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During the head-on particle collision, the adhesion plays a more important role as theparticle size decreases to
micro size; the increasing surface effect makes the particle prefer to aggregate. While on the other hand, as the
impact velocity increases, particles prefer to separate because of the larger elastic repulsive interaction. Another
factor, which cannot be ignored during the impact of metal microparticles, is the dislocation plasticity which
shows the rate and size effect. In this work, taking nano-plasticity behavior into account, our molecular simu-
lations revealed two critical impact velocities for the transition of particle collision from separation to aggre-
gation, and these two velocities are quantified by the analytical models proposed in this study. The low critical
velocity for particle aggregation is dominated by adhesion, while in contrast, the high critical velocity for ag-
gregation is dominated by dislocation plasticity, where the dislocation density in the particle after the collision is
proportional to the impact velocity. With these findings, an analytical model was proposed to determine the
critical particle size, below which no separation will be found whatever the impact velocity is. And this critical

size is proportional to the ratio of surface energy to stacking fault energy.

1. Introduction

Particle collision is ubiquitous in natural phenomena as well as in
engineering applications, such as the transportation of sand and powder,
collection of dust particles [1,2], the technical sprays in manufacturing
processes [3], and the programmable particles patterning [4]. During
the collision of particles, the interaction force has three parts: elastic
rebound, dissipation due to viscous deformation, and adhesion caused
by molecular forces [5]. The interplay between these three parts leads to
two endings of particle collision, i.e., the restitutive collisions where
particles separate after the collision and the aggregative collisions where
particles constitute a joint aggregate. Understanding the fundamental
mechanisms associated with the patterns of particle collisions can
facilitate the regulation of particle morphology and kinematics [6].

For the particle separation after a collision, the restitution coeffi-
cient, defined by the ratio of the normal rebound velocity to the normal
impact velocity, is used to quantify the collisions. Previous studies
showed that the restitution coefficient as well as the failure of the
colliding particles depends on not only the impact angle and velocity [7,
8], but also the material properties such as adhesion and plasticity [9,
10]. Increasing adhesion between the colliding particles leads to a
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higher critical velocity below which the particles aggregate after the
collision [5]. Besides the impact velocity and material property, particle
size also plays a vital role in collisions, which was studied in experiments
[11,12] and numerical simulations [13,14]. As the particle size de-
creases to nano-scale, in addition to the size effect of plasticity [15,16],
the effect of adhesion between the particles becomes prominent, making
the colliding particles prefer to aggregate [17].

Previous studies [18,19] revealed that whether the particles aggre-
gate or separate after the collision depends on the particle plasticity and
adhesion. Based on the quasi-static contact mechanics, Thornton and
Ning [20] developed an analytical model to determine the critical ve-
locity for the transition from the aggregation to the separation of ad-
hesive elastic particles; however, due to the assumption in the model
that the deformation is elastic, the critical velocity only highlights the
adhesion effect. Subsequently, considering the particle plasticity by
assuming a constant hardness, Weir and Mcgavin [21] derived the
critical velocity which identifies a low limit above which the particles
separate after the collision; in this model, the critical velocity is pro-
portional to the surface energy and inversely proportional to /Y with Y
being the particle hardness. These analytical studies help gain insight
into the effects of particle plasticity and adhesion on particle collisions.
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Table 1
Simulation parameters for the collision of particles with coarse-
grained potentials.

Parameters Values

Particle radius (rp) 10~100

Number of atoms 11,844~11,847,076
Impact velocity ro /to) 0.05~2.5

Time step (to) 0.0025

Temperature (¢ /kg) 0.005
Adhesion ratio, 1 0~2.5

However, the above models of particle collisions are developed
based on the theory of quasi-static continuum mechanics, while it was
found that the impact of nanoparticles shows a strong size effect on the
colliding plasticity [22]. Therefore, the above analytical models remain
unclear for the collisions of nanoparticles when the size effect is prom-
inent. What is more, for the particle collisions with high impact veloc-
ities [23], shock-induced plasticity exists in particles, featuring high
contact pressure and large deformation of particles. In this case, the
particles prefer to aggregate [24] due to the large amount of energy
dissipated by plastic deformation; as a result, the restitution coefficient
approaches zero [25]. These studies indicate that in addition to the low
critical velocity where the quasi-static contact mechanics holds [26],
there exists an upper limit of high impact velocity above which the
particles would aggregate again. However, most studies for particle
collisions at the high impact velocity hover around the patterns of par-
ticle failure [27,28], and the quantitative understanding of the upper
critical velocity is still missing. In this study, we try to quantify the two
critical velocities for the transition of particle collisions from aggrega-
tion to separation, and clarifying this issue will help regulate particle
collisions in engineering applications.

