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A BSTRACT
The macroscopic behavior of granular media is determined by interactions at the grain
scale. While some phenomena in granular media can be explained by hard sphere
models, experiments always deal with friction, van-der-Waals forces, liquid bridge
formation and tribocharging. In how far these interactions determine the macroscopic
behavior and the relative strength of each interaction in a real experiment are often
difficult to estimate. In this thesis, we investigate how changes at the surfaces of
granular spheres can influence the macroscopic behavior of a granular medium. In
a first experiment, we measure the rheological properties of surface modified granular particles. Such modifications necessarily influence multiple factors at once and
so we measure the influence of the surface modifications on friction, wettability and
triboelectric charging behavior and then correlate the changes at the grain scale to the
macroscopic behavior. In a second experiment, we investigate in how far charging effects due to tribocharging can determine the packing structure of a granular packing. In
the context of controlling the triboelectric effect, we investigate the stochastic nature of
exchanged charges in collisions of granular particles and investigate the effect of surface treatments on triboelectric charging behavior. We show that triboelectric charging
can indeed define the packing structure and lead to ordered structures in which electrostatic potential is minimized. The effect of boundary conditions is also investigated.
Finally, we show that wall friction and piston shape influence the force propagation
and displacements in a two dimensional granular medium.
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Z USAMMENFASSUNG
Das makroskopische Verhalten granularer Medien wird von Interaktionen auf Partikelebene bestimmt. Obwohl einige granulare Phänomene durch harte Kugel Modelle erklärt werden können beinhalten Experimente immer Reibung, van-der-Waals
Kräfte, Wasserbrücken und triboelektrisches Aufladen. Inwieweit diese Interaktionen
das makroskopische Verhalten bestimmen und die relative Stärke der einzelnen Interaktionen in realen Experimenten sind oft schwierig abzuschätzen. In dieser Dissertation untersuchen wir, wie Veränderungen an der Oberfläche von granularen Kugeln
die makroskopischen Eigenschaften des Mediums beeinflussen. In einem ersten Experiment messen wir die rheologischen Eigenschaften von oberflächenmodifizierten
granularen Teilchen. Solche Modifikationen beeinflussen zwangsläufig mehrere Faktoren auf einmal und deshalb messen wir den Einfluss der Oberflächenmodifikationen auf Reibung, Benetzbarkeit und triboelektrisches Aufladungsverhalten und korrelieren dann die Veränderung auf Partikelebene mit dem makroskopischen Verhalten.
In einem zweiten Experiment untersuchen wir inwieweit Ladungseffekte durch Triboelektrizität die Packungsstruktur granularer Packungen bestimmen. In dem Zusammenhang, den triboelektrischen Effekt zu kontrollieren, untersuchen wir die stochastische Natur der ausgetauschten Ladungen in Kollisionen granularer Teilchen und untersuchen den Effekt von Oberflächenmodifikationen auf das triboelektrische Aufladungsverhalten. Wir zeigen, dass triboelektrisches Aufladen tatsächlich die Packungsstruktur definieren kann und zu geordneten Strukturen führt, in denen das elektrostatische
Potential minimiert wird. Der Einfluss von Randeffekten wird ebenfalls untersucht.
Schließlich zeigen wir, dass Wandreibung und Form von Kolben die Kraftausbreitung
und das Verschiebungsverhalten in einem zweidimensionalen granularen Medium beeinflussen.
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L IST OF A BBREVIATIONS
1D one dimensional
2D two dimensional
3D three dimensional
A/D analog-digital (typically converter)
BCC body centered cubic
CT (X-ray) computed tomography
FCC face centered cubic
HCP hexagonally close packed
HMDS hexamethyldisilazane
ISS international space station
PECVD plasma enhanced chemical vapor deposition
PMMA polymethylmethacrylate
PP polypropylene
PTFE polytetrafluoroethylene, Teflon
PTMS 1H,1H,2H,2H-perfluorodecyltrimethoxysilane
RCP random close packing
RLP random loose packing
SA self assembly
SC simple cubic
SEM scanning electron microscope
X-ray X radiation, Röntgen radiation
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L IST OF S YMBOLS
Sign
a
A
αs
dasp

Description
time derivative of the velocity of an object
peak amplitude during vibration
angle at which sliding occurs in the inclined plane experiments
size of asperities

Bo
ql

cohesive granular bond number
bond orientational order parameter

CF
Q
θ
τp

capacity of Faraday cup
charge
contact angle
torque at plateau, continuous yield limit

ρ

solid density of an object

E

elastic modulus, also called Young’s modulus; slope of stress-strain
curve in the elastic region
equilibrium separation due to van-der-Waals forces
reduced elastic modulus combining the contributions of two contacting bodies

h0
E∗

Ef
F
f
µ

Fermi energy
force
frequency
coefficient of friction

g

gravitational acceleration on earth

A

Hamaker constant relating to the strength of van der Waals interactions
height of granular column

H

Unit
m/s2
m
°
m

C/V
C
°
Nm
kg/m3
Pa
m
Pa

N
1/s

m/s2

m
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Sign

Description

I
∆Pz

intensity, e.g. optical
inter-plane distance in vertical direction

m

mass of an object

N

number of objects

ϕ
γ
π
DP
ν
U
p
∆Pt
τ pr

packing fraction
peak acceleration due to vertical vibrations
ratio of circumference of circle to its diameter
diameter of top plate in the particle-particle friction experiment
Poisson ratio; ratio of transveral expansion for a uniaxially compressed body
potential; energy difference between two points
pressure per grain
difference in pressure compared to the start of the experiment
principal stress

g(r)
R
Rg
εp
n

radial distribution function, also known as pair correlation function
radius of object
resistance to gas flow of granular column
coefficient of restitution
rotation rate in revolutions per second

σs
h
σ
γ
k
u
γ
Vc

scattering cross section
separation between objects
shear stress
shear strain
stress-optical coefficient
superficial gas velocity
surface energy
difference in surface potential
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Unit
J/(m2 s)

kg

m/s2
m

J
N/m2
N/m2
N/m2

m
1/m2
1/s

m
N/m2
m2 /N
m/s
J/m2
V

Sign
σT
d
t
τ

Description
tensile strength
thickness
time
torque

ε0
η
V
V̇

vacuum permittivity
viscosity as the relation of shear stress and shear strain
volume
volumetric flow rate

λ
φ

wave length
work function

Unit
N/m2
m
s
Nm
C2 /(N m2 )
N s/m2
m3
m3 /s
m
J
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1 I NTRODUCTION

Figure 1.1: xkcd cartoon reprinted with permission from https://xkcd.com/
1867/[1].
The cartoon depicted in figure 1.1 highlights an apparent discrepancy of how on the
one hand, physicists have developed extremely well tested fundamental models describing processes such as happen in high-energy particle collisions at the large hadron
collider (LHC), while on the other hand everyday phenomena such as sand flowing in
an hourglass or the charges exchanged through frictional contacts remain difficult to
predict. One problem that arises when describing such everyday phenomena is that
often times there are processes at many length and time scales acting together.
The first example mentioned in figure 1.1 is that we do not know why ice skates work.
On a macroscopic level, one would like to describe this system by use of a friction coefficient for metal sliding on ice and such friction coefficients are typically about 0.03
at -3◦ C [2]. However, to explain why the friction coefficient is so low, exact knowledge
of the processes happening in the contact area are required. The current explanations
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typically involve formation of a water film due to either pressure melting or frictional
heating and a subsequent reduction in friction due to the low viscosity of the water
film [2, 3]. A part of the difficulty when it comes to describing this situation and frictional contacts in general is that the real contact area is only a small fraction of the
1
1
th or 1000
th and the differmacroscopic contact area. This small fraction might be 10
ence in resulting local pressures will be two orders of magnitude. Also in terms of
time scales, one must consider heat transfer rates to the ice, melting rate at the contact
and compare those to the macroscopic sliding speeds.
The second example in figure 1.1 considers the flowing of sand such as it might be
encountered in an hourglass. Flowing of sand is fundamentally different to that of
other media such as liquids. The flow of a Newtonian liquid through an opening is
well described by Bernoulli’s equation and the flow velocity will be described well by
continuum quantities like the pressure exerted by the liquid on top. This works because water molecules are orders of magnitude smaller than even a small opening and
because the pressure is distributed isotropically in the medium.
A granular medium like sand is an athermal agglomerate of macroscopic constituents
which interact via dissipative contacts. The concept of pressure is different to that in
a liquid in the sense that the force imparted on every grain of sand will be the sum
of the contact forces on the grain and this quantity varies considerably even between
neighboring grains [4, 5]. Instead of a scalar continuum quantity like liquid pressure,
the forces in a granular system are characterized by formation of force networks and
in fact the flow of sand through the orifice does not depend on the amount of material
on top [6]. To describe the flow of sand through the orifice, the force network at the
interface between granular medium and orifice needs to be considered. The important
characteristic here is that the opening is not many orders of magnitude greater in size
than the grains of sand. This can lead to effects like arching that can either temporarily or permanently stop the flow [6, 7]. The distance over which arches form depends
critically on the friction between particles [8].
So as we can see, the behavior of the granular medium flowing through an orifice
which may be in a small hourglass or in a giant corn silo is defined by the interactions
of the particles which happen in contacts where asperities of a few micrometers determine if the system will arch or not. This is also an example of how the arrangement
of the constituents defines the macroscopic behavior. Continuum models of granular
media that do not account for the structure of the granular medium have no option to
describe such phenomena [8].
The third example of figure 1.1 is about the electric charge that appears when we rub
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our hair with a balloon. We call this phenomenon triboelectricity and it is indeed still
poorly understood. A number of mechanisms that involve different exchanged charge
carriers have been proposed [9–11] and depending on the environmental conditions
some mechanisms will be more important than others [12–14]. In addition to that,
a discharge step immediately following the tribocharging step has been suggested to
explain experimental findings [15, 16]. What also makes tribocharging so difficult to
predict is that the macroscopic effects can be caused by a relatively small fraction of
atoms in the contact region. For the charge densities measured in the collision between
a 2 mm glass sphere and a PTFE slab such as will be presented in chapter 4, only about
1 in every 106 atoms in the contact region would need to transfer an elementary charge
to account for the measured charge densities. Despite the small length and time scales
on which tribocharging occurs, the effects of it can be macroscopically visible such as
in spectacular volcano plumes [17, 18] or dust devils [19].
The systems we have mentioned this far are not just of scientific interest but also highly
relevant for industrial processes. Accurate knowledge of frictional properties in extreme conditions are required to allow for safe braking of cars on roads and reduction
of friction in manufacturing processes yields greater efficiency and less wear on components.
Flow properties of granular media are of immediate interest to pharmaceutical companies, the food industry or anyone handling powders. Clogging of pipes caused by
arching [20] and segregation of reaction materials [21] in a fluidized bed reactor are
common problem that can be traced back to the granular nature of the medium that is
used.
The use of granular media in novel processes such as granular-medium based tube
press hardening [22, 23] promises exciting improvements for the light-weight construction of car parts which require high stiffness. In the tube press hardening process,
the steel part is heated and subjected to high pressure during the forming process. The
pressure is provided by a forming medium which can be a liquid, a gas or a granular
medium. The process is illustrated in figure 1.2. To achieve greatest material strength,
the steel must be formed while above the austenitization temperature and cooled down
quickly enough to attain the martensite structure. This means that hot tube press hardening for steels such as 22MnB5 with an austenitization temperature above 950◦ C [24]
can not be accomplished by e.g. oils as forming medias since those are only stable until
350◦ C. Gaseous media are an alternative but their use poses different challenges such
as leakage and high compressibility. Therefore, granular media which can sustain high
temperatures and pressures and do not suffer from leakage are the best choice for the
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(a) Setup before forming.

(b) Setup after forming.

Figure 1.2: Schematic of the setup used during the granular medium based tube press
hardening process. The punch (a) exerts a pressure on the granular medium (b) which
pushes the metal sheet (c) against the die (d).

hot tube press hardening process.
However, using a granular medium as forming medium introduces additional challenges because of the non-hydrostatic pressure transmission inside a granular medium.
This problem is highlighted in figure 1.2. For ideal forming, the pressure exerted by
the granular medium on the tube should be high even in the center of the granular
column. In granular media however, a branched force network and friction with the
wall lead to decrease of the axial pressure with distance from the pressure source in a
granular column in accordance with the Janssen effect [25, 26]. In Janssens original
experiments, he showed that the measured pressure on the bottom of a silo filled with
corn saturates once enough corn is filled. Once the saturation pressure is approached,
the additional pressure of corn placed at the top will be redirected almost completely
to the silo walls. This pressure decrease with difference from the piston is the first
difficulty arising from using granular media as a forming medium.
The second problem becomes apparent when considering the difference in shape of
the granular medium in figure 1.2a and 1.2b. During the forming process, the granular
medium needs to not only deform the tube but also change shape itself in order to fit
into the die in the final forming step. A system that is elongated in one direction while
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(a) Force chains in compression geometry.

