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Abstract 
Fragmentation of granular clusters may be studied by experiments and by granular mechanics simulation. When compar-
ing results, it is often assumed that results can be compared when scaled to the same value of E∕Esep , where E denotes the 
collision energy and Esep is the energy needed to break every contact in the granular clusters. The ratio E∕Esep ∝ v

2 depends 
on the collision velocity v  but not on the number of grains per cluster, N. We test this hypothesis using granular-mechanics 
simulations on silica clusters containing a few thousand grains in the velocity range where fragmentation starts. We find that 
a good parameter to compare different systems is given by E∕(N�

Esep) , where � ∼ 2∕3 . The occurrence of the extra factor N� 
is caused by energy dissipation during the collision such that large clusters request a higher impact energy for reaching the 
same level of fragmentation than small clusters. Energy is dissipated during the collision mainly by normal and tangential 
(sliding) forces between grains. For large values of the viscoelastic friction parameter, we find smaller cluster fragmentation, 
since fragment velocities are smaller and allow for fragment recombination.

Keywords  Cluster collisions · Granular mechanics · Fragmentation · Energy dissipation

1  Introduction

The understanding of the dynamics of dust particles and of 
agglomerates that consist of dust grains is of fundamental 
importance in the field of planet formation [1]. The earliest 
stage of the formation process is believed to be the agglom-
eration of dust grains in accretion disks around protostars 
as already discussed by Weidenschilling [2] who argues 
that relative velocities in such disks are sufficiently high to 
enable collisions, as well as by Weidenschilling and Cuzzi 
[3] who discuss turbulence as the driving force for particle 
collisions.

In such studies, the question whether agglomerates will 
fragment during collisions or stick and enable grain growth 
is of prime importance. This issue has been addressed by 
a variety of experimental [4–9] and theoretical/computa-
tional approaches [10–14], as reviewed in Refs. [15, 16]. The 

results of such studies can be used to provide basic informa-
tion for use in models that describe the temporal evolution 
of the agglomerate size distribution in dust disks [17, 18].

Such models need a description of the fragmentation out-
come of collisions spanning a wide range of cluster sizes and 
velocities, and for various relevant materials such as silica 
and ice. Also the comparison of experimental and compu-
tational data on cluster collisions—which have often been 
obtained in different cluster size regimes—needs a common 
base for discussion. Already early, Dominik and Tielens [10] 
argued that the prime quantity for cluster fragmentation in 
collisions is given by the ratio of the collision energy E and 
the separation energy Esep , which is the energy needed to 
break every contact in the aggregate; as soon as E exceeds 
Esep by a factor of around 10, catastrophic disruption of the 
cluster was predicted. This argument was later used repeat-
edly in order to discuss experimental and computational 
results of cluster collisions [4, 13, 19].

In the present paper, we analyze the validity of the argu-
ment that E∕Esep describes the fragmentation behavior in 
cluster collisions using granular mechanics simulations. 
To this end we vary the collision energy systematically by 
changing either the cluster size or the cluster velocity; we 
also change the energy dissipation during the collision to 
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obtain a greater variety of collision results under otherwise 
identical conditions. The results will show that E∕Esep is not 
a good scaling parameter to describe fragmentation. How-
ever, we will demonstrate that E∕(N�Esep) , where N is the 
number of grains per cluster and � ∼ 2∕3 , describes frag-
mentation well, and will discuss this finding.

2 � Methods

2.1 � Granular mechanics

Granular mechanics is the theory describing interactions 
of grains of a finite size. A theoretical description of grain 
interactions needs to know whether or not two grains are in 
contact and can then derive forces and torques based on the 
relative motion of the grains.

We use spherical grains, where each grain has the same 
radius, r, described by the materials parameters M and � . 
Here M = Y∕(1 − �)2 is the indentation modulus with 
Young’s modulus Y and Poisson number � , and � is the spe-
cific surface energy. The model used in our work has already 
been used previously [19–22], and we give a short summary 
here for convenience.

Let us denote grain positions by x⃗ , velocities by v⃗ and 
angular velocities by 𝜔⃗ . Indices i and j refer to the respec-
tive grains. Two grains i and j interact with each other if 
their overlap

is greater than 0. The contact area of two spherical grains is 
a circle of radius

The relative motion can be split into normal and tangential 
motion as follows. With the normal unit vector

the contact velocity is defined as

The normal component of the velocity, v⃗n , is obtained by 
projecting v⃗c on n̂ , and the tangential contribution of the 
velocity is then given by v⃗t = v⃗ − v⃗n . The unit tangent vec-
tor is defined as

(1)𝛿 = 2r − |x⃗i − x⃗j|

(2)a =
√
�r∕2.