In this paper, in order to address the issues when and how the par-
ticles aggregate or separate after a collision, we studied the head-on
collisions of particles by molecular dynamics (MD) simulations using a
series of modified coarse-grained potentials [29]. Also, we developed
analytical models to predict two critical impact velocities for the tran-
sition of particle collisions from separation to aggregation and further
determined a critical size below which the particles always aggregate.
Moreover, we performed MD simulations with two metallic particles, i.
e., copper and tungsten, to verify the critical size predicted by the
analytical models. The paper is organized as follows:Section 2 describes
the MD modeling details for the particle collisions. Section 3 introduces
the analytical models and presents the simulation results for the colli-
sions of particles with the coarse-grained potentials. Section 4 further
discusses the collisions of metallic particles, i.e., tungsten and copper.
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Finally, Section 5 summarizes our findings.
2. Methodology and model description

In this study, the particle collision is performed by using the Large-
scale Atomic/Molecular Massively Parallel Simulator [30], with pa-
rameters in Table 1. As illustrated in Fig. 1, the head-on collision model
consists of two spherical particles of the same radius, and the particle
radius R ranges from 10ry to 100ry (ry is a reduced length unit and
corresponds to the equilibrium bond length between atoms). Corre-
spondingly, the total number of atoms is from 11,844 to 11,847,076. The
atoms in the two particles are all located in a perfect face-centered cubic
(FCC) crystalline structure with crystal orientations being x-[100],
y-[010] and 2-[001], respectively.

In order to get a universal law for the impact of adhesive particles, we
used the modified coarse-grained potentials [29] (see Appendix A)
instead of the real potential to describe the interaction between atoms in
the particles. Compared to the real potential, the modified
coarse-grained potentials have the advantages that the material prop-
erties such as the particle ductility or the adhesion between the particles
can be tuned individually without changing the elastic properties.
Therefore, to understand the effects of plasticity and adhesion, we tuned
the particle properties in two folds: first is the particle ductility, which is
modified by changing the potential tail; second, the interfacial adhesion
between particles is changed by an adhesion ratio 4, where a larger value
of 1 denotes a stronger interfacial adhesion. In the simulation, the two
particles are deformable with the same material property. The interac-
tion potential between the particles, if not explicitly stated, is the same
as the one used within the particle.

In the simulations, non-periodic boundary conditions are applied in
three directions, i.e., x, y, and z directions. Before the collision, the two
particles are first energy minimized to relax their structure and then
equilibrated to a target temperature of 0.005¢/kg for 50ty (kg is the
Boltzmann constant, and t, is the reduced time unit) with a time step of
0.0025ty. The simulations with another two time steps, i.e., 0.001t, and
0.004t, are also performed, and this alters the results only negligibly.
Subsequently, the head-on collision of particles is imposed along the x
direction. The particle on the left has an initial velocity of v, ranging
from 0.05rp/ty to 2.5ry/ty with an increment of 0.05ry/ty for each
simulation, and the right particle is initially fixed. During the collision,
we recorded the positions and velocities of the center-of-mass for the
two particles and obtained the restitution coefficient as the ratio of the
rebound velocity to the impact velocity. For each impact velocity,
whether the particles aggregate or separate after a collision is deter-
mined by analyzing the patterns of particle motion, including the

X

Fig. 1. Geometrical model of particle collision. The two particles are colored differently for the analysis of particle motion.
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Fig. 3. (a) Evolution of energy ratio and (b) dislocation structures after impact with two collision velocities.

positions and velocities of two particles. Deformation of particles can be
denoted by /2R, where § is defined by § = 2R — l and [ is the distance
between the center-of-mass of two particles.

To obtain the dislocation density, we first used the dislocation
extraction algorithm (DXA) [31] method to track dislocations and ob-
tained the total length of dislocations in the two colliding particles; the
dislocation density is then evaluated by dividing the dislocation length
by the total volume of undeformed particles. In addition, the dislocation
structures and atomic deformation were visualized by the open-source
software OVITO [32].