(b) Force chains in pure shear geometry.

Figure 1.3: Force network as it develops for isotropic compression (fig. 1.3a) and pure
shear (fig. 1.3b). The force network in the case of isotropic compression has short
range correlations of the force network. The force network in the pure shear geometry
instead exhibits long range correlations in the direction in which the shear is applied.
Reprinted with permission from [4]

being compressed perpendicular to that direction is referred to as pure shear and the
force network that develops is qualitatively different to a pure compressive system [4].
The force networks that were measured for each geometry are demonstrated in figure
1.3. Majmudar and Behringer measured long-range correlations in the direction of
force chains in a sheared system, whereas isotropically compressed systems exhibited
short-range correlations of the forces. In addition, the distributions of normal forces
were qualitatively different.
In summary, using granular media as forming media in tube hydroforming requires
understanding of both the force propagation and the shear response of the granular
medium. The behavior of a granular medium depends on interactions at all scales:
microscopic interactions at the grain scale determine the force network and finally the
macroscopic response that we measure. This motivates a study of how exactly the
macroscopic behavior changes when microscopic parameters are modified by e.g. surface treatment of the particles making up the granular medium. This thesis tackles this
question. An overview of the interdependence between microscopic and macroscopic
interactions in granular media as well as a note about which chapter of this thesis will
discuss these topics is given in figure 1.4.
In chapter 2, we will present measurements on the influence of surface treatments
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Microscopic

Macroscopic

Friction/ Capillary/
Tribocharging
Chapter 2
Tribocharging
Chapter 4

Shear response
Chapter 3

Packing structure
Chapter 5

Force propagation
Chapter 6

Boundary conditions

Figure 1.4: Interdependence between microscopic and macroscopic interactions in
granular media. The arrows can be read as “influences”.
on the microscopic interactions relevant for granular media. These measurements include friction, capillary bridge formation and triboelectric charging behavior of zirconia beads whose surface has been coated with a flowing agent, graphite, boron nitride
or a carbofluorination technique. The modifications at grain scale are related to the
macroscopic flowing behavior and shear response in chapter 3.
The second part of this thesis is dedicated to a novel approach to influencing the packing structure of granular media through the use of triboelectric charging. For this purpose, we investigate the stochastic nature of triboelectric charging and the feasibility
of modifying the charging behavior through surface treatment in chapter 4. In chapter
5 we then show that the packing structure is indeed defined by triboelectric charging.
Finally the influence of boundary conditions like wall friction and piston shape on the
force transmission in granular media is explicitly shown in chapter 6.
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2 M ICROSCOPIC INTERACTIONS OF
TAILORED GRANULAR MEDIA
Modifications of the surface of granular particles influences friction, contact angle and
triboelectric charging. We show that a reduction of friction coefficient against a flat
surface does not necessarily translate to a reduction of particle-particle friction if the
surface roughness is changed at the same time. We also present a method of coating
granular media that leads to lower friction, higher contact angle and switches the sign
of acquired charges in a triboelectric charging experiment.

2.1 I NTRODUCTION
The behavior of granular media at the bulk level depends on microscopic interactions
in grain contacts. Cohesion between constituents determines the boundary between
freely flowing powders and cohesive powders prone to clogging in e.g. fluidized bed
experiments [27, 28]. Friction is present in all experiments containing granular particles and its presence has important consequences for the dynamics of granular systems,
especially dense ones [29]. In the next section, we will review the most common grainscale interactions relevant for granular media. In section 2.3, we present experiments
that investigate how microscopic interactions might change when surface treatments
are applied. The surface treatments include common solid lubricants as well as a carbofluorination technique adapted to granular spheres. These results are discussed in
section 2.4.

2.2 M ICROSCOPIC INTERACTIONS IN GRANULAR
MEDIA
Predicting macroscopic behavior of granular media has proven to be a difficult task.
This may seem surprising, given that on the grain scale the motion of constituents is

25

simply governed by Newtons second and third laws of motion [30], namely:
m~a = ∑ ~Fi

(II –1)

~FAB = −~FBA ,

(II –2)

i

where F~AB describes the force exerted by object A on object B. In static granular piles,
equation (II –1) requires that the sum of all forces on each sphere is equal to 0. In this
section, we will review the forces acting on spherical granular particles and how they
scale with particle size and depend on environmental conditions.

G RAVITATIONAL FORCES : Gravitational forces act on every object proportional to
its mass m. Therefore, spheres with radii R and density ρ will be subjected to a gravitational force:
~Fg = mg~ez = gρ 4 πR3~ez ,
3

(II –3)

where ~ez is a unit vector pointing to the center of earth. Because of the ∝ R3 scaling,
gravitational forces dominate for large sphere sizes. In any experiment in standard laboratory conditions, gravitational forces limit the available ranges for packing densities
and pressures to packings that are mechanically stable. When observing a granular
medium in a jar, doubling the size of the jar will not alter the local densities inside
the granular medium. To achieve lower volume fractions or lower confining pressures,
experiments need to be done in microgravity environments like drop tower, parabolic
flight, sounding rocket or ISS experiments. Alternative approaches of decreasing the
influence of gravity include suspending the granular medium in a liquid or fluidizing
the granular medium.

C ONTACT FORCES : The simplest model describing some characteristics of a granular media is the hard-sphere model. In the hard sphere model, all particles are perfect
spheres and the interaction potential is 0 if the spheres do not overlap and infinite if
they do overlap. No real object is perfectly hard, and real materials deform when a
force is applied. Granular deformations for objects in contact are typically related to
the contact forces using Hertzian contact mechanics [31]. For two spherical bodies
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with radii R1 and R2 that are in an elastic contact with indentation h, the normal force
F will be [32, p.35]:
h3/2
F= ∗
E



R1 R2
R1 + R2

1/2
(II –4)

where E ∗ is defined for the materials with Poisson ratio ν1 and ν2 and Young’s moduli
E1 and E2 :


3 1 − ν12 1 − ν22
∗
.
(II –5)
+
E =
4
E1
E2
For in the inelastic regime, see for example ref. [33].
VAN - DER -WAALS FORCES :

In non-polar materials, these forces arise from spontaneously induced dipole-dipole interactions between neighboring molecules. The functional form was given by Hamaker [34] based on London’s dispersion interaction energy [35] and reads:
A
U(h; R1 , R2 ) = −
6



 2

2R1 R2
2R1 R2
r − (R1 + R2 )2
+
+ ln 2
,
r2 − (R1 + R2 )2 r2 − (R1 − R2 )2
r − (R1 − R2 )2
(II –6)

where A is the material dependent Hamaker constant and r = R1 + R2 + h is the total
center-to-center distance of the two spheres. For small separation h << R1 , R2 , this
equation can be approximated as:
U(h; R1 , R2 ) = −

AR1 R2
.
(R1 + R2 )6h

(II –7)

From the functional form, we see that this force scales with the curvature of contact.
Because of this, van-der-Waals forces have roughly the same magnitude regardless of
particle size. This means that they are of greater significance if influences of other
forces like gravity or electrostatic charging are smaller. Because of the dependence on
particle separation, van-der-Waals forces greatly depend on surface roughness [36].
Whether or not cohesive forces can be expected to dominate behavior can be estimated
based on the cohesive granular Bond number Bo which is defined as the ratio of cohesive forces to gravitational forces and is [37]:
Bo =

3Adasp
,
20πρgd 3p h20

(II –8)
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Figure 2.1: A drop of liquid resting on a solid will form an angle θe at the point of
contact. Measuring the contact angle can be used to calculate the surface energy of the
solid-liquid interface.
where dasp is the average size of asperities and h0 is the equilibrium separation based
on the van-der-Waals forces.
van-der-Waals forces are a major contributor to the cohesive behavior of dry fine powders for example in a fluidized bed [28, 37].

F RICTION : Friction is the force resisting the motion of two bodies in contact moved
relative to each other. It is not a fundamental force but rather a consequence of intersurface adhesion, surface deformations, and surface roughness and as such, the field
of tribology is extremely complex. Dry friction is described by the Coulomb friction
law:
Fµ ≤ µFN ,

(II –9)

where Fµ is the frictional force, µ is the coefficient of friction and FN is the normal
force applied at the contact. The coefficient of friction is an empirical parameter that
is typically independent of applied load and apparent area of contact. There are two
regimes for dry friction, namely the static and dynamic regime that have different
friction coefficients where generally the coefficient of static friction µs is greater than
the coefficient of dynamic friction µd .
The coefficients of friction have been shown to depend on materials in contact [38],
surface topography [39–41] and triboelectricity [11, 42].
Friction in granular systems has been linked to segregation [43], force propagation [44,
45] and avalanching [46].
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Figure 2.2: Geometry of a liquid bridge of two spheres of radius R1 and R2 a distance
H apart. For an accurate calculation of the liquid bridge force, knowledge of φ and θ
would be required.
L IQUID BRIDGES [36, 47]: The study of water adsorption onto solid surfaces is a
relatively old problem originally described by Young and Laplace [48, 49]. The contact
angle of a droplet resting on a solid surface is typically described by:
γSV − γSL − γLV cos(θ ) = 0,

(II –10)

where γAB is the surface energy density of the AB interface and θ is the contact angle
(see figure 2.1). Measuring the contact angle is an easy way to determine the surface
energy difference between the solid-vapor interface and the solid-liquid interface. If
γSL > γSV , spreading of liquid reduces free energy and the liquid will accumulate in a
drop instead of spreading.
Water adsorption plays an important role for granular media because of formation of
liquid bridges at the contacts of partially wetted spheres. The forces exerted by a liquid
bridge are always attractive and in general depend on the geometry of the meniscus that
is formed as illustrated in figure 2.2. Liquid bridge interactions are most relevant for
particles in contact since the capillary bridge can rupture for larger sphere separations.
In the humidity region where liquid bridges are relevant, the force exerted by a liquid
bridge of two spheres in contact is given by [50]:
Fb = 2πRγLV cos(θ )

(II –11)

The presence of liquids in granular media affect tensile strength[51], flow properties[52, 53] and mixing behavior[54, 55].
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E LECTROSTATIC FORCES : The electrostatic force between two homogeneously charged
spheres of charge Q1 and Q2 that are a distance r apart will be equal to the Coulomb
force:
Fq =

Q1 Q2
4πε0 r2

(II –12)

where ε0 is the vacuum permittivity ε0 = 8.85×10−12 C2 N−1 m−2 . Electrostatic charges
on spheres can arise for example from contact electrification which will be discussed in
detail in chapter 4. The coulomb forces will be attractive if the charges on the objects
have different sign and repulsive for charges of the same sign. Coulomb forces are
long range interactions and the contributions of each charged sphere will superimpose
to create an electric field that spheres interact with.