(3)n̂ =
x⃗i − x⃗j

|x⃗i − x⃗j|
,

(4)v⃗c = v⃗i − v⃗j − r(𝜔⃗i + 𝜔⃗j) × n̂.

(5)t̂ =
v⃗t

|v⃗t|
.

The normal force is given as a sum of the adhesive force and 
a viscoelastic term,

and vanishes for negative overlap � . The parameter A in the 
viscoelastic term controls the amount of friction in normal 
motion and will be denoted as friction parameter.

In a similar way, the relative angular velocity 𝜔⃗ = 𝜔⃗i − 𝜔⃗j 
can be split up into two contributions, twisting (twist), and 
rolling (roll),

Tangential forces and torques for sliding (slid), rolling and 
twisting motion can be expressed as

respectively, where the hat ( ̂  ) indicates a unit vector. �yield 
denotes the critical distance over which two spheres can roll 
without breaking bonds.

Further details of the algorithm are provided in Ref. [20].

2.2 � Materials parameters

We use silica grains with a set of standard parameters 
[20, 23, 24] as silica is often used in laboratory experi-
ments as an analogue of interplanetary grain material 
[16, 25–27]. The grains have a radius of r = 0.76 μm and 
a mass density of � = 2000 kg∕m3 ; the mass of a grain is 
thus m = 3.68 ⋅ 10−15 kg . The elastic properties are given 
by M = Y∕(1 − �

2) = 55.6GPa with Young’s modulus 
Y = 54GPa and Poisson number � = 0.17 . The specific sur-
face energy is assumed as � = 0.05 J∕m2 . We recently noted 
that our implementation of the granular-mechanics scheme 
uses only half of Young’s modulus.

The parameter A which controls the friction in normal 
motion has a standard value of Aorig = 0.5 ns , as determined 
from experimental data [20]. We allow it here to vary 
between 0.5Aorig to 1.00Aorig in steps of 0.25Aorig . This vari-
ation was done in order to allow for some variation in the 

(6)Fn = 2𝜋𝛾r −
2

3
M

√
r𝛿

2

(
𝛿 + Avn

)
, 𝛿 > 0,

(7)𝜔⃗twist = (𝜔⃗ ⋅ n̂)n̂,

(8)𝜔⃗roll = 𝜔⃗ − 𝜔⃗twist.

(9)F⃗slid = − t̂
Y

4(1 + 𝜈)
𝜋a2,

(10)d⃗slid =rn̂ × F⃗slid,

(11)d⃗roll = − 4𝜋𝛾r𝜉yield𝜔̂roll,

(12)d⃗twist = −
2

3

Y

1 + 𝜈

a3

𝜋

𝜔̂twist,
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fragmentation results for identical clusters (structure, v, N), 
as well as to study the influence of energy dissipation on the 
fragmentation behavior. The rolling-friction parameter �yield 
is set to 3.2 nm as recommended by Heim et al. [25].

The collision energy E, i.e., the kinetic energy at the start 
of the simulation, where 2 clusters are shot towards each 
other with a relative velocity v, can be expressed as

and is thus seen to be proportional to N and v2 . For a velocity 
of v = 10 m/s, it is E = 92.0 ⋅ N fJ.

For studying fragmentation, the so-called break-up energy 
Ebreak is introduced, which represents the energy necessary 
to break a contact. It is given by the work required to move 
two grains from their equilibrium overlap (i.e., the overlap, 
where adhesion and elastic repulsion cancel) to an overlap 
of 0; it is [28]

Here K is a numerical constant equal to K = (12∕5)

(3∕2)2∕3�5∕3 = 21.19 [28]. In our case, it is Ebreak = 68.46 
aJ. Note that normal friction is neglected in the calculation 
of Ebreak , Eq. (14), and will lead to an increase in this quan-
tity. While the dependence of Ebreak on the materials param-
eters is common knowledge [10], the prefactor K has been 
intensely discussed. Dominik and Tielens [10] advocate an 
increased value in order to take into account the energy dis-
sipation by vibrations induced by the collision. From a con-
sideration of experimental data [4], Ormel et al. [13] even 
argue for a value of K = 1760 . However, the magnitude of 
K does not influence the scaling behavior of fragmentation, 
which is the topic of the present study.

