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1 Introduction

Interactions of particles, with a size below 1 lm, with sur-
faces are important for understanding a variety of processes
of technical or natural origin. In such processes, the collec-
tion of particles is often desired for filtration or coating ap-
plications. However, nanoparticles are also employed in sur-
face modifications, e.g., the polishing of semiconductor
surfaces, where a detachment of the particles is favorable.
Particle collisions are of great importance for the modeling
of fundamental processes in a wide range of interests, from
agglomeration up to the understanding of the formation of
planets and planetary rings [1]. Particle surface interactions
are commonly described by the coefficient of normal restitu-
tion en, which is the ratio of the normal component of the
particle’s relative velocity after and prior to the collision.
When colliding at low impact velocity, nanoparticles stick to
adhesive surfaces upon contact, due to the prevalence of the
freed adhesion energy compared to the kinetic energy of the
center of mass. Consequently, en = 0 for such impacts up to
a critical impact velocity vcr sufficient to overcome adhesion
and allow post-collisional detachment from the surface
[2 – 4]. Experimental values of vcr for sodium chloride and
silver nanoparticles were recently published by [5]. It was
found that in vacuum, the onset of particle rebound occurred
at moderate impact velocities of several meters per second. At
atmospheric conditions bigger impact velocities are neces-
sary as the drag force reduces the particle stopping distance

after rebound to the length scale of van der Waals interac-
tions [6]. This leads to a bigger apparent adhesion force and
increased vcr. For big impact velocities (vi > 20 m s–1), adhe-
sion becomes negligible, and en is determined by the energy
loss of the particle during contact. Kinetic energy can be dis-
sipated in different forms, such as plastic deformation, tem-
perature increase or restructuring mechanisms.

The rebound behavior of particles was object of extensive
research and a variety of impact models were developed. In
[2], the authors proposed a purely elastic model for the cal-
culation of en that was later validated for polystyrene spheres
colliding with a quartz substrate [7]. Plastic deformation was
considered by [8]. The role of adhesion on particle rebound
was investigated by [9] through the inclusion of the JKR the-
ory into their model [10]. Other mentionable models
include the role of surface roughness, dynamic yield stress
or oblique impact [11 – 17]. In the last decade, the analysis
of particle/wall interactions was complemented with the
results of MD simulations [18 – 26]. These simulations allow
an insight into aspects that are not covered by continuum
mechanical models, such as the role of dislocations, elasto-
plastic deformation, temperature increase or phase transi-
tion plasticity. For the measurement of the particle velocities
of particles in the micrometer size range, established mea-
surement techniques such as laser Doppler anemometry
(LDA) are available. In contrast, for nano-sized particles, so
far nearly no experimental data has been published for the
coefficient of restitution. The only collection of experimental
data for en was published by [27], who employed an indirect
approach to determine en for 20 nm bismuth particles. A
beam of the particles was impacted with a given velocity into
a V-shaped template etched into a silicon wafer. The parti-
cles were reflected at one side of the V-shape before sticking
to the other side. The height of the resulting characteristic
distribution of the particles within the shape could then be
measured to calculate en. It shows that information about
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the rebound behaviour can be gained without direct mea-
surements of the particle velocity.

In the first part of this paper, an approach for the mea-
surement of en is presented, based on the impaction of size
selected nanoparticles in a modified single-stage low pres-
sure impactor (SS-LPI). LPIs were already successfully em-
ployed to investigate the breakup of nanoparticle agglomer-
ates upon impact loading [28, 29], the phase state of
atmospheric aerosol particles [30 – 32], as well as the re-
bound and charging behavior of single particles [5, 33] and
agglomerates [34]. The feasibility of impact experiments
with controlled impact velocity was recently shown by [35].
This method is extended to the direct determination of en by
the introduction of an impaction void that determines the
particle impulse necessary to leave the SS-LPI. Based on
CFD analysis, a mathematical model for the direct calcula-
tion of en is proposed.