M ODIFYING INTERACTIONS OF GRANULAR MEDIA In simulations, properties of
granular media like coefficient of friction can easily be changed through simply changing a line of code. In experimental systems, changing one variable, like for example
surface roughness, will have an influence on van-der-Waals forces, liquid bridge formation, friction and triboelectric charging. The macroscopic effect of such changes
will depend on e.g. the particle size: for small spheres with high Bo, increased roughness leads to a decrease in van-der-Waals forces and thus to better flowability. For
large spheres with low Bo, however, increased roughness will increase friction due to
additional interlocking, thus reducing flowability [37].
Methods for influencing friction in experiments include the addition of lubricants to
the surface. Solid lubricants can be classified in four categories [38]:
• Carbon-based materials (e.g. graphite or diamond-like carbons): In graphite,
the carbon atoms form hexagonally packed and covalently bonded planes. The
planes are connected to each other by van-der-Waals forces that are weaker than
the in-plane covalent bonds, so that the planes can slide across each other relatively easily [56]. The same mechanism can be used to explain the low friction
properties of boron nitride [57]
• Transition metal dichalcogenide compounds (e.g. MoS2 and WS2 ): Like in
graphite, the low friction in these compounds is a result of the crystal structure leading to interlamellar weak planes.
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• Polymers (e.g. Teflon): Chemically, teflon is a compound made up of fully fluorinated carbon chains. This results in high inertness and low polarizability,
leading to low adhesive forces in the contacts [58]. Shorter chains of fluorocarbons can be seen between two PTFE surfaces in contact as a consequence of
wear, influencing frictional properties [59].
• Soft metals (e.g. siver, tin, gold): Thin films of soft metals reduce the friction
between surfaces by providing shear accommodation.
These additives are typically deposited onto the surfaces using techniques such as
physical vapor deposition (e.g. sputtering) which are typically line of sight and therefore not suited for granular matter. An alternative is chemical vapor deposition (CVD).
CVD can be made practical at lower temperatures by use of a plasma (plasma enhanced CDV, PECVD) which offers homogeneous coating even in samples made up
of spheres [60].
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2.3 E XPERIMENTAL METHODS AND RESULTS
In an ideal world, one would like to change only a single variable on the grain scale
(e.g. friction, hydrophobicity) and then observe the macroscopic influences on granular behavior like packing properties or rheology. However, as we have seen, the way
the interactions are connected to each other make such an approach difficult. One solution is to design the experiment in a way that limits all interactions except the one
under investigation. We present here an alternative approach that involves combining
measurements of multiple relevant parameters on the microscopic scale in an effort to
identify the parameters that really influence macroscopic behavior.
We will start by describing the surface treatment methods that were applied. We then
characterize the surfaces using scanning electron microscopy. Finally, we show measurements of friction coefficient, contact angle and charging behavior of the coated
samples.

2.3.1 S URFACE TREATMENTS
We measure changes in friction coefficient and contact angle for industrially applicable granular media where the surface has been modified with commercially available
additives or a plasma based carbofluorination technique. The granular media we use
are cerium stabilized zirconium oxide spheres (CeraBeads 0.4, Netzsch) with a particle
size of 400-600 µm.
The carbofluorination technique is an adaption of similar plasma deposition techniques [61] to granular samples. In the carbofluorination process, the carbon-carbon
bonds in fully fluorinated carbon chains are broken by the plasma and the resulting
radicals are attached to the surface by covalent bonds. The carboflourine chains on
the surface are chemically similar to PTFE which is known for its low coefficient of
friction and high contact angle. Since the deposition method is self-terminating, only
a one-molecule thick layer of material is deposited. For details about the deposition
method, see appendix (2.6.1).
The first additive we use is a hydrophobic fumed silica (Aerosil® R812 supplied
by Evonik industries). The particles are nanometer sized silica spheres that form aggregates on the material to be coated. The additive is turned hydrophobic by coating
with hexamethyldisilazane (HMDS). Fumed silica is a flowing agent typically used in
industrial fine powder applications to improve flow properties. This effect is based on
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(a) Two large spheres in contact without flowing agent.

(b) Two large spheres in contact with flowing
agent in the contact.

Figure 2.3: Reduction of van-der-Waals forces between two spheres by addition of
fumed silica additives. The van-der-Waals forces depend on the curvature of the contacting bodies and their separation. In fig. 2.3a, the forces are high because the distance of the two large spheres is small. In fig. 2.3b, the interaction between the two
big spheres is reduced because the separation between them has been increased. The
additional interactions of the large spheres with the flowing agent are generally small
because the curvature of contact is small.
the reduction of van-der-Waals forces between the contacting bodies as illustrated in
figure 2.3. In addition to reducing van-der-Waals forces, fumed silica aggregates can
form intertwining networks which need to be broken for the material to flow. This
can give suspensions shear-thinning properties, i.e. a reduction of shear stress needed
when strain rate is increased. We will refer to results with this additive as "flowing
agent".
The additives graphite and hexagonal boron nitride are both common lubricants. The
reduction in friction is typically explained by the tendency of these materials to form
hexagonal planes, where the bond strength inside the plane is significantly stronger
than the bonds between planes. This effectively allows the planes to slide over each
other, leading to the low friction coefficient. We use graphite powder supplied by EColl and boron nitride powder (HeBoFill® 410) supplied by Henze.
Aerosil, graphite and boron nitride were all purchased in powder form and mixed with
the granular medium in a vortex mixer. All samples were cleaned in an argon plasma
before the surface treatment. Argon is inert, and so the surfaces are physically cleaned
off dirt without chemically altering the surface of the spheres. We compare the surface
treated samples to a plasma cleaned sample for reference.

33

2.3.2 M EASUREMENT OF SURFACE COVERAGE AND ROUGHNESS
Scanning electron microscopy (SEM) images of the zirconia beads after surface treatments are shown in figure 2.4. The plasma cleaned surface shown in figure 2.4a is
relatively smooth with few asperities. In figure 2.4b, the agglomerates of the flowing
agent can be seen on the surface. The agglomerate size varies locally so that these
surfaces can be expected to have a higher roughness.
The carbofluorinated surfaces (see figure 2.4c) are visually identical to the plasma
cleaned zirconia beads. Both graphite (see figure 2.4d) and boron nitride (see figure 2.4e) are clearly visible in the electron microscopy images and an equal coverage
of the entire surface can be verified. For graphite, no visible agglomeration takes place
while some is visible for boron nitride. This could indicate a higher roughness of the
boron nitride samples.

2.3.3 M EASUREMENT OF FRICTION COEFFICIENTS
F RICTION AGAINST A SMOOTH SURFACE We use an inclined plane setup to measure static (µs ) and dynamic (µd ) friction coefficients of the surface treated particles
against a smooth surface (CZ-Si-wafer, MicroChemicals GmbH). We chose a Si-wafer
because in a first set of experiments with glass microscopy slides as a medium, the
spread of results was greater and dynamic friction coefficients were impossible to
measure because stick-slip motion set in instead of a constant motion with constant
acceleration. A picture of the setup is shown in figure 2.5. We glue three spheres to
the bottom of a carrier to prevent rolling of the spheres, while making sure the only
contact with the Si-wafer surface is by spheres. We adjust the angle to the horizontal
α by slowly moving the linear rail until the slider starts moving down the slope. The
static friction coefficient is then calculated as (see appendix for details):
µs = tan(αs ),

(II –13)

where αs is the angle at which sliding started. We record videos of the sliding motion
using a camera recording at 60 Hz and measure the distance to the initial position at
every frame. From this information, we calculate the trajectory down the slope as
shown in figure 2.6. We find that a quadratic fit works quite well to describe the
data, meaning that the assumption of a constant, velocity-independent dynamic friction
coefficient µd appears valid in this context. From a fit of the form s(t) = 2a t 2 + c, we
calculate the apparent acceleration down the slope.
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(a) Plasma cleaned zirconia beads.

(b) Zirconia beads with flowing agent.

(c) Carbofluorinated zirconia beads.

(d) Zirconia beads coated with graphite.

(e) Zirconia beads coated with boron nitride.

Figure 2.4: Electron microscopy images of the surface on zirconia beads after applying
the specified surface treatment.
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Figure 2.5: Setup used to measure static and dynamic friction coefficients. The components are: The slider (a) with 3 surface treated particles (b) glued to the bottom sits
on top of a silicon wafer (c). The angle to the horizontal is increased by moving the
linear rail (d) further left.
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Figure 2.6: Trajectory down the slope as determined from analyzing video footage
(crosses). The solid line is a quadratic fit from which we can calculate the effective
acceleration down the slope.

Table 2.1: Measured friction coefficients.
Treatment

α(◦ )

∆α

µs

∆µs

a(ms−2 )

∆a

µd

∆µd

µ pp

∆µ pp

Cleaned
Carboflourinated
Flowing agent
Graphite
Boron nitride

12.4
10.9
10.4
9.1
8.6

2.5
1.2
1.0
1.3
0.8

0.22(1)
0.19(4)
0.18(3)
0.16(0)
0.15(1)

0.046
0.022
0.018
0.023
0.014

0.741
0.401
0.296
0.306
0.081

0.460
0.192
0.122
0.230
0.042

0.14(3)
0.15(7)
0.15(2)
0.12(9)
0.14(3)

0.052
0.022
0.014
0.026
0.006

0.37(6)
0.40(9)
0.45(6)
0.29(5)
0.42(2)

0.016
0.010
0.010
0.018
0.010
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a
b
c
d

(b) Layers of beads.
(c) Photograph of setup.

(a) Sketch of setup used
to measure particle-particle
friction.

Figure 2.7: A sketch of the setup is shown in 2.7a. A single layer of particles (b and
fig. 2.7b right) is attached to the plate of a rheometer (a). A second layer of particles
(c and fig. 2.7b left) is attached to a foam (d) that presses the surfaces together. The
layers of particles are shown in figure 2.7b.The setup is shown in figure 2.7c.

From the static friction coefficient and the acceleration down the slope, we can calculate the coefficient of dynamic friction as:
µd = tan αs −

a
.
g cos αs

(II –14)

The measured angles, accelerations and coefficients of static and dynamic friction as
well as the errors on the quantities are given in table 2.1. Each value is an average of
at least 9 measurements. The friction coefficients are also visualized in figure 2.8.
We see the highest static friction coefficient for cleaned samples. The carbofluorinated
and samples with added flowing agent had a slightly lower friction coefficient, while
graphite and boron nitride reduced the friction even more. The differences in dynamic
friction coefficient are comparably smaller and all samples are within one standard deviation of each other.
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Coefficient of friction
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Figure 2.8: Coefficients of static (µs ) and dynamic (µd ) friction as calculated from the
inclined slope experiments as well as particle particle friction µ pp . The error bars are
calculated using error propagation and the statistical error of at least 8 measurements
(see appendix (2.6.2) for details).
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(a) Normal force recorded by the rheometer during one measurement.
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(b) Torque recorded by the rheometer during one measurement.

Figure 2.9: Normal force (2.9a) and torque (2.9b) as recorded for a plasma-cleaned
sample for two single layers of spheres rotated against each other in a rheometer. Also
shown is the mean of each measurement. Both normal force and torque fluctuate
strongly throughout the measurement but no systematic drift away from the mean is
present.

F RICTION OF PARTICLES IN CONTACT WITH OTHER PARTICLES In addition to the
friction coefficient of individual spheres against a smooth surface, we also measure the
particle-particle friction with a setup as shown in figure 2.7. Here, two single layers
of spheres are pressed together by the force exerted by a deformed foam. We then
rotate the top layer controlled by a rheometer (MCR 102 by Anton Paar) and measure
the normal force as well as the torque needed to maintain rotation. The top layer is
smaller than the bottom layer and the diameter of the circular top layer thus determines
the area of contact. The normal force can be increased by compressing the foam more.
An example of the forces and torques recorded during one such measurement is
shown in figure 2.9. Both normal force and torque fluctuate strongly around a mean
value during the experiment.
When averaging the normal force and torque over the period of each measurement
and plotting the two against each other, we see a linear relation (see fig. 2.10). We
verified that the slopes do not depend on rotational speed over the tested range from
0.1s−1 to 10s−1 . Figure 2.10 combines the results of multiple rotational speeds tested.
The slope of the linear relation depends on the surface treatment with graphite coated
samples exhibiting the lowest slope while samples with added flowing agent exhibit
the highest slope. We can relate the slope to a coefficient of particle-particle friction
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Figure 2.10: The mean torque as a function of applied normal force follows a straight
line from which we can calculate a coefficient of particle-particle friction. The slope
of the fitted linear functions changes with surface treatment, where the sample with
added flowing agent shows the highest slope and the graphite coated sample exhibits
the lowest slope. This figure combines the results of various rotation rates from 0.1s− 1
to 10s−1 .
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µ pp via the relation (see appendix section 2.6.2):
µ pp =

3τ
,
DFN

(II –15)

where D is the diameter of the top layer of spheres. The coefficents of friction for
particle particle contacts are listed in table 2.1 and visualized in figure 2.8. The coefficient of particle particle friction is greater and varies more strongly with surface
treatment than the static and dynamic coefficicents of friction against a smooth plane.
The ordering of lowest to highest coefficient of friction is quite different for the particle particle measurements. While the plasma cleaned surfaces exhibited the highest
static coefficient against a smooth plane, their particle particle friction coefficient is
the second lowest. While boron nitride exhibited the lowest static friction, it’s particle particle friction is second highest. The sample with added flowing agent exhibited
slightly better static friction than the cleaned or carbofluorinated samples but has the
highest friction for particle particle contacts.