3. Aggregation and separation of particles
In this section, we studied when and how the particles aggregate or

separate after the collisions by analyzing the particle motion, the
dislocation structures, and the kinetic energy of the particles. Also, we

developed analytical models to determine two critical velocities for the
transition of particle collisions from aggregation to separation.

3.1. Two critical velocities for particle aggregation

To study when the particles aggregate or separate after the collisions,
we simulated the head-on impact of particles (r, = 1.22ry) with a radius
of 30r( over a wide range of impact velocities. As the velocity increases,
the colliding particles first aggregate at the low velocities, separate
within a certain range of velocities, and aggregate again at the high
velocities. The three regimes are separated by two critical velocities, i.e.,
V51 and Vi, as shown in Fig. 2.

For regime I, below the impact velocity of Vy;, the particles aggregate
and vibrate around the center-of-mass of the system. For regime II be-
tween the two critical velocities, the particles separate after the collision
because the elastic rebound overcomes the adhesion. In addition, there
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Fig. 4. Linear relation between unstable stacking fault energy and hardness for materials with modified Morse potentials.

exists a peak restitution coefficient at the impact velocity of ~ 0.4rq /to.
This peak is consistent with the previous study in [33] and can be
interpreted by the balance of competition between the repulsive inter-
action and the cohesive interaction between particles. For regime III
beyond the critical velocity of Vi, the particles aggregate, and the
restitution coefficient is around zero. The restitution coefficient of zero
indicates that the particle deformation dissipated most of the energy
with little elastic recovery. This finding is consistent with the experi-
mental observation [34] that the aluminum microparticles rebound
from the aluminum substrates at moderate impact velocities but bond to
the substrates when the impact velocity is extremely high, and in the
case of high-velocity impact, the restitution coefficient approaches zero
due to the bonding of particles. Corresponding to the three regimes in
Fig. 2, the videos for the evolution of particle patterns are provided as
supplementary materials.

By further analyzing the kinetic energy and the dislocation structures
during the collision, we found that the particle aggregation at low and
high impact velocities (Regimes I and III) can be attributed to different
mechanisms. In regime I, the particles remain aggregation because the
repulsive force caused by elastic rebound is smaller than the adhesion
force, whereas in regime III, there is little elastic recovery and a large
number of dislocation plasticity leads to the particle yielding. Here, we
introduced an energy ratio a by dividing the kinetic energy by the initial
kinetic energy, as shown in Fig. 3(a). For alower impact velocity of 0.1r,
/to in regime I, the particle deformation is almost elastic with few dis-
locations during the collision (see Fig. 3(b)); in this situation, the two
particles stick together, and the kinetic energy fluctuates with time.
Notably, the peak of energy ratio is less than 1.0 after the collision, and
this indicates that the dissipation of kinetic energy occurs in the initial
collision of nanoparticles due to the contact dynamics [13]. For a higher
impact velocity of 2.0ry/ty in regime III, numerous dislocations nucle-
ated in the particles, as shown in Fig. 3(b). A large amount of dislocation
plasticity leads to energy dissipation, and thus the particles yield with
little elastic recovery. As a result, the energy ratio finally drops to ~0.5
(see Fig. 3(a)).

3.2. Classical model for the low critical velocity

For the low critical velocity of Vi, the analytical model was devel-
oped based on the quasi-static contact mechanics because only limited
dislocation plasticity exists at this impact velocity. By assuming a con-
stant hardness Y of a particle during the collision between the particle
and a rigid plane, Weir and McGavin [21] derived the critical velocity
beyond which the particle separates from the plane due to the elastic
rebound. The formula is given by

2\
Vi =ko QY}? ) . (@)

Here, ko is a parameter of ~0.74, y, is the surface energy between the
particle and the plane, p is the mass density of the particle, Y is the
particle hardness, and R is the particle radius. For the above collision
model, the formula of V; was also written in forms with different pa-
rameters of k, [20,35]. However, the basic relation remains valid that
the critical velocity is proportional to the surface energy and inverse to
the particle size.