In the second part of this paper, measurements of the
coefficient of restitution for dense spherical silver particles
are presented together with data obtained by a numerical
study based on force-based molecular dynamics (MD).
Using the EAM (embedded atom method) potential to
describe the interactions between the atoms of the particle,
it is possible to reproduce the experimentally measured
values for en. A detailed analysis of the impact velocity and
particle size dependency of en and the sticking probability
was then performed based on the simulation data.

2 Setup of the Experiments and Simulations

2.1 Experimental Prerequisites – Low Pressure
Impaction and the Impaction Void

Determining the coefficient of restitution requires knowl-
edge of the incident and rebound velocity, vi and vr, respec-
tively. A direct measurement of
the velocity of small particles be-
low 100 nm in diameter is not
possible yet at the required length
scales. Therefore, indirect meth-
ods to determine the particle velo-
city have to be used. For collision
experiments in a SS-LPI the inci-
dent velocity of a rebounding par-
ticle can be calculated from the
process parameters and the parti-
cle properties using the following
three parameter model:

Uimp � Umax p� � �Uimp Stk*�
L
D

� �
vlag

Stk*�
L
D
�
H
D

� �
(1)

where Umax is the maximum gas
velocity at the accelerating nozzle

outlet, Uimp the non dimensional impact velocity at a given
Stokes number Stk* and the correction function vlag ac-
counting for the lag of particles. L, H and D denote geome-
trical dimensions of the LPI as indicated in Fig. 1. Note that
Stk* is modified compared to the classical definition and
given by:

Stk* � 2qpd2
pCCUmax

9lD
(2)

where qp is the particle density, dp its diameter, Cc denotes
the slip correction factor and l is the viscosity of the sur-
rounding gas. Umax is calculated assuming an ideal and
incompressible gas, as well as a parabolic velocity profile at
the nozzle outlet. In order to correct Umax for dynamic pres-
sure losses in the near compressible regime, it was calcula-
ted at stagnation conditions following the Bernoulli equati-
on. The non-dimensional impact velocity Uimp can be
written as follows:

�Uimp � �B
Stk* � A

� 1 (3)

where the empirical constants A and B depend on the L/D
ratio and are 0.328 and 0.692, respectively. The factor v
accounts for insufficient acceleration of the particles and is
given by:

v � 1 � 0�58 exp �
�S��S99

0�19

� �
� 0�32 exp �

�S��S99

0�022

� �
(4)

with the non-dimensional stopping distance:

�S99 � 4sUmax

D
� 2Stk* (5)
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Figure 1. Schematic representation of the modified SS-LPI with impaction void (a) and gas velocity
profile at the axis of symmetry (b).
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and the necessary acceleration length:

�S � H � L
D

� 0�5 (6)

The result of this model is the particle impact velocity for
a planar target. However, the rebound velocity cannot be de-
termined following these methods. The approach presented
in this work was to determine the rebound velocity of a par-
ticle through the introduction of a stagnation domain to the
impaction target. (Fig. 1a). The particle will be accelerated
analogous to standard right angle impaction in the gas jet,
but instead of hitting the plate, it will enter the void filled
with stagnant gas. Due to particle drag, the gas leads to a
further deceleration of the particle before it hits the ground,
where it possibly rebounds. After rebound the particle has
to acquire enough momentum to cross the void once more.
In this case, the particle will be re-suspended in the main
stream of the impactor stage and can be detected at the out-
let. Otherwise the particle will be captured in the void where
diffusion will transport it quickly to the wall. In such a sys-
tem the necessary momentum to leave the void can be easily
defined by adjustment of its depth T.