In addition, we define the total separation energy of a 
cluster (break-up of all contacts) as

where Nc denotes the number of contacts in each of the col-
liding clusters.

2.3 � Simulations and their analysis

We build spherical granular clusters of radius R contain-
ing a specified number of grains, N, with a specified filling 
factor � . In this work, we use � = 0.28 . For the values of 
N = 1250 , 2500 and 3750 grains, the clusters thus have radii 
of R = 12.51 , 15.77 and 18.05 μm , respectively.

The clusters are constructed by an algorithm based on 
Ref. [21], which allows to produce clusters with pre-defined 
filling factor inside a spherical region. In short, new grains are 
added to the growing cluster at the positions of the smallest 

(13)E = N
�

3
r3�v2,

(14)Ebreak = K

(
�
5r4

M2

)1∕3

.

(15)Esep = NcEbreak,

local filling factor until the prescribed number of grains have 
been put into the sphere. The local filling factor is calculated 
in a sphere of radius 3r around each grain. If a new grain has 
been rejected 9 times—grains are rejected if they overlap with 
other grains—it is attached to a randomly chosen grain; such 
situations may occur for large filling factors. Finally, the cluster 
is allowed to relax.

Since the grains are placed step by step by attaching one 
grain, the expected number of contacts is Nc = N − 1 . In fact, 
we find 1251, 2506 and 3754 contacts, respectively. Thus, it 
holds to a good approximation Nc = N . The separation ener-
gies thus amount to 85.6, 171.6 and 257.0 fJ for clusters with 
N = 1250 , 2500 and 3750 grains.

We study the collision of two clusters with relative veloc-
ity v in the range of 10–30 m/s; the velocity is varied in steps 
of 5 m/s. To this purpose, we duplicate the cluster and rotate 
it randomly. We perform only central collisions, i.e., with a 
vanishing impact parameter. In order to allow for statistical 
reliability of the results, each simulation is repeated 10 times; 
in each simulation, the relative orientations of the two collid-
ing clusters are changed randomly. The results presented below 
are all averages over these 10 simulations. The setup is shown 
schematically in Fig. 1, while Fig. 2 displays snapshots of an 
actual collision.

This work uses the granular mechanics code LIGGGHTS 
[29], which implements the forces described in Sect. 2.1 
above. Every simulation is performed with 1.2 ⋅ 106 time steps 
of 50 ps, leading to a total duration of 60 μs.

To analyze the collision results, we use the algorithm of 
cluster analysis proposed by Stoddard [30], which identifies 
the fragments generated by the collision. Let us denote by N1 
and N2 the numbers of grains in the two largest fragments. We 
calculate the agglomeration parameter [31],

and the fragmentation parameter [31],

(16)X =
N1 − N2

2N
,

Fig. 1   Schematic setup of a cluster–cluster collision
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It is possible to calculate the grain density by using the 
methods of smoothed-particle dynamics [32, 33]. For any 
point r⃗ in space, the grain density can be calculated as

Here the Gaussian serves as a a smoothing kernel. The 
matrix Σ is a 3 × 3 diagonal matrix, 4r2� . Thus each grain is 
smeared over a width of 2r.

Similarly, the density of grain contacts can be calcu-
lated by substituting x⃗i in Eq. (18) by the contact points, 
x⃗ci = (x⃗i + x⃗j)∕2 , if i and j are in contact, and summing over 
all contacts. The kinetic energy density is also given in anal-
ogy to Eq. (18), if the smoothing kernel is multiplied by the 
kinetic energy, Ei , of grain i. We determine Ei from both the 
translational and rotational energy of grain i; however, the 
rotational energy is always at least a factor of 10−3 smaller 
than the translational energy. The kinetic energy of grain i is 
determined relative to the center of mass of its home cluster.

3 � Results

3.1 � Representative case: time evolution

We show the time evolution of a prototypical colli-
sion—N = 3750 , A = Aorig , v = 10m∕s—in the snapshots 
provided in Figs. 3, 4 and 5. In these snapshots, the densi-
ties—as calculated by Eq. (18) and its analogs—are plotted 
in a plane containing the collision axis.

In the following, we denote as the contact plane the mid-
plane between the two clusters, perpendicular to the colli-
sion axis. Here, the two clusters meet and the most energetic 
processes are going to occur in its neighborhood, which we 
denote as the collision zone, see Fig. 5a.