2.3.4 M EASUREMENT OF CONTACT ANGLES
We additionally measure changes in contact angle with water since formation of water
bridges plays a crucial role for granular systems. We measure the contact angle of a
layer of zirconia spheres attached to an adhesive strip. We place a drop of 10 µL on
the monolayer and immediately record a photo using a Nikon D3300. The images are
later analyzed using the imaging software ImageJ with the plugin DropSnake [62]. A
picture of the sphere monolayer with water drop and fitted drop curvature is shown in
figure 2.11.
Table 2.2: Measured contact angles.

Treatment
Cleaned
Carboflourinated
Flowing agent
Graphite
Boron nitride

θl (left) ∆θl
78.1
8.8
103.7 8.1
108.9 4.0
108.8 5.2
91.1
5.9

θr (right)
74.8
98.2
107.8
109.8
94.0

∆θr
6.4
5.7
3.5
4.4
2.8

Contact angle θ
76.5
101.0
108.3
109.3
92.6

∆θ
7.6
6.9
3.7
4.8
4.4

The contact angles with errors are listed in table 2.2. Each stated value is an average
of at least six individual measurements. We individually calculated the contact angles
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(a) Contact angle for plasma cleaned spheres.

(b) Contact angle for graphite coated spheres.

Figure 2.11: Measurement of water contact angle for plasma cleaned spheres (2.11a)
and graphite coated spheres (2.11b). Error bars indicate the statistical error from at
least 8 measurements.
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Figure 2.12: Water contact angles of a monolayer of zirconia spheres with specified
surface treatments.
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Figure 2.13: Charges acquired by zirconia beads against a polypropylene container for
different surface treatments.
on the left and right sides, but no systematic difference between the sides is found. The
contact angle results are visualized in figure 2.12. The plasma-cleaned sample features
the lowest and graphite the highest contact angle.

2.3.5 T RIBOELECTRIC CHARGE MEASUREMENT
Table 2.3: Measured charge to mass ratio.

Treatment
Cleaned
Carbofluorinated
Flowing agent
Graphite
Boron nitride

Charge to mass ratio (nC/g)
0.87
-0.29
0.093
0.45
-3.42

Charge per sphere (pC)
0.35
-0.12
0.038
0.18
-1.39

We perform simple Faraday cup measurements to determine how charging behavior changes with surface treatment. The method of how to measure a charge with a
Faraday cup will be described in more detail in chapter 4. We measure the charge
that a previously discharged sample of a certain mass acquires during slow pouring
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out of a polypropylene (PP) container. The slow pouring and the relatively low sample amount was chosen to maximize the effect of particle-container charging, since
particle-particle charging cannot be measured with this method. The results of such
a measurement are show in figure 2.13. The charge on the Faraday cup and therefore
the charge acquired by the sample increases roughly linearly with sample amount for
all surface treatments. The slopes and even the sign of the charge on the Faraday cup
vary quite strongly with the plasma-cleaned and graphite coated sample charging positively and the carbofluorinated and boron nitride coated sample charging negatively.
The sample with added flowing agent charged positively but by roughly an order of
magnitude less than the cleaned sample. The slopes are listed in table 2.3.
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2.4 D ISCUSSION
The results presented in section 2.3 show that a variety of conventionally available surface coating methods as well as the carbofluorination technique can be used to reduce
static friction of granular spheres. We also show that these surface treatments additionally influence wettability and charging behavior. Finally, there is a difference between
the friction coefficient that is measured against a smooth surface and for particle particle contact.
While the carbofluorination technique does not produce changes visible in e.g. an electron microscope due to the small amount of material deposited, we can see the effects
of the fluorinated carbon chains on the surface in a reduced static friction coefficient,
higher contact angle and negative charging against a PP container. All these behaviors
are consistent with the expected behavior of teflon. While the reduction in static friction is small, it is still remarkable that application of a single molecule layer influences
macroscopic behavior measurably.
Addition of the flowing agent led to reduced static friction, higher contact angles and
a reduction of the magnitude of charging. The higher contact angles and reduction
of charging are expected since the material is surface treated for hydrophobicity and
marketed to reduce charging. The flowing agent exhibited the greatest difference between static friction against a smooth surface and particle-particle friction. This could
be explained by the increase in roughness due to agglomerate formation as seen in
the electron microscopy images (see 2.4b). Against the smooth Si-wafer surface, the
roughness on the surface does not lead to interlocking and therefore friction is reduced
due to a decrease of effective contact area. When particles are in contact with other
particles on the other hand, the roughness of both surfaces leads to increased friction
as measured in our experiments.
The same explanation can be used for the boron nitride coated samples, which exhibit
the lowest coefficient of static friction but the second highest coefficient of particleparticle friction. Zirconia beads with added boron nitride exhibited strong negative
charging against a PP container, showing that such additives can be used to control
and even switch charging behavior. However, since boron nitride was used as additive dispersed in the sample as a powder, it is possible that charging was influenced
by patches of boron nitride transferring off the surface. We can also only measure the
mean charge of all spheres which as the measurements in chapter 4 will show is not
sufficient to accurately describe charging behavior.
Graphite coated samples had the second lowest coefficient of static friction, the lowest
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coefficient of particle-particle friction, the highest contact angle and did not influence
charging behavior strongly compared to cleaned samples.
The contact angles we measure could be related to a surface energy on the spheres according to equation (II –10). However, we chose not to do this since spreading on the
single layer of spheres is different to a plane surface and this geometric contribution
would have to be accounted for to calculate the surface energy.

2.5 C ONCLUSION
We have shown that friction, contact angle and triboelectric charging are sensitive
to modifications at the surfaces of granular particles. The friction coefficient against a
smooth surface differs from the particle particle friction which can be related to surface
roughness. We have therefore presented a way to measure friction with and without the
influence of roughness and it will depend on the specific experiment which coefficient
of friction is most telling of the macroscopic behavior. Modification of the surfaces of
granular particles is inherently connected to changes in contact angle and triboelectric
charging properties.
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2.6 A PPENDIX
2.6.1 T HE CARBOFLUORINATION TECHNIQUE
C ARBOFLUORINATION BY PLASMA DEPOSITION : All plasma treatments were performed in a Diener electronic Femto low pressure plasma device. Before the plasma
deposition, the zirconia beads are cleaned in a plasma with argon (Ar) as gas medium.
For the cleaning, we used a gas flow of 10 sccm with the generator operating at 100 W
for a duration of 10 minutes.
For the carbofluorination process, we attach a vial filled with roughly 0.5 ml of hexafluoropropene (Hexafuoropropene, Trimer 97 % purchased from T.H. Geyer) to the
plasma device. Hexafluoropropene was chosen because according to ref. [61], chains
containing double bonds between carbon atoms are particularly suited for plasma deposition. Hexafluoropropene as a trimer is liquid at room temperature, so we use a
heating tape to heat it above the boiling point of 110◦ C directly before start of the deposition process. For the deposition process, an Ar gas flux of 2 sccm at pressures of
between 0.6 and 0.8 mbar and generator power of 60 W are maintained for 10 minutes.
During the deposition, the spheres are in a rotating bottle to achieve homogeneous
coverage of the entire surface. After deposition, the spheres are heat treated in a oven
at 200 ◦ C for two hours which has been found to increase the stability of the films.

2.6.2 C ALCULATION OF FRICTION COEFFICIENTS
S TATIC AND DYNAMIC FRICTION COEFFICIENT CALCULATIONS : The force balance on the slider in the inclined plane experiments is shown in figure 2.14. The
gravitational force Fg can be split up into a component parallel to the slope Fk and one
perpendicular to the inclined plane F⊥ . The slider will remain stationary, as long as
Fk is balanced by the frictional force Fµ (see situation I in 2.14). According to the
Coulomb friction law, the friction force can not be higher than the friction coefficient
times the normal force:
Fµ ≤ µs F⊥ .

(II –16)

This means that the slider will start sliding, as soon as the inequality is broken. At this
point, Fk = Fµ so that the coefficient of friction is related to the angle at which sliding
first occurs αs :
µs =

F⊥
mg sin(αs )
=
= tan(αs ).
Fk
mg cos(αs )

(II –17)
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Figure 2.14: Forces acting on the slider: gravitational force Fg can be split up into two
components, one down the slope Fk and the other into the Si-wafer F⊥ . As long as
the slider is stationary (situation I), the friction force Fµ balances the force down the
slope. Once the slider starts moving (situation II), the force down the slope will be
higher than the friction force.
Once sliding starts (see situation II in 2.14, there will be a net acceleration because the
friction force is reduced to Fµ = µd F⊥ and µd < µs , therefore:
ma = Fk − µd F⊥ = mg sin(αs ) − µd mg cos(αs )
a
,
=> µd = tan(αs ) −
g cos(αs )

(II –18)
(II –19)

where a is the acceleration down the slope.
The errors on the friction coefficients were calculated using the variance formula:
s 
 2
∂f
∂f 2 2
∆ f (x, y, . . .) =
∆x +
∆y2 + . . .
(II –20)
∂x
∂y
where ∆ f is the standard deviation of the function f and ∆x is the standard deviation
of the observable x. The coefficient of static friction only depends on one observable,
namely the angle αs . We therefore get:
∆µs =

∂ tan(αs )
1
∆αs =
∆αs ,
2
∂ αs
cos (αs )

(II –21)

where ∆αs is the statistic error for the angle at which sliding occurs as determined
from the at least 9 measurements performed for each sample. In analog, the error on
the coefficient of dynamic friction is:
s


2
1
1
a sin(αs ) 2
2
∆µd =
−
(∆αs ) +
(∆a)2
(II –22)
cos2 (αs ) g cos2 (αs )
g cos(αs )
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PARTICLE - PARTICLE FRICTION COEFFICIENT CALCULATION : The coefficient of
friction relates the lateral forces to the normal forces. We can assume that the normal
forces are equally distributed across the disk of diameter D. If we assume that the
lateral forces are equally distributed as well, we can relate the lateral forces to the
measured torques. The assumption of equal lateral forces is not invalidated by the
location dependent speeds on the contact area since we find no dependence of friction
on rotation velocity. The total torque is calculated from the average lateral force πFDl 2
4
as:
τ=

dr
0

=

Z 2π

Z D/2

rdφ
0

Fl D
3

Fl r
π 2
4D

(II –23)
(II –24)

Since the particle particle friction is the lateral force divided by the normal force, we
get:
µ pp =

Fl
3τ
=
FN
DFN

(II –25)
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3 F LOW PROPERTIES OF TAILORED
GRANULAR MEDIA
The flow behavior of granular media is related to interactions at grain scale. We measure the tensile strength of surface treated granular media and find that the tensile
strength is lower in samples with lower static friction coefficient. We measure an increased continuous torque required to maintain a steady rotation in samples with higher
particle-particle friction. We also show that the scaling of the torque against rotation
rate depends on friction coefficient and gas velocity in experiments with simultaneous
fluidization and shearing.