A key condition for this method is a stagnant gas in the
void. In order to prove that the gas motion inside the void is
negligible, a CFD analysis was performed. The details of the
numerical simulation were recently described elsewhere
[35] and are standard knowledge of aerosol technology. As a
result, it was found that the assumption of stagnant gas is
fulfilled when the diameter of the void is significantly smal-
ler than the accelerating nozzle, e.g., 0.5D. An example of a
gas velocity profile on the axis of symmetry of a SS-LPI
(D = 2 mm, T = 1 mm and diameter of the void 0.5D) is
shown in Fig. 1b. After the gas in the nozzle is accelerated
to Umax, it is sharply redirected at the impaction target. Con-
sequently, the gas velocity drops to zero directly at the inlet
of the void. Further analysis reveals that a laminar vortex of
negligible velocity is formed inside the void, which is sepa-
rated from the main gas flow.

Assuming a perfectly stagnant gas in the void, and no effect
of the void on the main flow, the particle velocity at the inlet of
the void vi(0) can be calculated according to the model devel-
oped for conventional right angle impaction. Nanoparticles
moving in a low pressure environment usually exhibit a low
particle Reynolds number, and thus, are moving in the Stokes
regime. As there is a linear relationship between particle velo-
city and travelled distance, this allows a simple extrapolation
of the particle velocity into the void. Consequently, the im-
pact velocity at the ground of the void can be written as:

vi��T� � vi�0� �
T

s�p� (7)

If vi(–T) exceeds vcr the particle will rebound with a cer-
tain velocity vcr. The rebounding particle will be able to leave
the void if its stopping distance S is larger than T:

S � svr ≥ T (8)

The rebound velocity can be expressed by the coefficient
of normal restitution:

svi �T� �en ≥ T (9)

Finally, by substituting Eq. (7) into Eq. (9) and upon rear-
rangement the following is obtained:

en � T
s p� �vi�0� � T

(10)

Thus, the coefficient of normal restitution can be deter-
mined by measuring the impaction pressure when particles
first leave the void. The evaluation procedure will be pre-
sented in more detail in the results section.

2.2 Experimental Setup

The characteristics of the modified SS-LPI were investigated
through the impaction of size-selected, spherical silver parti-
cles. The employed setup is schematically shown in Fig. 2.
Silver nanoparticles were continuously produced by eva-
poration of silver electrodes in a spark discharge generator.
The formed fractal agglomerates were transported through
a tube furnace, heated to 550 °C, where they sintered to
dense spheres. After passing a radioactive Kr85 neutraliser
the particles were size selected according to their mobility
in a radial differential mobility analyser (R-DMA). The sin-
gly charged, size selected particles subsequently entered the
SS-LPI. Inlet and outlet concentration of the particles were
monitored with Faraday cup electrometers (FCE). The im-
paction pressure, determining the gas velocity Umax in
Eq. (1), was varied continuously from small to large pres-
sures at a constant rate.

For this purpuse a 100-L pressure reservoir was attached
to the outlet of the SS-LPI. The impaction pressure was
initially decreased to around 8 mbar with a vacuum pump
before the pump was disconnected with a valve. Subse-
quently, the pressure increased due to the constant aerosol
mass flow into the SS-LPI, determined by the critical orifice
at the inlet (200 lm). This setup allows a quasi-steady re-
cording of the particle penetration through the device at
high resolution. The high resolution is crucial for the deter-
mination of en as Eq. (10) is very sensitive to the pressure.
The penetration efficiency e through the device was calcu-
lated from the FCE-signals as follows:

e�p� � cinlet�coutlet

cinlet�0�coutlet�0
(11)

The measurement was stopped when the impaction pres-
sure was too high for particle deposition to occur and the re-
sulting ratio of inlet and outlet signal cinlet,0/coutlet,0 was
used for normalization in order to account for diffusion
losses as stated in Eq. (11). The impaction void was realized
with an aluminium piston attached to a micrometer screw
that was movable in the impaction target (Fig. 3). The im-

Chem. Ing. Tech. 2014, 86, No. 3, 1–11 © 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.cit-journal.com

Research Article 3
Chemie
Ingenieur
Technik



paction target itself was covered with vacuum grease to
avoid any particle rebound outside void. The diameter of the
void was half of the nozzle diameter, e.g., 1 mm for the
2 mm accelerating nozzle.