The grain density, Fig. 3, shows how during the col-
lision the grain density in the collision zone strongly 
increases—approximately by a factor of 2. At around 
3 μs , the shape of the merged cluster is almost spherical, 
but due to grain compression, its volume has consider-
ably shrunk along the collision axis. In lateral direction, 
however, the merged cluster expanded slightly. The final 

(17)Ns = 1 −
N1 + N2

2N
.

(18)𝜌grains(r⃗) =

Ngrains�

i=1

exp
�
−

1

2
(r⃗ − x⃗i)

TΣ−1(r⃗ − x⃗i)
�

√
(2𝜋)3 det(Σ)

.

Fig. 2   Snapshots of a collision of two clusters with N = 3750 grains 
each at v = 10 m/s and A = Aorig , at a the beginning of the simulation, 
b 2 μs , c 4 μs , d 10 μs and e 50 μs . The grains are colored according to 
their velocity

▸
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shape at the end of the collision is oblate, as the merged 
cluster has shrunk considerably along the collision axis.

The density of contacts, Fig. 4, shows similar features. 
After 1 μs , many contacts in the central collision region 
are broken. Already at 2 μs , the destroyed contacts in 
the collision zone have not only been reformed but new 
contacts have been generated. Note that at this time, the 
highly coordinated core region is surrounded by a shell 
of low contact density, which indicates how the colli-
sion energy spreads out of the primary collision zone and 
destroys other grain contacts. At 3 μs , the contact density 
in the collision zone is even higher than the grain density, 
while initially, it had the same magnitude. This shows 
that during grain compaction, the number of contacts per 
grain, i.e., the coordination number, has increased above 
the value of 2 characteristic for clusters assembled by 
ballistic aggregation [14]. This effect has spread over the 
entire merged cluster at the end of the simulation.

The energy density, Fig. 5, shows most clearly how 
the energy slowly diffuses out of the contact region, see 
Fig. 5a at 1 μs , to the entire merged cluster. At 3 μs , the 
kinetic energy is only present in a bulge surrounding the 
merged cluster at the periphery of the collision zone, 
while all other energy has been dissipated away. We do 
not show the energy density at the end of the simulation, 
since it is close to zero everywhere.

Already in this simulation, around 52% of the grains 
were ejected from the merged cluster; this fraction keeps 
increasing with collision velocity. At 30 m/s, only 3.4% 
of the grains are retained in the largest fragment.

We conclude that these snapshots show that the colli-
sion is terminated within approximately 3 μs . The clus-
ters do not interpenetrate each other at this filling factor, 
0.28, but are stopped at the surface such that a thin colli-
sion zone develops, in which contacts are destroyed. The 
energy spreads out from this zone into the remaining parts 
of the clusters but has dissipated away at the end of the 
simulation. The collision zone has been compacted and 
grain coordination has been increased.

The results for other simulations look similar. The 
merged cluster becomes flattened along the collision axis 
for higher velocities such that it assumes a pancake shape, 
and more grains are ejected from it, see also Fig. 2. Fur-
ther grain-based snapshots of such events can be seen in 
Figs. 7 and 9 of Ref. [19].
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Fig. 3   Snapshots showing the grain density for a collision of two 
clusters N = 3750 , A = Aorig , v = 10m∕s . Data at a the start of the 
simulation, at b 1 μs , c 2 μs , d 3 μs and e 10 μs
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3.2 � Scaling

The agglomeration parameter X, Eq. (16), is large if the larg-
est fragment—i.e., the merged cluster—contains almost all 
the mass of the system. It is often assumed [19, 31] that 
small small values X < 0.15 identify the fragmentation 
regime. On the other hand, the fragmentation parameter, 
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Fig. 4   Density of contacts for the collision shown in Fig. 3
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Fig. 5   Energy density for the collision shown in Fig.  3. Data at the 
start of the collision are not shown. Data at a 1 μs , b 2 μs and c 3 μs



On the scaling of fragmentation and energy dissipation in collisions of dust aggregates﻿	

1 3

Page 7 of 13  33

Ns , Eq. (17), assumes large values when the mass contained 
in the two largest fragments is only a small fraction of the 
total mass. Hence these two parameters are often used to 
identify whether cluster collisions are in the sticking or in 
the fragmentation regime.