3.1 I NTRODUCTION
The flow behavior of granular solids is a topic that has been extensively studied in
the context of soil mechanics to understand phenomena such as avalanches or landslides [46, 63]. Depending on the circumstances, the behavior of granular particles
will be similar to a solid (e.g. in a sand pile), a liquid (e.g. when pouring cereal) or
a gas (e.g. when strongly agitated) [64]. For each regime, different scaling laws apply and the material can transition between one state and another. Due to dissipative
collisions, a constant supply of energy is required to keep a granular medium in the
flowing state and even more energy to keep it in the gas-like state. In this chapter, we
will consider two alternative ways of agitating granular media, namely fluidization by
a gas stream and shearing in a rheometer and finally combine both to best characterize
granular flow behavior. We will start by reviewing past experiments on the fluidization
behavior in section 3.2 and on the response of granular media to shearing in section
3.3. Our experiments and results will be structured similarly and focus on fluidization experiments in section 3.4.1, shear experiments in section 3.4.2 and finally the
combination of both processes in section 3.4.3.
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3.2 F LUIDIZATION BEHAVIOR OF GRANULAR MEDIA
The flow of gas through a static porous medium is governed by Darcy’s law which we
can write as [65]:
∆P = Rg Hηg u

(III –1)

with ∆P the pressure difference before and after the bed, Rg the resistance to gas flow
imposed by the granular medium, H the height of the bed, ηg is the gas viscosity and
u the superficial gas velocity, i.e. the total gas flow divided by the tube cross section
u = AV̇T . There exist a number of constitutive equations to describe Rg of granular
media, among others the Kozeny-Carman equation [66]:
Rg = a

ϕ2
(1 − ϕ)3 d 2p

(III –2)

where a is a proportionality constant, ϕ is the packing fraction of the granular medium
and d p is the particle diameter. We note the dependence of granular air resistance on
packing fraction and particle diameter. This is a continuum approximation that assumes constant ϕ to fully describe the granular medium disregarding ordering or local
inhomogeneities.
If we increase the gas velocity going through a cohesionless granular medium, the
pressure difference ∆P will eventually be higher than the gravitational pressure exerted by the packing Pg = mg
AT where AT is the cross sectional area of the tube. At this
point the granular medium will go from a solid-like state to a fluid-like state where
contacts are periodically broken. The fluidization behavior of granular media is qualitatively different for fine powders compared to granular particles of 100µm size or
more [27, 28]. Here we will only consider the behavior of spherical zirconia beads
with a size of 400-600µm such as were used in the experiments in chapter 2 and will
be used for the experiments here. According to eq. (8) in ref. [27], the zirconia beads
are in the Geldart D regime, meaning that fluidization will be accompanied by formation of bubbles and that the bubble velocity is less than the superficial gas velocity.
Fluidization can be used to measure a material’s tensile strength as described in ref. [67].
If the granular medium is cohesive, the pressure that can build up in front of the bed
before fluidization sets in is increased by the tensile strength ∆PF = mg
AT + σT . As such,
the tensile strength can easily be measured by measuring the sudden decrease of pressure at the point of fluidization.
Fluidized beds are additionally of interest for research on granular media because the
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fluid flow can be used to prepare packings in densities that are otherwise only attainable by e.g. microgravity experiments or by suspension in a liquid. Schröter et al.
have shown that using a water fluidized bed, the packing fraction that is achieved during settling after applying a flow pulse can be set continuously by the flow pulse flow
rate [68].

3.3 R ESPONSE TO SHEAR IN GRANULAR MEDIA
The shear response of granular media is often described using continuum models that
attempt to relate the shear stress to shear velocities. This may have been motivated
by the early works of Bagnold who found that the shear stress scales with the shear
velocity squared for dense suspensions in the limit of large velocities [69]. Since then,
a number of scientists have refined such models and the progress is summarized in
review papers [64, 70–72].
The shear response is often described using the viscosity η, which is the factor relating
shear stress σ and shear rate γ̇:
σ = η γ̇ .

(III –3)

There are three possibilities for the scaling of η:
1. η independent of γ̇: This is called viscous behavior and fluids who exhibit it are
called Newtonian fluid. Examples include water, air and alcohol for the range
of strain rates typically encountered. Theoretical predictions for inelastic hard
sphere systems also exhibit a Newtonian regime but at low densities and low
shear rates not typically encountered in granular media experiments [73].
2. η decreasing with increasing γ̇: This behavior is called shear-thinning and is
encountered in paints that flow easily when applied but stop flowing once on the
wall. Dense granular media exhibit shear-thinning in the low shear rate regime
where formation of shear bands lead to shear-rate independent stresses [74],[75,
p.149].
3. η increasing with increasing γ̇: We call this behavior shear-thickening and it is
encountered most famously in suspensions of e.g. cornstarch that allow a person
to walk on them if they run fast enough even though they will sink if trying to
stand still on the suspension. This behavior is common to granular media in the
high-shear regime where Bagnold scaling predicts the shear stress to increase
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with the shear velocity squared and therefore the viscosity increases linearly
with shear rate in this regime [76].
As we can see, shear behavior of granular media is highly complex since shear thinning, shear thickening and viscous behavior can all occur under certain experimental
situations. This is exemplified by the experiments performed by Peters et al. [77] who
investigated a sheared granular medium in suspension and observed that as the strain
rate is increased, the suspension exhibits a shear thinning, a Newtonian and a shear
thickening regime. In addition, they related the response to a sudden impact to the
structure of the medium. In dense suspensions where the underlying granular medium
is structurally jammed, a sphere dropped onto the suspension would rebound whereas
it would sink if the granular structure is unjammed. Peters et al. further identified a
regime where the underlying force network was initially unjammed but the impact of
the sphere was enough to locally jam the network so that the sphere would rebound on
impact.
The relation between shearing and granular structure is also investigated by Rietz et
al. [78], who show how granular systems locally crystallize when the system is sheared
repeatedly.
While many studies have investigated fluidization or shearing in granular media, only
few studies investigate the shear response of granular media under simultaneous fluidization [79]. One advantage of being able to control a gas flow going through the
granular medium is that the lift force imposed by the gas flow partially counteracts
the influence of gravity. This could otherwise only be achieved by suspension of the
granular medium in liquid which introduces hydrodynamic interactions and influences
rheology measurements. The other alternative would be microgravity experiments
which are more difficult to realize.
While shearing of granular systems is a relatively well studied subject predictive theories relating the microscopic particle properties to macroscopic properties like the
torque required to shear a sample are missing. We have presented in chapter 2 a series
of surface treatments to influence particle behavior at the grain scale and have measured the influence on friction, contact angle and triboelectric charging. On this basis,
we can test the same surface treatments with respect to their fluidization and rheological behavior to relate the microscopic properties to macroscopic flow properties.
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3.4 E XPERIMENTAL METHODS AND RESULTS
We perform rheological measurements using the samples prepared in chapter 2 to identify the macroscopic influence of the surface modifications. We measure both the fluidization behavior of the granular samples, the response to shear and the response
to shear under simultaneous fluidization. From the measurements we will determine
two quantities which could be used to characterize the flow behavior of the granular
medium, namely the tensile strength as well as the continuous yield limit and relate
these to the microscopic friction measurements.
We use the identical granular media as were prepared in chapter 2, namely cerium
stabilized zirconium oxide spheres (CeraBeads 0.4, Netzsch) with a particle size of
400-600 µm. We applied 4 different surface treatments and compare it to one reference. The samples are:
• Cleaned: A reference sample that was cleaned using an inert Ar-plasma. In the
following we will compare each surface treatment to this sample.
• Carbofluorinated: Chains of fully fluorinated carbon are deposited on the surface of the zirconia spheres, giving the samples surface properties similar to
teflon, i.e. a reduced coefficient of static friction, high contact angle against
water and a propensity to charge negatively.
• Flowing agent: Agglomerates of nanometer-sized glass spheres that effectively
increase surface roughness. The samples exhibited a lower coefficient of static
friction but higher coefficient of particle-particle friction. The water contact
angle was increased compared to the cleaned sample and we measured a reduced
absolute charge exchanged during tribocharging.
• Graphite: The sample with this solid lubricant exhibited a decrease of both
static and particle-particle friction, higher water contact angle and comparable
tribocharging behavior to the cleaned sample.
• Boron nitride: We added boron nitride as a solid lubricant and measured an
increase in surface roughness, a decrease in static friction coefficient but increase
in particle particle friction. The sample had a slightly increased contact angle
against water and charged oppositely in the tribocharging experiment.
All measurements are done using a rheometer (MCR 102) built by Anton Paar GmbH.
The rheometer allows exact control over gas flow rate of dry compressed air and rota-

59

a

b

c

d

(b) Rheometer MCR 102 by Anton Paar.

(a) Sketch of setup used for fluidization.

Figure 3.1: Setup used to investigate fluidization behavior of granular samples. A gas
flow rate V̇ is set by the mass flow controller (d). The air passes through the filter (b)
and then through the granular medium inside the sample cell (a). The air pressure is
measured before the filter (c).
tion speed of a paddle-like stirrer. We have sensors to read the air pressure before the
bed, the normal force on the stirrer as well as the torque required to maintain rotation
of the stirrer.
We will start by discussing the fluidization behavior of our samples.

3.4.1 F LUIDIZATION OF GRANULAR PACKINGS
For these experiments we operated the setup without stirrer. A sketch and photograph
of the setup is shown in figure 3.1. Compressed air is first dried and the desired flow
rate is set by a mass flow controller (d). The air passes through a glass frit acting as a
filter (b). The air then passes through the granular medium inside the sample cell (a).
The air pressure is measured before the filter (c). Details about the working principle of
the components used are given in the appendix 3.7.1. In order to measure the pressure
curve of the granular medium, we perform two measurements: one without granular
medium that measures the resistance of the air system and a second measurement with
granular medium in the sample cell. Every sample has a mass of ms = 270g.
An example of such pressure curves can be seen in the inset of figure 3.2. Here, the
gas velocity u was calculated from the set gas flow rate Q as u = Q/AT where AT is the
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1
Filter + sample

Filter only

Figure 3.2: Pressure curve for granular sample (shown here: zirconia beads coated with
graphite) without rheological measurement. The contribution of the granular medium
is obtained by subtracting a measurement of sample and filter from a measurement
of only the filter (see inset). Before fluidization, the pressure increases linearly with
gas velocity where the slope is determined by the sample packing fraction and particle
diameter. After fluidization, the pressure remains constant at the value determined by
sample mass and tube cross section. An overshoot can be seen that increases with
particle cohesion and can be interpreted as the material’s tensile strength.
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cross section of the tube. As such, the gas velocity is to be understood as an average
over the total cross section, although the true local gas velocity will certainly have a
distribution. If we now subtract the measurement of sample and filter from the measurement without sample, we can determine the contribution of the granular sample to
the pressure curve (see fig. 3.2). The sample shown here are graphite coated zirconia
beads. Before fluidization, the pressure increases linearly with gas velocity. In this
regime, the granular packing is static and does not rearrange significantly. Therefore,
the resistance for the gas will be a constant depending on the packing fraction, particle
diameter and gas viscosity. As the gas velocity is increased, more and more load is
taken off the contacts because some of the gravitational pull is reduced by hydrostatic
lifting.
For flow rates beyond the fluidization gas velocity u f , the contacts inside the granular
medium are continuously broken and reformed. The air passes through the granular
medium in bubbles. This is because the gas velocity is high enough to break the granular medium if it forms a dense packing but not so strong as to carry away individual
particles. Increasing the gas flow rate further will increase the size and frequency of
such bubbles, but does not lead to an increase of air pressure in front of the granular
bed. The value that is reached in this regime will correspond to the gravitational pressure exerted by the sample of mass ms on the bottom of the tube with cross-sectional
area AT .
We see that right before the point of fluidization, the pressure increases beyond the
gravitational pressure of the sample and then abruptly falls at the point of fluidization.
The overshoot is the tensile strength of the granular material. We measure both the
flow curve for increasing gas flow rate and then for decreasing gas flow rate without
taking the air flow away in between. During the measurement with increasing flow
rate, the granular sample starts in the static regime with permanent contacts which
contribute to the tensile strength. During the measurement with decreasing flow rate,
the same sample will start in the fluidized state without permanent contacts and will
therefore not exhibit an overshoot. We determine the tensile strength as the maximum
difference between the flow curve recorded for increasing flow rate and the flow curve
recorded with decreasing flow rate. Details on the data analysis are given in the appendix in section 3.7.2.
We measured the tensile strength after filling the sample cell by pouring the zirconia beads. Fluidizing the sample and then letting it settle slowly did not produce a
measurable tensile strength upon repeated fluidization. The measured tensile strength
is visualized in figure 3.3. The argon-cleaned sample exhibited the smallest tensile

62

0.014

0.14

0.012

0.12

0.010

0.10

0.008

0.08
0.006

0.06

0.004

0.04
Tensile strength σT
Torque at plateau τp

0.02

0.002

Boron nitride

Graphite

Flowing agent

Carbofluorinated

0.000
Cleaned

0.00

Torque at plateau τp (Nm)

Tensile strength σT (kPa)

0.16

Figure 3.3: Measured tensile strength σT and plateau torque τ p for the different surface
treatments.
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strength while the graphite-coated sample exhibited the highest tensile strength.