The thickness of the upper shell was 350 lm, determining
the minimum value of T. Note that 0.1 mm were added to
the value of T in the calculation of en in order to account for
the thickness of the grease film. The attached micrometer
screw allowed the continuous variation of T with an uncer-
tainty of 10 lm. The void forming beneath the upper shell
has a bigger diameter than the opening, for two reasons:
Particles rebounding from surface irregularities with a
strongly changed angle cannot jump out of the void. This
assures that the measured value of en corresponds to the
normal case. Secondly, the bigger volume makes it more
likely that particles not impacting on the ground of the void
are caught, and do not contribute to the noise of the mea-
surement arising from back diffusion. This is discussed
later on.

2.3 Experimental Deposition Characteristics

In order to investigate the influence of the impaction void
on the deposition characteristics of silver particles, the pene-
tration was measured and compared to the deposition on a
conventional plane impaction target. For this experiment
the ground of the void was also covered with vacuum grease.
The results for 600 nm particles are shown in Fig. 4.

At high impaction pressures above 70 mbar the signal is
the same for both curves, since all particles pass through
the SS-LPI without impaction. In case of a planar impaction
target (solid line), the signal decreases with decreasing im-
paction pressure as the particles exhibit sufficient inertia to
be captured by the grease film, and finally drops to zero.

www.cit-journal.com © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Ing. Tech. 2014, 86, No. 3, 1–11

Figure 2. Schematic representation of the experimental setup.

Figure 3. The practical
implementation of the
impaction void with ad-
justable depth.

Figure 4. Penetration of silver particles through the SS-LPI with
planar (solid line) and structured (dashed line) impaction target,
both covered with vacuum grease. Additionally, the penetration
for allowed particle rebound at the ground of the void is inclu-
ded.
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The curve exhibits the typical sigmoidal shape. In case of
impaction target with impaction void, the signal exhibits the
same shape but with a shift to lower impaction pressures.
Instead of dropping to zero, the signal exhibits a plateau
between 30 and 40 mbar before dropping to zero at lower
pressures. Particle deposition occurs first for particles mov-
ing in the middle of the gas jet because these particles exhi-
bit the highest gas velocity. Consequently, particles that are
accelerated with a higher radial position in the gas jet are
deposited last. When the impaction void is present in the
core of the gas jet, there is no surface for particle capture
available. At high pressure, when deposition just occurs, the
relative displacement of the particles to their streamline is
not sufficient to move the particles into the void. Thus, no
particle capture occurs and the deposition curve is shifted to
smaller pressures where the impaction pressure is sufficient
to deposit particles with higher radial position. At pressures
below 40 mbar, when all particles are deposited in the planar
case, a plateau is forming. This noise with a magnitude
around 0.17 is observed in every measurement and is a con-
sequence of back diffusion of the particles from the void to
the main flow. At even lower impaction pressures, when the
particles reach the ground of the void and are captured by
the grease film, the signal finally drops to zero. These cases
are also schematically shown in Fig. 5a and 5b.

In Fig. 4 the case of allowed particle rebound in the void
(dotted line, no grease in the void) is also included for com-
parison. The signal follows the case of deposition perfectly
above 30 mbar. For smaller impaction pressure the signal
does not drop to zero as particle rebound occurs. In direct
measurements for silver particles, vcr was found to be smal-
ler than 0.5 m s–1 for 60 nm particles. This value is exceeded
quasi instantaneously after the onset of deposition at the
ground of the void. However, at pressures near 30 mbar the
rebound velocity of the particles is insufficient to leave the
void (Fig. 5c). Consequently, the particles accumulate and
back diffusion occurs to a lesser extend than in case b),
since both case b) and c) take place simultaneously. At im-

paction pressures smaller than 26 mbar the rebound velocity
is sufficient to jump out of the void (Fig. 5d), allowing the
calculation of en according to Eq. (10). However, the actual
values of en will be discussed in Sect. 3.2.