We present these parameters in Fig. 6a and b for the set 
of simulations performed: velocities in the range of v = 10

–30 m/s, N = 1250–3750 grains per cluster, and friction 
coefficients varying between A∕Aorig = 0.5–1.00. The figure 
shows the well known facts that with increasing velocity and 
decreasing grain numbers, more fragmentation occurs [19, 
22, 34]. In addition, we observe that with increasing dis-
sipation (here: normal friction) fragmentation is prevented. 
This appears to be a novel result; it was reached here because 
we use exactly the same clusters at the same velocities but 
with changed values of the energy dissipation. It appears 
plausible since dissipation destroys the kinetic energy that 
is available for grain bouncing and hence for cluster frag-
mentation. The effect is astonishingly strong; by reducing 
the friction coefficient by a factor of 0.5, nearly all collisions 
in the velocity and size window studied here become frag-
menting. A reduction of A by a factor of 2 has a similar—but 

somewhat more pronounced—effect as a reduction of the 
collision energy by a factor of 2. This is also the reason why 
we did not change the friction coefficient in a wider range.

In Fig. 6, we used the scaling parameter E∕Esep , which 
compares the available collision energy to the total energy 
needed to break all intergranular contacts, Esep = NEbreak , 
Eq. (15). For fixed N and A, the energy is varied by the clus-
ter velocity, v. Such a scaling has been proposed by Dominik 
and Tielens [10] and has been used repeatedly to compare 
fragmentation results among different clusters [4, 13, 19].

Figure 6 shows that this parameter does not allow to col-
lapse all collision data on a single curve. However, this is 
possible, when changing the scaling parameter to explicitly 
contain the number of grains, N. Figure 7 shows that our 
data collapse on a single curve for all N, if we use the scaling 
parameter E∕(N�Esep) ; the best results were achieved with 
� in the range 0.6–0.7. We will use � = 2∕3 from now on. 
We note that for our clusters, E∕Esep ∝ v2 , since the grain 
number drops out from the ratio, and the materials param-
eters appearing in Ebreak are unchanged. A scaling parameter 
E∕(N�Esep) with � ≠ 0 thus means that cluster size explicitly 
enters the description.

(a)

(b)

Fig. 6   a Agglomeration parameter X and b fragmentation parameter 
N
s
 as a function of E∕Esep for collisions of clusters with various grain 

numbers, N, and friction coefficients, A 

(a)

(b)

Fig. 7   Same data as in Fig. 6, but plotted versus E∕[Esep(2Nc
)2∕3]
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Data collapse works better with the fragmentation 
parameter Ns than with the agglomeration parameter X. 
This finding coincides with our experience that X has some 
ambiguity in defining fragmentation: small values of X 
might either mean strong fragmentation or intact bouncing 
of the clusters. We therefore propose that the use of Ns is 
more adequate in quantifying cluster fragmentation.

Of course, for different dissipation constants A, differ-
ent master curves are obtained, since the details of the 
collision and of the fragmentation change, see Sect. 3.4. 
It is possible to collapse all data to just one master curve 
by using a parameter E∕[N�Esep(A∕Aorig]

�) ; Fig. 8 demon-
strates that such a data collapse works well with � = 0.8 . 
The dependence on A means that for lower friction, the 
cluster will exhibit stronger fragmentation, which is 
expected.

Since the number of grains scales like the cluster vol-
ume, N ∝ R3 , the value of � = 2∕3 can be associated with a 
cluster-size dependence corresponding to that of the clus-
ter cross section. A value of � = 2∕3 can, however, also be 
discussed in terms of the cluster passage time

since then the scaling parameter E∕(N2∕3
Esep) ∝ (v∕R)2 = t

−2
pass

.
Our result that the relevant scaling parameter for clus-

ter fragmentation in collisions, E∕(N�Esep) with � = 2∕3 , 
thus points at the fact that during cluster stopping in the 
collision, the collision energy cannot be used directly to 
break all clusters. Fragmentation first occurs in the shallow 
collision zone with an area ∝ N2∕3 and then expands into 
the entire merged clusters (volume ∝ N  ). These features 
explain the exponent of � = 2∕3 . Evidently, energy dis-
sipation in the collision dictates to what extent the entire 
collision energy is available to break all bonds, or is dis-
sipated away, before it can reach each grain. For this rea-
son, we now discuss the role of energy dissipation in the 
collisions studied here.