Particularly, Rice [36] revealed that the critical resolved shear stress
is proportional to the unstable stacking fault energy y,, when the dis-
locations dominate plasticity. Therefore, in this study, we assumed that
the particle hardness in Eq. (1) is proportional to the unstable stacking
fault energy and confirmed this linear relation in the particles charac-
terized by the modified Morse potentials, as shown in Fig. 4. The
hardness varies due to the change of cut-off radius in the modified Morse
potentials, and the details for the calculation of particle hardness can be
found in Appendix A. Then, by considering the linear relation between
the particle hardness and the unstable stacking fault energy, we can
rewrite Eq. (1) as

2 1/2
vib
‘/.\] = kl (W) ] (2)

where k; is a parameter, b is the magnitude of Burgers vector, and R* is
the equivalent radius based on Hertzian contact theory. In this study, for
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Materials properties for two kinds of particles.

Materials Yus (MJ 75 on (001) Plane Lattice constant, Critical radius,
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Tungsten 1716 2930 0.314339 ~3

Copper 158 1345 0.3613 ~13
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the collision of two particles of the same radius R, the equivalent radius
isR/2.

3.3. New model for the high critical velocity

For the high critical velocity of Vy,, although previous studies [27,
28] were carried out to reveal the mechanisms of particle failure at high
impact velocities, the quantitative analysis for the high critical velocity
remains ambiguous. Based on the analyses in section 3.1, we can see that
above the high critical velocity, the dislocation plasticity dissipates most
of the elastic energy, resulting in the full inelastic collision with the
restitution coefficient approaching zero. Here, we established an
analytical model based on the energy balance; namely, the decrease of
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Fig. 9. (a) The restitution coefficient for tungsten particles at different impact velocities. Only the restitution coefficient for particle separation is shown. (b) Dis-
tribution of atomic equivalent strain when particles separate (300 m/s) or aggregate (700 m/s).
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the kinetic energy of the system is equal to the plastic dissipation of
dislocations and the change of surface energy. The equation is given as
follows.

1
1 mVSZZ

4
2 =Pa23 AR kaoby,, — 2y,7r?. 3

Here, m is the particle mass, p, is the equivalent dislocation density
in a particle during the collision, kxob presents the distance of dislocation
motion, and r, is the critical contact radius during the collision.

Next, we quantified the plastic dissipation and the surface energy in
Eq. (3) by analyzing the dislocation density and the contact deformation
at high impact velocities. First, to determine the dislocation plasticity
during the collision, we introduced the equivalent dislocation density p,
by averaging the maximum dislocation density p,, and the final stable
dislocation density p, during the collision and used the standard devi-
ation of p,, and p, to present the error bar. As shown in Fig. 5(a), the
dislocation density p, exhibits a weak size dependence at a high impact
velocity. However, in Fig. 5(b), similar to the analysis of the particle
deformation at high-speed impact [21], we normalized the impact ve-
locity v, by a characteristic velocity v, which is expressed as \/7,/pb
and found a unified linear relation between dislocation density and the
normalized impact velocity for the collisions of particles with different
materials.

Second, in Eq. (3), the variation of surface energy is related to the
area of contact surface during the collision. To obtain the maximum
contact radius r, during the head-on collision of particles, we calculated
the maximum colliding deformation 6max/2R because the contact radius
r. and the compressive displacement &4 have a relation of rf = SmaxR.
As shown in Fig. 6, we found that the maximum deformation at high
impact velocity exhibits weak size dependence and is proportional to the
normalized velocity v, /v, for colliding particles of different materials.
This finding is consistent with the theoretical model in the collision
between a particle and a rigid plane [21] that the normalized defor-
mation Smqy /R of the particle linearly depends on the normalized impact
velocity in the case of high impact velocity.

Considering the linear dependence of dislocation density and
colliding deformation on impact velocity, we can further write Eq. (3) as

1 ky |pb 4 b
1 mv? :bi /P V‘2 2 37[R‘ by, — 27,7ks /5_‘/62]?2_ @

Then, from Eq. (4), we can obtain the high critical velocity as

6k
Vo = Skz,/@— ‘“,/ (5)

where k; and k3 are two parameters associated with the dislocation
plasticity and the colliding deformation, respectively. The above for-
mula of V,, provides an insight into the particle aggregation or separa-
tion at high impact velocity. Besides the particle radius R, the analytical
model of Eq.(5) also bridges the connection between the high critical
velocity and the inherent material properties, such as the unstable
stacking fault energy y,, and the surface energy ..

3.4. Size dependence of particle collision

From the analytical models of two critical velocities, we can see that
as the particle radius increases, the lower critical velocity V; decreases,
whereas the critical velocity Vi, increases. Next, we confirmed the size
dependence of the two critical velocities in analytical models by simu-
lating the collisions of particles with radii ranging from 10r, to 100r, at
various impact velocities. For each particle size and impact velocity in
the simulations, we can determine whether the particles aggregate or
separate after a collision and thus obtain the critical velocity for the
transition from particle separation to aggregation.