The signals for 60 nm silver particles impacting into a
void of variable depth are plotted in Fig. 6. T was varied
between 3.35 and 0.95 mm. For impaction pressures above
30 mbar, where the depth of the void has no influence on
the deposition behaviour, the different signals are congru-
ent. With increasing depth T of the void the pressure
necessary for particle release after bounce decreases.

While rebound from the void is visible at 30 mbar at a
depth of 0.35 mm, the pressure has to be decreased by
10 mbar to observe rebound at T = 0.95 mm. It is also
obvious that the plateau value close to the onset of the
bounce decreases. This is due to the larger volume of the
void, making back-diffusion to the main gas flow less likely.
However, the signal magnitude from the rebounding parti-
cles is also reduced with increasing T. From the measure-
ments performed so far it was found that particle rebound
is detectable for values of T up to 1.1 mm. Changes of T as
small as 50 lm are reliably detectable.

2.4 Simulation Setup

For the impact simulations, which were carried out as force-
based MD calculations, two different models were used to
describe the interaction. Between the atoms of the particle
the EAM-model was used, for which the energy of a given
atom reads

Ei�EAM � F
�
j≠i

q�rij�
�
�

�
�� 1

2

�
j≠i

��rij� (12)

F is the embedding energy functional, q the atomic elec-
tron density function and � a pair potential interaction. This
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Figure 5. Schematic representation of the different stages of par-
ticle deposition in the impaction void. a) Particles do not reach
the ground; b) particles reach the ground, but are captured;
c) particles rebound from the ground, but don’t leave the void;
d) particle rebound and re-suspension in the main flow.

Figure 6. Penetration of 60-nm silver particles through the SS-LPI
equipped with an impaction void of variable depth T.
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model is reliable in reproducing the main properties of bulk
crystals [36]. Tabulated values for silver were chosen to carry
out the simulations. For the interaction between wall atoms
and particle atoms a cut off and smoothed Lennard-Jones-
Potential was applied:

Ei�LJ � 4e
�
j≠i

r
rij

	 
12

� C
r
rij

	 
6
�
�

�
�� C1rij � C2 (13)

where e is the depth of the energy well and r the characteris-
tic Lennard-Jones distance for which literature values for
silver were chosen [37]. C is a constant to vary the strength
of the attractive part of the energy. Here, 0.35 was used to
simulate a weakly adhesive contact, taking into account the
effect of a covering oxide layer onto the interaction strength.
C1, C2 are constants to smooth out Ei,LJ at the cutoff distan-
ce, for which rc = 2.5r was chosen.

The wall is modelled ideally to be stiff, with no possibility
for the atoms to move. Its structure is that of a cylindrical
shaped fcc-grid, where the diameter and height of the cylin-
der are chosen in a way that boundary effects never occur
during any of the simulations. For the distance between the
atoms of the wall the zero force distance of the Lennard-
Jones potential between the wall atoms and the particle
atoms was selected.

The particle is initialized for the impacts by first cutting a
ball out of a fcc-grid and then equilibrate it at 300 K using a
Nosé-Hoover thermostat. A time step of 6 · 10–16 s was used.
Fig. 7 shows the initial positions of the impact system.

To start a simulation, the particle was placed just outside
the Lennard-Jones interaction range, rotated and shifted
randomly, and the desired impact velocity was added. The
particle diameter was varied in the range of 2.5 – 15 nm and
the impact velocity from 10 to 90 m s–1 in steps of 5 m s–1.
The simulations were carried out for 100 random rotations
for each particle diameter and each impact velocity since the
impacts are heavily dependent on the rotational state of the
particle and its tangential position above the wall.

3 Results and Disussion

3.1 Phases of the Impact

A typical impact with rebound occurs in 4 phases as shown
in Fig. 8. The data is taken from a simulation of a 5 nm par-
ticle.

