomic shear strain ranges from 0 – 2 and 0 – 0.7, 

respectively. 

 

Fig. 12. Developments of mean temperatures of the whole particles over impact duration.  In 

order to apply and to generalize the equation (11) for particles of different diameters, it is 

required to ensure that temperature only depends on the particle impact velocity. These 

diagrams are presented to confirm this assumption by showing examples for velocities of 300 

m/s (a) and 500 m/s (b), where nanoparticles of different diameter show almost similar final 

temperatures after collision.  
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Fig. 13. Normalized temperature changes over impact velocity in the 33 nm TiO2 particle. 

The fitting parameters b1, b2 and b3 were applied in the equation (11) for a polynomial 

approximation to the MD simulation data to describe respective correlations.  

 

Fig. 14. Schematic for the model of critical crack length approximation and respective 

correlations with particle diameter in the fragmentation mode. (a) shows a schematic 

fragmentation crack, and (b) shows the linear relationship between the critical fragmentation 

crack length and the particle diameter in the presented model. 

 

Fig. 15. Regimes for the different deformation modes with respect to particle impact velocity 

and diameter as window of deposition. The different symbols represent the results from the 

MD simulations. The red solid line represents the threshold velocity of 355 m/s as given by 

equation (6). The dashed lines represent the transition regime according equation (15) 

between bonding and fragmentation behaviours in the window of deposition. For 

fragmentation, the best fit with the MD results was attained by considering q = 0.55 in 

equation (15) (light blue dashed / dotted line) at 500 m/s ≤ vp ≤ 800 m/s and q = 0.75 (dark blue 

dashed / dotted line) at vp ≤ 400 m/s. Very small particle with diameter of 10 nm do not exhibit 

the rebounding behaviour at lower impact velocities. This can be attributed to the adsorption 

phenomenon due to Van der Waals forces being stronger than rebound stresses by particle 

kinetic energy. 
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Highlights: 

 Deformation pattern of anatase particles in Aerosol Deposition was studied by MD. 

 Plastic deformation was revealed and interpreted by strain field analysis.  

 Nanocrystallisation was attributed to the plastic deformation.  

 Conditions for bonding and fragmentation were formulated in Aerosol Deposition. 
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