3.3 � Time dependence of fragmentation

Figure 9a and b show the fragmentation parameter plotted as 
a function of time for two collisions of clusters of N = 1250 
grains each at collision velocity v = 20 m/s, with friction 
parameters A = 0.5Aorig and A = Aorig . We observe that for 
both collisions, Ns goes up to almost 1 at times of 1.5–2.5 μs , 
indicating complete fragmentation. However, at later times, 
Ns decreases again; this means that grains assemble again 
to form clusters. This process is particularly pronounced for 
the higher value of the friction parameter, Fig. 9b. The ensu-
ing decrease in Ns shows that fragmentation is not a simple 
process of breaking up several contacts just once. In fact, 
contacts can break, but contacts can also form (temporarily 
as well as permanently). In this specific case, contacts are 
more likely to form again for higher friction, since higher 
friction dissipates more kinetic energy and grains collide 
with lower relative velocities allowing for more new contacts 
to form. This is not only influenced by friction, but by the 
initial collision velocity as well, see Fig. 9c, since at lower 
collision velocities, contacts can form again.

3.4 � Energy dissipation

For studying energy dissipation, we determine the time 
dependence of the power lost in the collision by all dissipa-
tion channels (sliding, twisting, rolling, normal motion). The 
power lost by dissipative forces is given by

and the power lost by dissipative torques is given by

(19)tpass = R∕v,

(20)Pfs(t) =

N∑

i=1

∑

j≠i

F⃗ij
s
⋅ v⃗i,

(a)

(b)

Fig. 8   Same data as in Fig.  6, but plotted versus E∕[Esep(2Nc
)2∕3

(A∕Aorig)
0.8]
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where we sum over forces and torques exerted by grain j 
on grain i. In Fig. 10 we plot the time evolution of these 
powers (smoothed with a Gaussian filter of 15 ns width) for 
collisions of clusters with N = 1250 grains per cluster at a 
collision velocity of v = 20 m/s for two friction parameters, 
A = 0.5Aorig and A = Aorig . The figure shows that energy dis-
sipation by forces (denoted by Pf ) is dominant over energy 
dissipation by torques ( Pt ). Energy dissipation due to nor-
mal-force dissipation ( Pfn ) and sliding-force dissipation ( Pfs ) 
is of similar order of magnitude. Since initially, the grains do 
not rotate, the collision excites grain rotation as can be seen 
by the positive sign in the sliding ( Pts ) rotational mode. The 
twisting mode ( Ptt ) as well as (to a lesser extent) the rolling 
mode ( Ptr ) are de-excited.

(21)Pts(t) =

N∑

i=1

∑

j≠i

d⃗ij
s
⋅ 𝜔⃗i,

(a)

(b)

(c)

Fig. 9   Temporal evolution of the fragmentation parameter, N
s
 , for 

a collision of clusters with N = 1250 grains each, at v = 20 m/s for 
friction parameters of a A = 0.5Aorig and b A = Aorig . c Shows this 
quantity for large clusters, N = 3750 , at lower velocity, v = 10 m/s 
and with friction parameter A = Aorig

(a)

(b)

Fig. 10   Temporal evolution of the power dissipated in the various 
dissipation channels for a collision of clusters with N = 1250 grains 
per cluster at a collision velocity of v = 20m∕s , for friction param-
eters of a A = 0.5Aorig and b A = Aorig
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Table 1 assembles the energy balance at a time of 2 μs 
quantitatively. As Fig. 10 showed, dissipation data at 2 μs 
after the start of the collision is close to final. Table 1a 
quantifies that the energies dissipated by normal and sliding 
forces are dominant, while energies in rotational motion are 
minor; sliding induces rotation, and so this channel carries 
another sign than the other channels.

We compare the collision energy E = 459.7 pJ in Table 1b 
with the final energies. Around 20% of the initial energy are 
found at 2 � s in translational motion of grains while their 
rotation carries only a minor fraction of energy. If we sum 
these kinetic energies with the dissipated energy, we obtain 
a value which agrees within better than 1% with the initial 
collision energy E. The small error is caused by the numeri-
cal integration of the power over time. The energy needed 
for the fragmentation of all grains, Esep , amounts to only 
85.6 fJ in this case, and can be ignored in this calculation.

Fragment kinetic energies are higher for A = 0.5Aorig , 
since less energy has been dissipated, while a large number 
of fragments has been created which then leave the collision 
zone without further interaction.

One can see that for the original value of A = Aorig , the 
powers dissipated through normal and sliding motion are 
very close to each other, while the importance of normal 
motion for the dissipation decreases for lower A. This is 
clear from the fact that A enters into the normal force as a 
parameter.