In the beginning, during the incident phase, there are
only attractive forces acting between wall and particle, there-
fore, the particle is accelerated towards the wall. When the
distance becomes smaller, the atoms closest to the wall are
subject to repulsive forces and the center of mass becomes
decelerated as soon as the overall force becomes repulsive,
marking the key point of incidence. From here on, the ki-
netic (center of mass) energy of the particle is completely
converted into potential energy, charaterizing the loading
phase. The center of mass velocity then passes 0, the actual
impact event, since in this moment the particle stands still
over the wall. Afterwards, the repulsive forces lead to an
acceleration of the particle away from the wall, redistribut-
ing the potential energy from the loading phase into the
available degrees of freedom in the unloading phase. At
some distance, the attractive contribution to the force be-
tween wall and particle is again larger than its repulsive
counterpart. Therefore, the particle is decelerated starting
from this key point of reflection in the rebound phase.
Finally, after escaping the range of interaction, the trajectory
of the particle is not affected by the wall anymore. In the fol-
lowing, if speaking of taking only the loading/unloading
phases into account, the collision parameters at the key
point of incidence and the key point of reflection are looked
at. On the other hand, if speaking of the full adhesive con-
tact, the collision parameters at the beginning of the inci-
dence phase and the end of the rebound phase are consid-
ered.
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Figure 7. Initial state of the system
just before the impact.

Figure 8. Phases of the impact.
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3.2 The Coefficient of Normal Restitution for Silver
Nanoparticles

The coefficient of normal restitution en for Ag-particles in
the 18 – 66 nm size range was calculated from experimental
data using Eq. (10). The pressure at which particles first re-
bound out of the void was determined by fitting a straight
line to the linear part and calculating the intersetion with
the respective plateau. The geometric depth of the void was
varied between 0.35 and 1.05 nm in steps of 100 lm. For a
given particle size, the complex interplay between pressure,
impact velocity and stopping distance allowed only a limited
impact velocity range to be correct. Therefore, in order to ex-
plore a larger velocity range, particles of different sizes were
investigated. A variation of T in the stated impact velocity
range results in impact velocities between 30 and 90 m s–1.
Each void depth results in the measurement of one indivi-
dual value of en where the impact velocity cannot be pre-
dicted. An increase in T at a given impaction pressure re-
sults in a decrease of impact velocity and an increase in the
necessary rebound velocity. The results of these measure-
ments are plotted together with the numerical results for
15 nm particles in Fig. 9.

The experimentally measured coefficient of normal resti-
tution exhibits values around 0.9 for vi at 30 m s–1 and de-
cays to nearly 0.5 at 90 m s–1 with increasing vi. Although
the diameter of the Ag-particles is varied by a factor of more
than 3, the measured coeficient of normal restitution agrees
within experimental uncertainties. Therefore, en can, at least
as a first approximation, be considered as independent of
particle size.

The numerical results for 15 nm coincide well with the
measured values, impliying comparability of experimental
and numercial results for the case of strong reflection of the
normal part of the kinetic energy, i.e., for weakly adhesive

contacts of silver nanoparticles in the mostly elastic part of
the plastic regime.

However, for particle sizes below 15 nm, it was observed
in the simulation that en is strongly dependent on particle
size (Fig. 9). With increasing size, surface effects get less
dominant compared to volume effects, thus, the graph for
the full adhesive contact and the graph taking only the load-
ing/unloading phase into account approach each other. A
maximum for the coefficient of restitution can be found for
every tested particle diameter and impact velocity range.
This can be explained by the following rationale: For low
impact velocities, the (tangential) acceleration of the particle
due to attractive forces plays a major role. On the one hand,
an increase in impact velocity makes this effect less impor-
tant, therefore resulting in an increase of en. On the other
hand, an increase of the impact velocity also leads to a stron-
ger deformation, which is accompanied by dissipation,
thereby redirecting kinetic energy in normal direction into
inner degrees of freedom (temperature and potential en-
ergy). Furthermore, stronger deformation leads to higher
adhesion energy, and as a result en decreases. It is oberved
that these processes balance each other at about 55 – 60 m s–1,
where the maximum of en is situated. Since adhesive accel-
eration effects play a less important role for increasing
mass, the role of the en-increasing effect (on the left of the
maximum) becomes more important for increasing particle
size, leading to a steeper slope when comparing the curves
for the different, tested particle diameter. The amount of en-
ergy to plastically deform the particle locally depends on lo-
cal grid structure, which is independent of the mass of the
particle. Thus, for increasing particle size the same amount
of kinetic energy acting on the main impact area of the par-
ticle is reached for smaller values of v. Therefore, for
increasing particle diameter the maximum of en is shifted
towards lower values of impact velocity.