As shown in Fig. 7(a), the simulation results demonstrated the size
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dependence of the two critical velocities, and the parameters in the
analytical models for two critical velocities can be fitted from the
simulation results, with non-dimensional parameters k1, ks, and k3 being
2.77,0.1848, and 0.5219, respectively. Also, the particle patterns after a
collision are illustrated in Fig. 7(b) to present the transition between
particle aggregation and separation as the impact velocities vary. Both
analytical and simulation results in Fig. 7(a) indicated that the two
critical velocities exhibit opposite dependences on the particle size. On
the one hand, as the particle size increases, the critical velocity V;; de-
creases. This size dependence is consistent with the experimental
observation in the collisions of nanoparticles of silver and sodium
chloride [35] that the critical velocity Vi; decreases with the increasing
particle size. Also, our analytical predictions and simulation results of
Vi1 showed the same size dependence as the experimental results [35].
On the other hand, as the particle size increases, the critical velocity Vi,
increases. Corresponding to the particle aggregation at high impact
velocity [17,24], we found that the dislocation density exhibits a linear
dependence on the impact velocity (see Fig. 5(b)) and analytically
determined the high critical velocity Vi, in this study for the transition
from the particle separation to aggregation. Coincidentally, prior impact
experiments of copper microparticles [37] demonstrated that as the
impact velocity increases and exceeds a critical value, the restitution
coefficient decreases, and approaches zero due to the particle bonding.
The analytical models for the above two critical velocities can be vali-
dated by the impact experiments of metal microparticles [37, 38];
whether the particles rebound from or bond to the substrates can be
in-situ observed, and thus the critical velocity for the transition from the
rebound to bonding can be obtained. Furthermore, as the particle radius
decreases to ~10ry, the two critical velocities are almost equal (see
Fig. 7(a)). Below the critical radius of 10ry, the two particles would al-
ways aggregate after the collision.

Particularly, the low critical velocity of Vy; in this study was devel-
oped for the case of plastic collision. In Fig. 7(a), both analytical models
and simulation results indicate that the critical velocity of V; decreases
as the particle size increases. Therefore, due to the decrease of the ve-
locity Vg for the larger particles, the colliding deformation would
become elastic. By analyzing the simulation results, we found that when
the particle radius exceeds ~80ry, the collision is elastic at the velocity
of Vg, characterized by the absence of dislocation nucleation. This
finding is consistent with the experimental observation of the collisions
of silver and sodium chloride particles [35], whose deformation be-
comes elastic at V;; when particle radii increase to ~20 nm and ~10 nm,
respectively. For the elastic impact, the analytical model for Vy; should
be established based on the adhesive elastic collision which was dis-
cussed in [20].

3.5. Critical size for particle aggregation

By combining the analytical models of the two velocities in Eq. (2)
and Eq. (5), we can further obtain a critical particle size below which the
particles would always aggregate despite the change of impact veloc-
ities. The critical particle radius R, is given by

R.=LRo. ©®

us

Here, R, is a characteristic length, and R, . The above

(5] ijka)b

2
formula indicates the critical radius for the particle aggregation pri-
marily depends on the ratio of surface energy and unstable stacking fault
energy (7,/7.)- For the model materials, the Ry is ~ 5.87b by using ki, ka,
and ks obtained in Section 3.4.

For particle collisions in real engineering, the particle materials are
various and thus have different unstable stacking fault energies; on the
other hand, the adhesion between the particles also varies and is caused
by surface and field forces, e.g., van der Waals, electrostatic and mag-
netic forces [19]. Subsequently, by individually regulating the surface
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energy and the unstable stacking fault energy in the simulations of
particle collisions, we verified the analytical model of the critical size in
Eq.(6) from two aspects. First, to study the effect of surface energy, we
modified the potential used between the two particles with r, = 1.22r,
by varying the potential well &y with 1-y (see Appendix A) to achieve
different surface energies between particles. Compared to the original
surface energy y, between the two particles, the surface energy is
changed to A-y, by the ratio A. Through this modification, we changed the
surface energy between particles and kept the unstable stacking fault
energy of particles unchanged. Second, the particles are characterized
by the model materials with potentials of different cut-off radii (see
Appendix A). In this case, we modified the unstable stacking fault energy
and kept the surface energy the same. Using the above modification of
potentials and simulating the head-on collisions with a wide range of
impact velocities, we determined whether the particles of a certain
radius can always aggregate after the collision.