A reduction of A by 50% does not lead to a similar reduc-
tion in the power dissipated in the normal-force channel 
( Pfn ), which is only reduced by 24%. In addition, this reduc-
tion is partly compensated by an increase in the power dissi-
pated by sliding motion; this increase may be induced by the 
longer-lived contacts (reduced fragmentation, see Fig. 9) for 
large A. As a summary, we see that a reduction of A slightly 
(by 6%) reduces the energy dissipation during the collision, 
enhancing the kinetic energy going into the fragments.

Figure 10 shows that the time scale for energy dissipa-
tion is around 2 μs . We may compare this time scale with 
the cluster passage time defined in Eq. (19). For a velocity 
of v = 20 m/s, tpass = 0.63 (0.79, 0.9) � s for cluster sizes of 

N = 1250 (2500, 3750) grains. A comparison with Fig. 10 
shows that the collisions are indeed over after around (2–3) 
tpass . Such short time scales for collisions are in agreement 
with previous results of cluster stopping in a granular envi-
ronment [35], and can be justified by referring to energy-
proportional stopping as in Poncelet’s law [36, 37].

Figure 11 shows plots of the time evolution of the kinetic 
energy during the collision, averaged over 10 collisions. 
In Fig. 11a, we observe that for higher collision velocities, 
energy will initially be dissipated faster—roughly in agree-
ment with the passage-time scale, Eq. (19)—but collisions 
at lower velocities dissipate energy for a longer time and, 
most strikingly, at the end of the simulation have dissipated 
a higher fraction of their starting energy. Figure 11b shows 
a similar effect for varied cluster size, N, such that large-
cluster collisions lead to longer-lasting energy dissipation. 
We argue that this feature is consistent with our observation 
that E∕Esep is not a good parameter to describe the collisions. 
As the number of grains and contacts effectively cancel out 
of E∕Esep , this parameter does not show any dependence 
on cluster size. It would describe a fragmentation process 
well, where impact energy is distributed through the cluster 
instantaneously. Realistic collisions, however, will initially 
store their energy in the collision zone and from there energy 
will gradually spread throughout the cluster. If contacts 
break too rapidly, there is no effective means for transport-
ing the impact energy throughout the entire clusters, and 
contacts far away from the impact site are not affected by 
the collision. Collisions at lower velocities store less energy 
in the collision zone, break up less contacts and allow for 
energy to be distributed better throughout the cluster. This 
allows for more energy to be dissipated eventually.

The time evolution of the energy dissipation of collid-
ing clusters is only negligibly affected by the dissipation 
constant A, Fig. 11c. This demonstrates that our choice of 
varying A to allow for a larger variety of collision situa-
tions affects the collision time scale only negligibly. How-
ever, energy dissipation proceeds for longer time scales 
for large values of A. This is caused by less fragmentation 

Table 1   Energy balance of the collision analyzed in Fig. 11 for two values of the friction constant A 

Top: Energies dissipated within 2 μs in the various channels, and their sum. Bottom: Comparison of the collision energy E with the kinetic and 
rotational energies of grains, Ekin and Erot , respectively, at 2 μs , the total dissipated energy, Ediss , which is given by the sum value of (a), and the 
final energy, Efin = Ekin + Erot + Ediss

A fn (pJ) fs (pJ) tr (pJ) ts (pJ) tt (pJ) sum (pJ)

Aorig − 192.83 − 190.28 − 4.03 28.63 − 20.48 − 378.99
0.5Aorig − 147.11 − 215.04 − 2.22 25.60 − 18.64 − 357.40

 A E (pJ) Ekin (pJ) Erot (pJ) Ediss (pJ) Efin (pJ)

Aorig 459.69 78.67 3.20 378.99 460.86
0.5Aorig 459.69 98.76 4.04 357.40 460.20
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occurring in this case, as discussed in connection with 
Fig. 9.

Note that even though the energy dissipation processes 
do not appear to have completely stopped at the end of the 
simulation, the fragmentation patterns are final, see Fig. 9. 

Minor relative motion in the grains still exists, but contacts 
do no longer change significantly.

4 � Conclusions

We discuss the scaling of fragmentation in granular cluster 
collisions using as a basis a series of simulations for granular 
silica clusters, � = 0.28 , containing several thousand grains 
at velocities where fragmentation starts. We obtain the fol-
lowing findings. 