Chem. Ing. Tech. 2014, 86, No. 3, 1–11 © 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.cit-journal.com
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Figure 9. a) Measured and numerically calculated 95-percentiles for various particle sizes; b) coefficient of normal restitution obtained
from simulation.
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3.3 The Sticking Probability

The measured sticking probability (Fig. 10) is in agreement
with the works of other authors working on this field
[18, 19, 23]. First the graph for 5 nm will be discussed. At the
lowest impact velocity of 10 m s–1, a sticking probability of
100 % was observed. This behaviour can be explained by the
fact that for low impact velocities, the kinetic energy of the
particle in normal direction at the key point of reflection is
lower than the corresponding adhesion energy. So except
for rare cases of thermal rebounds, where additional
amounts of thermal and potential energy are utilized during
the escape trial process (which will be excluded for the rest
of this investigation), the particle sticks for all possible rota-
tions and shifts of the center of mass tangential to the wall
prior to the collision. With increasing impact velocity, the
kinetic energy increases quadratically, but the foremen-
tioned adhesion energy stays more or less constant (Fig. 10).
At some point, the reflected kinetic energy exceeds the adhe-
sion energy, which gives the possibility of rebounce. Here,
this is already the case for velocities lower than 10 m s–1.
Since the adhesion energy at the key point of reflection is
nearly independent of the impact velocity up to 60 m s–1, it
is concluded that in this velocity range the impact takes
place in a mostly elastic fashion.

The efficiency of the reflection of the normal part of the
kinetic energy and thereby the sticking probability can be
understood by the coefficient of normal restitution en to-
gether with the Weber number at the key point of reflection

Wer* ≡
EKin�z�r*

EAdh�r*
(14)

where the index r* means absolute value of the energy at
the key point of reflection. Wer* describes the ratio of availa-
ble kinetic energy in normal direction and adhesion energy
that needs to be invested to escape the orbit of the wall. At
least a value of 1 is required to escape. Since the deformati-
on process is not yet completed at the key point of reflecti-

on, it must be kept in mind that a part of this kinetic energy
in normal direction is also redirected into the particle’s po-
tential energy, and that this redirection process is accompa-
nied by dissipation.

The critical velocity vcr is the lowest velocity for which a
rebound of the particle from the wall may be observed.
Thus, it can be characterized by Wer* = 1. From the Fig. 10b
it can be seen that v5nm

cr ≤ 10 m s–1, while the sticking prob-
ability alone would suggest a value bigger than 10 m s–1.

The sticking probability is then decreasing up to about
55 – 60 m s–1. This can be reasoned by the collision being
mostly elastic: The loading/unloading process is linearly
depending on impact velocity, whereas the kinetic energy
scales quadratically and the tangential acceleration plays a
less important role for increasing impact velocity. The adhe-
sion energy at the key point of reflection stays more or less
constant. Therefore, in this moment the shape of the parti-
cle is statistically the same in the velocity range up to
60 m s–1, resulting in more kinetic energy being available for
the escape trial.