As shown in Fig. 8, we presented the analytical predictions of Eq. (6)
and the simulation results for the relation between the critical radius and
the y,/7,s- For either the change of y, in Fig. 8(a) or the change of y,, in
Fig. 8(b), the analytical predictions are consistent with the simulation
results over a wide range of y,/y,,. For particles with increased surface
energy, the particles tend to aggregate after the head-on collisions
because more energy is required to separate the particles after the
contact. Also, for particles with decreased stacking fault energy, the
dislocation plasticity can be easily activated due to the low value of y,
and then full dissipate the kinetic energy; thus the particles prefer to
aggregate after the collision.

However, for a more ductile particle with r. = 1.38r, the critical
radius R, predicted by the analytical model is ~ 22ry, whereas in the
simulations, we found that the particles remain aggregation as the
particle radius increases to 35rp. This inconsistency between the
analytical and simulation results is attributed to the fact that the energy
dissipated by the viscoplasticity [40] and the colliding fluctuation [41]
cannot be ignored for the particles with more ductility.

4. Particle collision for metal

In section 3, analytical models are proposed to determine the two
critical velocities for the transition from particle aggregation to sepa-
ration and obtain a critical radius below which the colliding particles
always aggregate. Molecular simulation results with coarse grain po-
tentials agreed well with the analytical predictions for the critical radius
for a group of model materials.

In this section, we further studied the head-on collision in two kinds
of particles with real materials, i.e., tungsten and copper. The material
properties, including the y,, and y,, are obtained from the literature for
the tungsten [42] and the copper [43] and are listed in Table 2. In the
following analysis, we evaluated the critical radius by Eq. (6) with Ry
being ~ 5.87b.

The collision model for tungsten and copper particles is similar to the
model illustrated in Fig. 1. In the simulations, the atoms in the tungsten
particles are constructed in a body-centered cubic (BCC) single crystal-
line structure with crystal orientations being x-[100], y-[010], and z-
[001], respectively. The atoms in copper particles are located in FCC
single crystalline structure with orientations being x-[100], y-[010], and
2-[001], respectively. The embedded atom method (EAM) potentials are
used to describe the interactions among tungsten atoms [42] and copper
atoms [43]. The radius of particles is 10 nm, and the temperature is 300
K. The initial velocity of the particle ranges from 20 m/s to 700 m/s.
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4.1. Collision of tungsten particles

For tungsten, the critical radius for aggregation is evaluated as ~3
nm by the analytical model, and thus the particles with a radius of 10 nm
would separate at a specific range of impact velocities. As expected,
Fig. 9(a) shows there exist two critical velocities for the transition of
particle aggregation and separation. The tungsten particles separate at
the impact velocities ranging from 150 m/s to 600 m/s. Similar to the
results in Fig. 2, there exists a peak restitution coefficient at the impact
velocity of ~250 m/s because of the cohesive interaction and the
repulsive interaction between particles [33]. The colliding deformation
can be further understood by analyzing the atomic equivalent strain
[44]. As shown in Fig. 9(b), at the impact velocity of 300 m/s, the
particle deformation is mainly concentrated at the edge of the contact
area during the collision, featuring a high value of atomic equivalent
strain. In contrast, at the impact velocity of 700 m/s, the plastic defor-
mation widely exists in the contact zone, resulting in a full yielding of
the particles. As a result, the particles aggregate after the collision.

4.2. Collision of copper particles

For copper, the value of y/y, is as high as ~ 8.5, and the critical
radius determined by the analytical model is ~13 nm. Therefore, as
shown in Fig. 10, the particles with a radius of 10 nm can always
aggregate after the collision at impact velocities ranging from 20 m/s to
300 m/s, and we also confirmed the aggregation of particles with the
impact velocity increasing to 700 m/s. The colliding deformation of
copper particles is studied by analyzing the dislocations (see Fig. 10).
For impact velocity as low as ~20 m/s, the particle deformation is
elastic, featuring no dislocations during the collision. As the impact
velocity increases to ~100 m/s, dislocations nucleate at the contact
zone, and plastic deformation involves. Furthermore, for particle colli-
sion with a high impact velocity exceeding ~150 m/s, dislocations
nucleate and multiply throughout the whole particles, and the two
particles aggregate after the collision due to the massive dislocation
plasticity.