3.4.2 R HEOLOGICAL MEASUREMENT OF UNFLUIDIZED GRANULAR
PACKINGS

In this series of experiments, we shear the granular medium using a paddle-shaped
intruder in a setup as pictured in figure 3.4. The intruder rotation rate can be set and
normal force and torque acting on the intruder can be measured. The machine uses
an optical encoder to measure deflection angle and calculates rotation speed from that.
From the current needed to drive the motor, the torque on the stirrer can be calculated if
it was beforehand calibrated by rotating in air. The device comes installed with translation factors to translate the torque into a shear stress and the rotation rate to a shear
strain. We chose not to do so because in doing so we would have to make assumptions
about the stress distribution inside the granular medium that we cannot measure. In a
viscous liquid, the assumption is valid that the stress distribution is homogeneous. For
a granular medium, formation of shear bands or force inhomogeneities violate such an
assumption.
We start with a low rotation rate and increase that rate in logarithmically spaced steps
so that we achieve a uniform point density on a plot with logarithmic rotation rate axis.
After reaching the maximum rotation rate, we again decrease the rotation rate with the
same recorded steps. The results we show are from the measurements with continuously decreasing rotation rate.
A measurement of torque as a function of rotation rate for each surface treatment
is shown in figure 3.5. For rotation rates up to about 1s−1 , the torque is mostly stable and we thus define τ p as the average of all measured torques in the region from
10−3 − 10−1 s−1 for each sample. The plateau torque is sometimes also referred to
as continuous yield limit. The value of τ p changes measurably with surface treatment, where the sample with flowing agent exhibited the highest value and the graphite
coated sample the lowest one.
We can now attempt to correlate the macroscopic flow properties to the microscopic
measurements that were presented in chapter 2. For this, we plot σT and τ p as a function of static friction coefficient, particle-particle friction coefficient and contact angle.
A graph of all possible combinations is shown in the appendix in figure 3.14. Of these
combinations, only the ones shown in figure 3.6 produced reasonable agreement with
a linear fit as indicated by a high coefficient of determination.
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a
b

(a) Sketch of setup used for
rheological measurement.

(b) Photograph of paddle intruder used in the rheological measurements.

Figure 3.4: Setup used to investigate rheological behavior of granular samples. The
granular sample inside the powder cell (a) is sheared by an intruder (b and fig. 3.4b)
which is controlled by a motor control unit (c).
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Figure 3.5: Measured torque as a function of rotation rate without gas flow for different
surface treatments. The plateau torque τ p depends on surface treatment where samples
with flowing agent exhibit the highest while graphite coated samples exhibited the
lowest value.

Table 3.1: Measured rheological quantities.
Treatment

u f (cm/s)

σT (Pa)

τ p (mNm)

u=0

u = 0.33u f

β
u = 0.67u f

u = 1u f

u = 1.3u f

Cleaned
Carbofluorinated
Flowing agent
Graphite
Boron nitride

0.72
0.7
0.83
0.61
0.83

78.72
90.51
108.60
140.99
136.45

10.01
9.01
12.94
8.18
10.06

1.21
1.24
1.26
1.43
1.61

1.33
1.54
1.21
2.03
1.35

1.35
1.48
1.43
2.01
1.36

1.76
1.60
1.65
1.67
1.65

1.70
1.72
1.66
1.78
1.65
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R2 = 0.93
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0.10

0.15

0.20

Static friction coefficient µs

0.25

(a) Tensile strength of bulk material as measured in the fluidization experiments as a
function of static friction coefficient as determined from inclined plane experiments
against a smooth surface. For the tested samples the tensile strength decreases linearly
with increasing friction coefficient.

Torque at plateau τp (Nm)

Tensile strength σT (kPa)
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(b) Torque at plateau as determined from
shear experiments with the paddle-shaped
stirrer plotted against particle-particle friction
coefficients. The plateau torque increases linearly with particle-particle friction.

Figure 3.6: Correlations found between microscopic parameters µs and µ pp against
macroscopic properties like σT and τ p . Also shown is a linear fit to the data and the
coefficient of determination R2 of that fit. Other combinations like plotting σT as a
function of µ pp or τ p as a function of µs showed obvious lack of correlation with
R2 < 0.3.
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Figure 3.7: Measured torque at a set rotation rate for various gas velocities for the
cleaned sample. For gas flow rates below fluidization, the torque needed to maintain
rotation remains roughly constant up to a rotation rate of around 1s−1 . This plateau
torque τ p reduces with increasing gas flow rate. For high rotation rates, the torque
needed for rotation increases.
All the quantities determined in these measurements are also presented in table 3.1.

3.4.3 R HEOLOGICAL MEASUREMENTS WITH SIMULTANEOUS
FLUIDIZATION

We measure the response to shear using the same protocol as in section 3.4.2 but we
increase the gas velocity for each measurement. We write the gas velocity as a function
of the fluidization gas velocity u f that we determine as the average of the fluidization
velocity for all tested samples. The torque curves for the four tested gas velocities
and the unfluidized experiment are shown in figure 3.7. The results displayed there
are for the argon-cleaned sample but similar trends hold for all surface treatments.
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Figure 3.8: Torque against rotation rate for various gas velocities. We identify a high
rotation rate regime beyond 4.5s−1 where the torque increases smoothly. The solid
lines are fits of the form τ(n) = a ∗ nβ + c to the data in this regime from which we
extract the exponent β .
We measure a linear decrease of the plateau torque τ p with increasing gas velocity.
Close to the point of fluidization and beyond, the plateau torque is close to zero in this
rotation regime. For higher rotation rates, the torque increases.
The same plot as figure 3.7 is shown in figure 3.8 but with linear scaling on both
axes. For rotation rates up to around 4s−1 the slope appears to change if the gas
velocity is close to fluidization. We therefore consider a high rotation rate regime
beyond 4.5s−1 where the scaling appears more stable and we determine the scaling by
fitting an equation of the form
τ(n) = anβ + c

(III –4)

to the data. The fits are also shown in figure 3.8.
The exponent β obtained from the fit is shown in figure 3.9 as a function of gas ve-
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Figure 3.9: The exponent β as a function of flow rate and surface treatment. For most
surface treatments, β increases from 1.2 to 1.8 as the flow rate is increased. Graphite
coated samples exhibit an exponent β of around 2 for low flow rates.
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Figure 3.10: Evolution of measured air pressure difference as a function of rotation
rate for the cleaned sample. We measure the absolute pressure at every point in time
and obtain the pressure difference by subtracting from value measured at the start of
the experiment. Therefore, the air pressure difference is ∆Pt = P(t) − P(t0 ) where t0 is
the start of the experiment. For flow rates below fluidization the measured air pressure
decreases as the rotation rate is increased. For gas velocities in the fully fluidized
regime, the measured pressures fluctuate seemingly random.

locity for all surface treatments. For the argon cleaned sample, the exponent increases
from about 1.3 to 1.7 after fluidization. This trend appears to be similar for all surface
treatments. An exception to this is the graphite coated sample which exhibits an exponent β very close to 2.0 for gas velocities lower than the fluidization velocity.
One interesting phenomenon we encountered during the course of these measurements is the decrease of measured gas pressure as a function of rotation rate for simultaneous fluidization and stirring of the samples. We define ∆Pt = P(t) − P(t0 ) where
t0 is the start of the experiment and plot ∆Pt as a function of rotation rate as shown in
figure 3.10. If no gas flow is applied, the air pressure does not change throughout the
experiment. We measure that the air pressure decreases linearly with rotation rate if
any gas flow is present and if the gas velocity is not in the fully fluidized regime. The
downward slope increases going from 0.33u f to 0.67u f but at 1u f the slope is again
similar to the one of 0.33u f . In the fully fluidized regime, the pressure difference curve
increases and decreases in a seemingly random way.
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Figure 3.11: Measured air pressure difference as a function of rotation rate at a fixed
gas velocity of u = 0.67u f for different surface treatments. The pressure difference
evolution is similar for all samples.
We have measured that this behavior is qualitatively the same for all surface treatments. The measurements for u = 0.67u f for all surface treatments are shown in figure
3.11. The only noticeably different behavior is that for the graphite coated sample ∆Pt
did not decrease immediately but instead started decreasing once a rotation speed of
2s−1 was reached.
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3.5 D ISCUSSION
We have measured the fluidization behavior and shear response of zirconia beads
with surface treatments. From the fluidization measurements, we determine a tensile strength that was lower in the samples with a high coefficient of static friction.
The tensile strength depends on the consolidation pressure of the sample which in our
case only comes from the weight of the zirconia beads themselves. The fact that we
only measure a tensile strength in samples that have been poured and then directly
measured indicates that the tensile strength depends on the way in which the sample
is allowed to settle. A granular packing with higher coefficients of friction is able to
form mechanically stable packings at a lower packing fraction and with fewer contacts per particle than a packing without friction. Therefore, a possible explanation for
a reduction of tensile strength with increasing static friction is that the samples with
higher static friction form looser packings with fewer contacts. The tensile strength is
a measure of the total cohesive energy stored in contacts and will therefore be lowered
by a reduction in contacts.
An additional factor to consider is that the increase in friction will amplify the Janssen
effect and thus lead to less average load on the contacts. Naively, one might think
that friction will hinder fluidization and thus increase tensile strength because friction
could be believed to prevent the motion at the contacts that is required to break apart
the granular medium. However, this should not occur since at the point of fluidization
the weight of the particles is compensated by the gas flow and therefore there is only
little load acting on the contacts. One should therefore not expect an increase of tensile strength with friction coefficient in an identically prepared granular packing. Of
course, correlation does not always mean causation and the changes in tensile strength
could be due to some additional factors we did not consider or could not measure.
While shearing the samples, we measure a torque that remains constant for low rotation rates. This behavior can be explained by the formation of shear bands and has
been described in the literature. We measure that this torque changes measurably when
surface treatments are applied to the zirconia beads. A reasonable correlation has been
found between the plateau torque and the particle-particle friction. After formation of
a shear band, the resistance to shearing could come from spheres of one side of the
band coming into frictional contact with spheres on the other side of the band. This
is a possible explanation for why the torque required for stirring the sample would increase linearly with increasing particle-particle friction.
Despite the correlations that were found, some questions still remain. For example the
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influence of charging in this experiment is difficult to estimate. We can see that after
the experiment, there are some spheres stuck to the wall so we know that the spheres
can attain enough charge from tribocharging to overcome gravity. Some options for
limiting the effect of charging are to apply an electrically conducting coating to the
walls which will reduce sticking of spheres to the walls. This is possible and comparing such experiments to the current one could serve to quantify the influence of
particle-wall charging. However, it would not tell us anything about particle-particle
charging. Alternative options are to add humidity to the gas stream so that the accumulated charges can be dissipated more easily but this would also increase the effect
of liquid bridge formation. Finally, by conducting the experiment in a water fluidized
bed the effect of charges is completely eliminated but now hydrodynamic interactions
between the particles need to be considered.
We have measured that for high rotation rates, the torque scales with the rotation rate
with a scaling exponent β that is between 1.3 at low gas velocities and 2.0 at low
friction and intermediate gas velocities. The scaling in the Bagnold regime would be
expected to be 2.0 and the argument for this scaling is that an increase in rotation rate
increases both the amount of collisions as well as the collision energies that are involved. Therefore the dissipated energy and in a rotation rate controlled experiment
the energy that needs to be provided to maintain rotation scales with the square of the
rotation rate. For those assumptions to be valid, the interactions between spheres needs
to be dominated by collisions. This is not the case when the spheres are in contact most
of the time such as when they are continuously pushed together by gravity. The gas
flow will create a lift force on the spheres that will partly counteract gravity as we can
see from the torque measurements. This explains why increased gas flows lead to a
higher exponent because the assumption of being in a collision dominated regime is
more likely to be fulfilled. The fact that the graphite coated sample which has the lowest particle-particle friction coefficient exhibited the highest scaling exponent β can
be argued in a similar manner. Friction will prevent spheres in loaded contact from
moving and thus increase contact times. Therefore, a sample with low friction can
be expected to enter the collision dominated regime sooner. Once the sample is fully
fluidized, the difference between surface treatments diminishes because the contacts
are no longer continuously loaded and therefore the influence of friction is reduced.
The reduction of gas pressure in front of the granular bed with increasing rotation rate
is a phenomenon not to our knowledge described in the literature. To understand why
this may be happening, we need to consider the air resistance of the granular medium
which increases as the packing density increases. We measure a decrease of pressure
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which means that the resistance of the granular medium is also decreased. Shearing
granular media will locally increase density but also form shear bands with locally
reduced densities. An inhomogeneity of densities could explain the decrease in air
resistance even if the global packing fraction remains the same. A very simple model
could be that shearing the granular medium will create one region of higher density
and one region of lower density in a way that allows the air to pass through the sample
using either the high density or low density path. Since the flow through the low density region will be greater, the effective resistance of the total medium will decrease.
In addition, the granular medium in our cell is not confined at the top, so it is possible
that the global packing fraction decreases by means of the granular medium expanding.
Either way, this discovery could be combined with density sensitive measurements like
diffusive wave spectroscopy or X-ray radiography to measure local densities and density inhomogeneities.