In analogy to the influence of plastic deformation on en, it
results in an increase in sticking probability, too. Conse-
quences are conversion of kinetic energy in normal direc-
tion into potential energy and dissipation of energy while
doing so. Also, the amount of adhesion starts to increase as
the impacted particle’s shape becomes more pancake-like.
The dissipation of energy due to the loading/unloading pro-
cess starts to become more prominent (Fig. 9). The impact
of plastic deformation thus leads to an increase of sticking
probability, marking a change in regimes at 55 – 60 m s–1

impact velocity, from where on it increases.
By increasing the particle size, on the one hand, the adhe-

sion energy scales with the square of the particle diameter,
whereas its mass, and therefore its kinetic energy, scales
with the third power. Thus, the excess of kinetic energy at
the key point of reflection, compared to the corresponding
adhesion energy, is increasing with particle size. Tangential
acceleration and the redirection of kinetic energy from nor-

www.cit-journal.com © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Ing. Tech. 2014, 86, No. 3, 1–11

a) b)

Figure 10. a) Sticking probability for various particle sizes; b) kinetic energy in normal direction and absolute value of adhesion
energy at the key point of reflection for the impact of a 5 nm particle.
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mal direction into tangential direction becomes less impor-
tant and overall the slope of the sticking probability be-
comes steeper with increasing particle diameter (Fig. 9). As
a result vcr is decreasing with increasing particle diameter.
On the other hand, in the regime dominated by plastic de-
formation, its increase does not scale with the third power
of the particle diameter, since adhesion is a surface effect,
and thus the slope gets less steep for bigger particles. From
this follows that the sticking probability decreases at a given
impact velocity with particle size, as is expected.

4 Conclusions

A method to measure the coefficient of normal restitution
en was elaborated and the measured values for silver nano-
particles of sizes 18 – 60 nm were reproduced numerically
by force-based MD simulations. In case of silver, the experi-
mental method is capable of measuring the coefficient of
normal restitution for impact velocities down to 20 m s–1

and particle sizes down to approximately 20 nm. For lower
velocities or smaller particles the method is limited since
they have to exhibit a minimum impulse after rebound,
which is mainly determined by the geometry of the void. Fu-
ture work will concentrate on the extension of low pressure
impaction-based determination of en for bouncing particles
with lower impulse and particles undergoing oblique im-
pacts. First measurements of en for silver particles are in
reasonable agreement with numerical simulations. This
shows for the first time that numerical impact simulations
of nanoparticles can be viewed as a reliable tool in the pre-
diction of properties of the impact events. In a first analysis
the influence of adhesion on the coefficient of normal resti-
tution and the sticking probability were investigated. The
delivered results were satisfying and are well understood.
For the future, it is planned to numerically investigate the
influence of non-idealities of the particles and the wall on
the contact as well as impacts with several particles involved,
e.g., agglomerates.

The support of the Deutsche Forschungsgemeinschaft
(DFG) for this work under grant WE2331/12-1 is grate-
fully acknowledged.

Symbols used

Cc [–] slip correction factor
D [m] geometrical dimension of the LPI
dp [m] particle diameter
Ekin,z [J] kinetic energy in z-direction
Eadh [J] adhesion energy
En [–] coefficient of normal restitution
L [m] geometrical dimension of the LPI

H [m] geometrical dimension of the LPI
pStick [–] sticking probability
Stk* [–] modified Stokes number
K [m] depth of the impaction void
Uimp [m s–1] estimated particle velocity prior

to the impact
Uimp [–] dimensionless impact velocity
Umax [m s–1] pressure dependent maximal gas

velocity
vcr [m s–1] critical impact velocity for rebound
vi [m s–1] particle velocity prior to the impact
vr [m s–1] particle velocity after the impact
v*

r [m s–1] particle velocity at key point of
reflection

We [–] Weber number

Greek symbols

e [–] penetration efficiency
l [Pas] dynamic viscosity of air
qp [kg m–3] particle density
s [m s–1] particle velocity before entering

the void
vlag [–] lag factor
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Introduction of a New Technique to Measure the Coefficient
of Restitution for Nanoparticles
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Particle collisions are of great importance for the modeling of fundamental processes in a
wide range of interests. So far it was not possible to determine the coefficient of restitution
for nanoparticles experimentally. Here, a new measurement technique is described. The
results are compared to and extended by a numerical study for detailed analysis. ............ �
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