5. Summary and conclusions

In this work, we clarified when and how the particles aggregate or
separate during head-on collisions. Analytical models were proposed to
determine the critical impact velocities for the transition of particle
collisions from aggregation to separation, and the analytical results are
confirmed by the MD simulations of collisions using a group of model
materials and two metal materials. The main conclusions are summa-
rized as follows:

1) For head-on collisions of particles, two critical velocities are revealed
for the transition from particle separation to aggregation. Both
analytical models and simulation results indicated that the two
critical velocities exhibit an opposite dependence on the particle size.
As the particle size becomes larger, the low critical velocity decreases
but the high one increases.

2) The particle aggregation at low and high impact velocities can be
attributed to different impact mechanisms. At the low velocity, the
adhesion dominates particle aggregation and suppresses the repul-
sion by elastic rebound. In contrast, for high velocity impact, the
plasticity dominates the aggregation and dissipates the kinetic en-
ergy with little elastic recovery; in this case, the dislocation density
exhibits a linear dependence on the impact velocity.
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3) Combining the two critical velocities, we proposed a critical particle
size below which the particles would always aggregate after a
collision. The critical size for particle aggregation depends on ma-
terial properties such as surface energy y, and unstable stacking fault
energy 7,,- Both analytical models and simulation results demon-
strated that the critical size has a linear relation with the y; /y,,.
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Appendix A. Coarse-grained interatomic potentials and flattened hardness

The coarse-grained interatomic potentials are introduced in this appendix. Following the potential in [29], the material ductility can be modified
by changing the tail of a Morse potential, and the modified Morse potentials are expressed as follows:

e72(r=r0) _ peaolr=n) p < 15,
E(r) _ 3 2 1
={asr+arP+art +ay 1lry<r<r, . %)
€o
0 re<r

Here, E(r) is the potential energy between two atoms with distance r. & is the depth of the potential well and is set to 1.0, and r, is the equilibrium
bond distance. ao governs the bond stiffness and is equal to 7.3r;. The truncation at 1.1r, ensures the elastic properties unchanged up to 10% strain.
The r, is a parameter that governs the tail of interatomic potentials. The parameters a, ~ a3 ensure the continuity of the bond energy and the force.

In this study, three sets of potentials are constructed, as shown in Table A1 and Fig. A1(a). The surface energy is the same for all potentials, whereas
the unstable stacking fault energy decreases as the cut-off radius increases. Generally, the potential with a shorter cut-off radius (r, = 1.22ry) cor-
responds to a more brittle material. In contrast, the increase in cut-off radius (e.g., r. = 1.38ry) makes the material more ductile. Therefore, based on
these three model materials characterized by the modified potentials, we essentially studied the collision of particles of different ductility.
Furthermore, to modify the surface energy between particles, we replaced the potential well ¢y by 1-¢9 with 1 being an adhesion ratio. By this method,
we changed the surface energy y, to 1-y,.

All the simulation models with the modified Morse potentials are constructed in the FCC structure with the lattice constant a being v/2ry. The
Young’s modulus for all materials is 150ery® [45]. To obtain the particle hardness, we performed the flattening of a hemispherical particle on a
substrate, see the inset in Fig. A1(b). The flattening is carried out at the temperature of 0.005¢/ks and the velocity of 0.05r¢/ty, and the results are
shown in Table Al and Fig. A1(b). The flattening hardness is calculated by averaging the contact stresses at the normalized depth S, /R between 0.3
and 0.5, and the standard deviation is calculated to present the error bar of hardness. It can be seen that the particle with more brittle material has a
larger hardness.

Table A 1
Materials with modified Morse potentials and the hardness.

Cut-off Flattening Unstable stacking fault Surface energy on
radius, r¢(ro) hardness, Y (ery®) energy, 7, (ery2) (001) Plane, y, (ery?)
1.22 9.8+0.2 1.248 2.000

1.30 6.9+0.3 0.722 2.000

1.38 5.4+0.3 0.534 2.000
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Fig. Al. (a) The bond energy versus atomic bond length for different cut-off radius r.. (b) Contact stress for materials with potentials of different r.; the inset il-
lustrates the flattening model with a hemispherical particle of radius 30ry.
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