3.6 C ONCLUSIONS
We have presented rheological measurements on fluidized granular samples with various surface treatments that influence friction, contact angle and triboelectric charging.
We identified two measures that describe the flow behavior, namely the tensile strength
of a granular sample settled under its own weight that we determine from fluidization
experiments and the torque at low rotation speeds that we determine from rheological measurements. We find that the tensile strength decreases with increasing static
friction of the particles. We additionally find that the torque at low rotation speeds increases with increasing particle-particle friction. We measure a transition to Bagnold
scaling and that the scaling exponent is closest to Bagnold scaling in samples with low
friction and intermediate gas velocities. We also find that the air pressure in front of the
granular bed decreases when partly fluidized granular samples are sheared. This opens
potentially new opportunities to measure density inhomogeneities in such systems.
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3.7 A PPENDIX
3.7.1 D ETAILS REGARDING DEVICES USED
W ORKING PRINCIPLE OF A MASS FLOW CONTROLLER The rheometer is equipped
with a mass flow controller (MFC 8626 by Bürkert). One way to realize a mass flow
controller is shown in figure 3.12. A small portion of the gas stream (a) is redirected
into a bypass (b) where a heating element (c) is kept at a temperature T . The amount
of heat lost to the gas is proportional to the gas velocity and so the gas velocity can
be determined by measuring the current to the heating element required to maintain T .
The control system (d) compares the determined mass flow with the desired mass flow
and adjusts a magnetic valve (e) to set the correct mass flow.
W ORKING PRINCIPLE OF AIR PRESSURE SENSOR The air pressure in the rheometer
is measured with a piezoresistive transducer (Model 33X by Keller AG). To measure
the air pressure, a silicon membrane is deformed by the air pressure. The membrane
is piezoresistive, meaning that the resistance varies with applied strain. An auxiliary
electronics circuit measures the value of the resistance which can be converted to obtain the air pressure.

3.7.2 D ETAILS REGARDING THE DATA ANALYSIS PROCEDURE
D ETERMINING CORRELATIONS WITH COEFFICIENT OF DETERMINATION The coefficient of determination we use to quantify correlation is a special case of the Pearson correlation coefficient [80, 81]. If we experimentally observe a set of values y
with mean ȳ as a function of x, the coefficient of determination of the linear fit which
produces values ỹ is given by:
∑i (ỹ − ȳ)2
R = 1−
.
∑i (yi − ȳ)2
2

(III –5)

R2 essentially compares the model fit to a model which only uses the mean of the data
set. R2 = 1 for perfect correlation and R2 = 0 for independent quantities.
P ROCEDURE TO DETERMINE TENSILE STRENGTH FROM FLUIDIZATION CURVES
There were three major difficulties we encountered when trying to determine the tensile strength from the flow curves. The first problem is that the air pressure data
recorded by the rheometer contains outliers that have to be removed. We eliminate
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Figure 3.12: Schematic of working principle of a mass flow controller. From the main
gas stream (a) a small fraction is rerouted into a bypass (b). A heating element (c) is
brought to a specified temperature. The amount of heat dissipated to the gas flow will
be proportional to the gas velocity. From the amount of power required to keep the
heating element at a constant temperature, the control system (d) can determine the
mass flow and adjust it by opening or closing a magnetic valve (e).
the outliers by applying a median filter to the pressure data. Alternative filters like a
mean filter would not be suitable for this, because they are less efficient at removing
single outliers and because they would average over the sharp edge encountered at the
point of fluidization. The effectiveness of the median filter is shown in figure 3.13a
where the data for the cleaned sample is shown. We highlighted an obvious outlier
which is not present in the filtered data.
The second problem encountered is that the fluidization transition that takes the medium
from static to the fluidized regime for some samples happened abruptly (see figure 3.2
for the flow curve of the graphite sample) and for other samples happens in multiple
smaller steps (see figure 3.13a for the argon cleaned sample). This means that any
approach based on determining the tensile strength as the greatest difference between
neighboring measurement points would produce unreliable results for samples with a
step wise fluidization transition. Instead we consider the tensile strength as the greatest
difference between a granular sample with cohesive contacts and an identical sample
without such contacts.
Ideally one would want to use the pressure value of the flow curve after fluidization.
However, this introduces the third problem which is that the subtraction of the filter
contribution as shown in the inset of figure 3.2 works with varying degrees of success.
We identify problems in this area when there is a slope after fluidization in the flow
curve of the granular medium. A slope in the flow curve after fluidization makes it
unreliable to use the pressure in this region because it is varying for reasons not related
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Figure 3.13: Data analysis steps required to reliably determine the tensile strength from
flow curves.
to the granular sample.
We solve both the second and third problem by instead relying on the flow curve with
decreasing flow rate where the sample is taken from a fluidized state to the static one.
Since at the fluidization velocity, we measure here a forming of contacts rather than a
breaking of contacts, the overshoot is not seen in the measurements with decreasing
flow rate. We can therefore determine the tensile strength as the maximum difference
between measurement with increasing flow rate and decreasing flow rate at the point
of fluidization. The result of this procedure is shown in figure 3.13b. To be able to
calculate a pressure value for every possible flow rate in the decreasing flow rate flow
curve, we approximate this curve by a spline.
A LL

GRAPHS RELATING MICROSCOPIC PARAMETERS TO MACROSCOPIC OBSERV-

In the following figure (3.14), we will show the macroscopic observables tensile strength and torque at plateau as a function of the microscopic parameters static
friction coefficient, particle particle friction and contact angle.
ABLES
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Figure 3.14: Macroscopic parameters tensile strength and torque at plateau plotted
against microscopic parameters static friction, particle-particle friction and water contact angle (see individual panel) with linear fits and coefficient of determination.
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4 D OUBLE ORIGIN OF STOCHASTIC
GRANULAR TRIBOCHARGING
Results published in:
Haeberle J, Schella A., Sperl M., Schröter M., & Born P. (2018). Double
origin of stochastic granular tribocharging. Soft Matter, 14, 4987-4995.
In addition to the results already published, we present here the influence
of surface treatments on the tribocharging distribution and provide additional details regarding the electron transfer model, the devices used in the
experiments and the silanization technique used for the surface treatments
as well as a detailed calculation of the Hertzian contact area in the single
collision experiment.
The mechanisms underlying triboelectric charging have a stochastic nature. We investigate how this randomness affects the distributions of charges generated on granular
particles during either a single or many collisions. The charge distributions we find in
our experiments are more heavy-tailed than normal distributions with an exponential
decay of the probability, they are asymmetric, and exhibit charges of both signs. Moreover, we find a linear correlation between the width and mean of these distributions.
We rationalize these findings with a model for triboelectric charging which combines
stochastic charge separation during contact and stochastic charge recombination after
separation of the surfaces. Our results further imply that subsequent charging events
are not statistically independent.

4.1 I NTRODUCTION
Forming and breaking of contacts among solid bodies is intrinsically connected to
generation of electrostatic charge [82–84]. This contact- or triboelectric charging has
many spectacular manifestations in granular media, among which are flashes in volcano plumes [17, 18], lightnings in sand storms [19] and self-ignition of dust explosions [85, 86]. Triboelectric charging in granular media has also found technical implementations as in photocopying [87], electrostatic powder coating [88] or electrostatic
dust removal [89–91]. Despite the widespread occurrence of triboelectric charging,
no generally accepted theoretical framework has been developed for all these effects.
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Experimental evidence suggests that the charge separation occurs by a wealth of mechanisms, out of which individual mechanisms may prevail under certain circumstances
[12–14], and quantitative predictions seem to be out of reach [92, 93].
A joint feature of the mechanisms proposed to build up and dissipate static charging
is their stochastic nature (see discussion in sec. 4.2). Here we focus on this stochastic
nature of triboelectric charging of dielectric particles. Knowing the characteristics
of the probability distribution of the charges is of interest in various situations. The
probability of igniting a spark depends on the probability of accumulating an extreme
charge in a contact between particles, while the efficiency of coating processes and
dust removal may be better derived from the average charge of the particles. Correct
modeling of particle interaction depends on the whole range of accessible charges.
In this work, we study the probability distribution of triboelectric charging in both
single collision experiments and for many subsequent collisions (see sec. 4.3). We
find asymmetric, exponential-tailed distributions which range from positive to negative
charges as a common feature in all our experiments. Additionally, the experimental
results imply that subsequent charging events are not statistically independent and that
the mean and the width of the charge distributions are linearly correlated.
These results motivated a search for a common underlying stochastic mechanisms.
In section 4.4 we suggest a model for the probability distribution of triboelectric
charges based on the two stochastic triboelectric processes, charge separation and
charge dissipation. The model reproduces the general features of our measured charge
distributions which suggests that charging and discharging are equally relevant for understanding triboelectricity.

4.2 M ECHANISMS OF TRIBOELECTRICITY
The charge build-up upon breakage of contact of solid bodies is often described in
a first approximation as a material property. This may be motivated by the wellunderstood contact charging of metals, where charge build-up can be predicted by
the work functions of the materials [94, 95]. We provide a more thorough description
of this model in the appendix in section 4.7.1. Based on this material-focused view,
triboelectric series, which rank the affinity of a material to charge positively or negatively after a contact [82], have been developed for a number of materials including
insulators.
However, inconsistencies among different reported triboelectric series can be found
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repeatedly [96–98]. This problem motivated the search for further parameters relevant to charge separation. Experiments identified, among others, hydrophobicity [55,
99], humidity [100–102], temperature [103], strain [104], particle size [9, 12], impact
velocity and angle [15, 102, 105] and particle shape and contact mode [106–108] as
relevant parameters influencing triboelectric charging.
Four mechanisms are presently discussed to fundamentally cause charge separation
in contacts of insulators. One mechanism is the exchange of electrons trapped in localized states within the band gap of the insulators [94, 95, 109]. Electrons can relax
from such excited trapped states near the surface of one body into states in the valence
band of another body in contact, such that a net charge remains after separation of
the bodies. The energy levels and the frequency of these trapped states are randomly
distributed [109], and an additional probability for a relaxation process has to be taken
into account. It should be pointed out that recent work has questioned the generality
of the trapped states model [12].
Another mechanism that separates charges is the exchange of mobile ions and ion
exchange through a medium. If mobile ions are present on the surfaces in contact,
the concentrations will equilibrate by thermal motion, and the amount of charge exchanged correlates directly to the surface density of separable surface groups [10, 98,
99]. Alternative models exist for surfaces without separable surface molecules, which
rely on aqueous ions in surface water films [55, 101] or in the atmosphere [13].
Third, charging by transfer of material was observed for contacts involving polymers [11, 92, 110, 111]. In such experiments, polymers were pressed into contact and
material transfer can be verified in addition to charge transfer. Imaging the surfaces
after separation with Kelvin Force Microscopy revealed a mosaic of positively and
negatively charged microscopic spots [92]; the total net charge thus is the sum over
many independent charge transfers.
Finally, the importance of polarization in generation of charge in granular media
has been highlighted [14, 112]. The charge separated in a contact depends on the field
generated by all charges present in the surrounding, and minute initial charge on one
of the surfaces may be amplified.
The relevance of each of these four mechanisms, which may occur simultaneously in
a single contact, and the extent of triboelectric charging during a contact will depend
on the materials in contact and the aforementioned additionally relevant parameters
and environmental conditions. The present knowledge of these mechanisms has been
reviewed by several authors [10, 11, 113–115].
Common to these four mechanisms is a stochastic microscopic process. The polar-
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ization mechanism may amplify some a priori unknown charge, but the electric field
at the point of contact depends on a surrounding unknown charge landscape which
justifies to assume a random electric field at the point of the contact zone. Also the
microscopic processes at the contact of two bodies underlying the first three mechanisms can be modeled by two random surface distributions of donor and acceptor sites
being pressed together [116], where the donors and acceptors may represent trapped
and valence band states, concentrations of separable surface groups, or concentrations
of transferable polymer chains. Following this model, charge transfer is proportional
to the overlap between acceptor and donor sites. The transferred net charge turns into
a sum over random overlaps, and can be expected to be normally distributed in the
central limit [116].
A second group of studies has focused on the recombination of charges after the
separation of the surfaces. The importance of the recombination and discharging of
the surfaces to the full understanding of tribocharging has been discussed for long
[117]. After all, discharging in spectacular sparks or lightnings is one of the most
obvious manifestations of massive tribocharging.
Careful experiments have shown that even a single, nanoscale contact is followed
by several discharging events [118, 119]. This can be understood by the fact that
due to the limited surface conductivity a single discharging event cannot recombine
the whole charge separated during the contact [86, 120]. The superposition of the
many discharging events then becomes similar to the discharging of a capacitor [86,
121]. Moreover, experimentally observed decay times of triboelectric charges of tens
of microseconds [86] are comparable to estimated contact times for Hertzian collisions
[31], suggesting that contact mechanics limit discharging times.
Several mechanisms can be responsible for the individual discharge events, such as
dark, glow and spark discharge [122]. Discharge by a spark discharge may cause the
upper limit for the charge an insulator particle can carry after a collision [10, 15, 105].
This threshold charge required to ignite a spark can be derived from Paschen’s law
[123].
Which discharge mechanism will occur depends on parameters such as electric
field strength, surface geometry, dielectric breakdown strength and separation velocity.
However, all of these discharging processes through a gas have stochastic contributions
like the probabilistic presence of ions formed by background radiation or illumination,
stochastic collisional ionization of gas molecules and erratic path finding of streamers and sparks[124, 125]. In consequence, the realized conductance and the time the
discharging persists will change stochastically.
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If the contact involves granular particles, additional parameters such as surface
roughness, particle shape variations or rotary particle motion will result in strong fluctuations of factors such as surface geometry and separation velocity. The net attenuation given by conductance and contact mechanics thus can be expected to be a random
variable.
We conclude that both the mechanisms associated with triboelectric charging and
subsequent discharging are of stochastic nature. The statistics of both charging and
discharging and the combined effect have rarely been discussed. Fluctuations of the
net charge of individual particles have been observed in previous studies [10, 12, 126–
128]. In one of these studies a non-normal distribution of the generated charge is
reported [10]. This nontrivial property motivates a closer investigation of the charge
distribution and the relation to the two underlying mechanisms.
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4.3 E XPERIMENTAL METHODS AND RESULTS
Stochastic triboelectric charging implies fluctuations of the charge on granular particles generated in identical configurations. We quantify this by repeated measurements
of the charge generated in a single contact or during multiple collisions of a granular particle. A key aspect of our experiment is the minimization of charges generated
during handling of the particles prior to the single contact measurement. Handling is
inevitably connected to forming and breaking of contacts and as such creates charges
on the particles which will be superimposed to the charge generated in the contact to be
tested. Another elegant approach to minimize charging during handling is presented in
a recent study, where the particles are levitated in an acoustic levitator prior to contact
charging [99].