1.	 The parameter E∕Esep is not a good quantity to describe 
fragmentation. Results do not collapse on a single curve 
when described with E∕Esep . This finding is in contrast 
to previous arguments [10].

2.	 However, when plotting fragmentation parameters vs. 
E∕(N�Esep) with � = 2∕3 , data for various N and v col-
lapse to a single curve.

3.	 We argue that the reason for the scaling with E∕(N�Esep) 
lies in the space dependence of energy deposition during 
cluster collisions and in the ensuing energy dissipation. 
For vanishing energy dissipation, the entire collision 
energy E could be used for fragmentation, and � = 0 
would result. Taking dissipation into account, it is not 
the entire energy E that can be used for fragmentation; 
rather it is the areal energy density E∕R2 ∝ E∕N2∕3 that 
is relevant, since collisions initially occur in the collision 
plane. The energy is transported only slowly away from 
the collision zone while energy already dissipates away. 
This explains a value of � close to 2/3.

Cluster fragmentation is accompanied by energy dissipation. 
Here the potential energy spent in cluster break-up plays 
only a minor role in the examples studied here, since the 
parameter E∕Esep , which describes the ratio of the avail-
able collision energy to the energy needed to fragment the 
cluster completely, is of the order of 1000. We find that the 
collision energy is spent mostly by normal and tangential 
(sliding) forces between grains, while torques mediated by 
grain rotation are negligible in this respect.

In order to understand the effect of energy dissipation 
on cluster fragmentation in more detail, we allowed the 
viscoelastic friction parameter A, which describes energy 
dissipation of the normal contact force, to vary. Besides 
the obvious effect that lower values of A lead to less energy 
dissipation and hence a higher remaining kinetic energy 
of the fragments, we also find that it induces higher frag-
mentation. This effect is counter-intuitive at first sight, but 
is caused by the fact that high energy dissipation leads to 
smaller velocities of the fragments that thus have a higher 
chance to recombine to clusters. Indeed we see that for 
high A, fragmentation has a non-monotonic time evolution, 

(a)

(b)

(c)

Fig. 11   Temporal evolution of the normalized kinetic energy for col-
lisions of a clusters with N = 2500 grains per cluster and a friction 
parameter of A = 0.75Aorig at various velocities v, b clusters with 
velocity 20 m/s and a friction parameter of A = Aorig for various clus-
ter sizes N, and c clusters with N = 2500 grains colliding with veloc-
ity 20 m/s for various friction parameters A 
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and thus features a prominent grain recombination regime. 
As a consequence, dissipation also lasts for a longer time 
than for small A where the cluster is more completely 
fragmented.

The time scale of energy dissipation amounts to around 
three times the cluster passage time, Eq. (19). However, 
changes in the fragmentation parameters can proceed for a 
longer time, in particular for large clusters and low veloci-
ties, as at low energies new contacts are able to form.

In our systems, the difference between the number of 
grains, N, and the number of contacts, Nc , is negligible, 
since for clusters assembled by ballistic deposition, the local 
coordination of each grain is 2—except at the surface—such 
there is only a constant factor between N and Nc , which is of 
no consequence for scaling arguments. Also for more com-
pact clusters, where the coordination number is larger, the 
difference between N and Nc will only introduce a constant 
factor in the scaling parameter.

One might speculate to what extent the cluster shape 
influences collisions and the resulting fragmentation pat-
terns. Such an influence is indeed to be expected: If two 
oblate clusters meet with their flat sides, more fragmentation 
is to be expected than for two prolate clusters colliding with 
their tips. This argument follows the dependence of our scal-
ing on the cluster cross section via N� . For the dissipation 
of non-collisional energy input—such as by granular tem-
perature or release of elastic energy—such an argument is 
not so easily available, as such an energy input might either 
be homogeneous in the entire cluster or follow a law not 
determined by the cluster cross section. We therefore do not 
expect our analysis to be easily extended to non-collisional 
energy transfers.

The fragmentation behavior during cluster collisions is 
relevant for instance in the field of dust agglomeration in 
protoplanetary disks, and our material parameters were cho-
sen to apply for such situations. Here, scaling parameters 
are used for comparing experimental and simulational data, 
or for extrapolating available data to other size or velocity 
regimes. We expect that our argument that E∕(N�Esep) rather 
than E∕Esep is the appropriate scaling parameter for clus-
ter fragmentation will prove useful in data comparison and 
extrapolation as well as in numerical schemes for calculating 
the temporal evolution of dust disks.
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