4.3.1 S INGLE CONTACTS
A schematic of the measurement setup is shown in the inset of Figure 4.1. Spherical
particles (soda-lime glass beads, 4 mm diameter) are released from the reservoir one at
a time through use of a particle dispenser (a). The dispenser picks particles by rotating
a wheel with dimples below the reservoir. The particles are released from the dimples
with rotation of the dispenser wheel and fall an identical distance of 300 mm. The particles are discharged while passing through ionized air with positive and negative ions
created by an ionization needle (Haug OPI) (b). While the kinetic energy of the particles is given by their falling height, the release from the dispenser wheel imparts them
with an additional unknown rotational component. The particles hit a collision target
at an angle of 60◦ (grounded copper slab or polytetrafluoroethylene (PTFE) slab,(c))
and fall into the Faraday cup (d) where their charge is measured using a Keithley 6514
electrometer.
The electrometer measures continuously the charge accumulated by the Faraday
cup. The particles falling into the cup led to equidistant changes in the charge (see
exemplary charge curve in Fig. 4.1). As can be seen from the highlighted examples
(I, II, III), the charges accumulated during the collision by the glass beads can vary
orders of magnitude and also in their sign. The charge distribution P(Qn ) of the net
particle charges Qn is determined by counting each change of charge above a threshold
of 0.1 pC. This threshold is necessary to take the drift of the electrometer into account.
All particles used in our experiments are first rinsed with water and ethanol and
then cleaned in an Argon plasma for 10 min (Diener electronic Femto plasma cleaner).

88

a
b

-+- +--+
+
- +- -- ++

c
d

I

II

III

Figure 4.1: Detail of the charge measurements, here glass beads bouncing off a PTFE
slab. Each particle dropping into the Faraday cup causes a change in charge accumulated in the Faraday cup, resulting in a jump of the curve. Steps I, II, and III exemplify
the large variability in magnitude and sign of the charge on the particles. The inset shows the measurement setup, with the particle dispenser (a) dropping individual
particles through a charge-neutralizing cloud of ionized air created by an ionization
needle (b) onto a collision target (c). The particles bounce after a single collision into
a Faraday cup inside of grounded conductive housing (d).
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Figure 4.2: Probability distribution for charges accumulated in single collisions of
Glass beads with a PTFE slab (a) and of Glass beads with a Copper slab (b). The
dashed lines act as a guide to the eye and show the slope of the exponential decay of
the tails. Also shown in (b) is the distribution of charges on the particles after passing
the ionization needle without colliding with a target.

Between 500 to 1500 particles were dropped for each measurement, the exact numbers
can be found in table 4.1.
In order to identify our background, we first measure the charge distribution of
spheres which have not collided with a target, i.e. dropped directly into the Faraday
cup. Without the ionization needle, these particles accumulate between 100 pc and
1 nC on their surface. After including the ionization needle in the setup, the residual
charge is reduced to a narrow distribution between 1 pC and -5 pC with a mean of
-2.65 pC; this distribution is shown in figure 4.2, b.
Introducing now a collision target in the path of the particles changes the charge
measured on the particles (see Fig. 4.2). Instead of gathering a fixed amount of charge
during the collision, the particle charge becomes wider distributed, with a strong dependency on the collision target material. The particles accumulate a mean charge of
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4.12 pC in the case of of glass beads bouncing off a PTFE slab (Fig. 4.2, a), while
after collision with copper a mean charge of 0.90 pC is accumulated (Fig. 4.2, b). The
distributions are asymmetric, with a skewness of -1.16 (PTFE) / 1.89 (Copper), and are
fat-tailed with an excess kurtosis of 1.63 (PTFE) / 5.20 (Copper). The tails of the distributions decay approximately exponentially. Noteworthy is the pronounced presence
of charges of both signs.
An average charge densities of about 100e− /µm2 for both cases can be estimated
from the mean net charge on the particles of 0.90 pC (Copper) / 4.12 pC (PTFE), assuming a Hertzian contact among a sphere and a flat surface [31] and taking into account a falling height of 30 cm. A detailed calculation is presented in the appendix
section 4.7.4. The charge density is comparable to previous studies on triboelectricity,
where numbers of 300e− /µm2 [84] or 500e− /µm2 [98] are reported. However much
higher charge densities above 1200e− /µm2 , more than ten times the mean, occurred
on 3.5% of the spheres, exemplifying the effect of skewness and fat-tailedness of the
measured distributions.

4.3.2 M ULTIPLE CONTACTS
In a second series of experiments we replace the large glass spheres by smaller spheres
with 500-560 µm diameter; these particles are made of either soda lime glass (Worf
Glaskugeln GmbH) or polystyrene (Spheromers CS 500, Microbeads) and were cleaned
as before. In one experiment, the soda lime glass beads were surface treated to attain
PTFE-like properties. With these small spheres a charge neutralization down to a residual background charge between -0.1 pC and +0.1 pC is achieved, a much better value
than for the larger spheres. The collision targets are replaced by tubes oriented at a
45◦ angle, such that the particles perform many contacts inside the tube before falling
into the Faraday cup (see inset Fig. 4.3). Some experiments are performed inside of
a climate chamber to test the influence of ambient conditions such as the relative air
humidity (RH).
This setup allows us to test how the charge distribution changes as a function of the
average number of contacts a particle experiences. For this purpose we vary the length
of the polymethyl methacrylate (PMMA). We note that the contact mode, the ratio
of normal and tangential component in a contact, may change along with the number
of contacts. The resulting charge distributions are shown in Fig. 4.3. The number of
contacts will grow systematically with tube length, but also the ratio of tangential to
normal force component in each contact will change along the tube. The measured
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Figure 4.3: Probability distributions for charges accumulated by individual glass beads
bouncing down inclined PMMA tubes with lengths of 20 cm, 80 cm, and 100 cm (as
indicated by the arrow). The dashed lines are guides to the eye and highlight the approximately exponential tails of the distributions. Several key features like the asymmetry and the approximately exponential decay of the probability distributions do not
change with number of collisions. The inset shows the measuring setup for multiple
collision measurements.
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Figure 4.4: The charge distributions of glass beads bouncing down a stainless steel
tube of 40 cm length, measured at different relative air humidities (RH). The distributions show no systematic trend with the relative humidity. Again we observe wide,
asymmetric distributions.

average charge grows with tube length (from -2.37 pC to -3.55 pC), accompanied by
an increasing negative skew (from -0.34 to -1.38). The features mentioned for the
charge distributions measured after a single contact also hold for multiple contacts.
All distributions possess approximately exponential tails and a strong asymmetry and
have a positive excess kurtosis (from 0.72 to 1.96).
Because environmental conditions influence triboelectricity, we perform additional
experiments where we vary the relative air humidity using the climate chamber described in [55]. The samples and the setup are kept at constant conditions for at least
half an hour before the start of the measurements. The variation in relative humidity
during the measurement time is smaller than ± 8%RH. The charge distributions measured at 20 %, 30 %, and 60 %RH are displayed in Fig. 4.4. Again we observe wide,
asymmetric distributions irrespective of ambient humidity; the mean values, skew, and
kurtosis are listed in table 4.1. A decrease of the mean charge with relative humidity
can be observed. We also observe an enhanced drift of the charge measurements at
higher humidities, similar to previous studies [13]. This effect prevents charge mea-
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Figure 4.5: Probability distributions for the charges accumulated by individual particles bouncing down tubes made of different material. The particle materials glass and
PS were combined with tube materials of PMMA, grounded stainless steel and PTFE.
The general appearance of the distributions does not depend on the specific material
combination, all combinations lead to sharp, fat-tailed distributions with an excess
kurtosis ranging from 2.03 to 4.69.
surements above 60 %RH.
In order to test how generic the above described features of the charge distributions are, we tested a number of additional material combinations using both glass
and polystyrene (PS) spheres, and tubes made either from PMMA, grounded stainless steel, or PTFE. The resulting charge distributions are displayed in Fig. 4.5. All
distributions are asymmetric with skew values with the same sign as the mean. And
they are fat-tailed with an excess kurtosis ranging from 2.03 to 4.69. Thus the characteristic shape of the distributions obtained in the previous measurements is preserved,
although the average charge varies from -0.87 pC (glass against PMMA) to 0.52 pC
(glass against PTFE). We also considered studying same-material tribocharging using
0.5 mm PMMA spheres in the PMMA tube. The achieved charges were typically less
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than 0.1 pC, not enough to be reliably measured.
We have performed experiments where spheres are treated with 1H,1H,2H,2H-Perfluorodecyltrimethoxysilane (PTMS, purchased from Sigma Aldrich) which creates a
mono layer of fully fluorinated carbon chains on the surface of the glass beads. Details about the treatment process can be found in the appendix 4.7. The fluorinated
carbon chains are chemically similar to PTFE and surfaces treated with PTMS exhibit
properties expected from PTFE like a higher contact angle and less friction (see 4.7).
Figure 4.6 shows the charge distribution of the surface treated glass spheres in comparison to the untreated glass spheres for PMMA and stainless steel tubes as collision
material. The distributions for surface treated glass beads have a skewness with the
same sign as the mean charge and are fat-tailed with an excess kurtosis of 1.06 and
1.47 for PMMA and stainless steel as tube material respectively. The mean of the distribution changes from -0.59 pC to -3.47 pC for collisions with the stainless steel tube
when changing only the surfaces of the glass beads. The mean of the distributions of
untreated and surface treated glass spheres is -0.87 pC and -4.46 pC respectively for
collisions with the PMMA tube.
The moments of all charge distributions reported here can be found in table 4.1 in the
appendix (see section 4.7). None of these distributions is close to a normal distribution.
Beyond the peculiar common shape of the charge distributions, they share another
feature: the standard deviation σn and the mean µn of the charge distribution seem to
be correlated. Figure 4.7 displays σn as a function of µn . The data points are taken
from both our measurements with the 500 µm particles and from a previous study,
where the standard deviation and the mean were reported [129]. A linear correlation
of the width to the average charge can be observed in both cases, only the slopes differ
for the two data sets. A correlation thus is present irrespective of material combination,
surface treatment, average number of collisions, ambient conditions, setup and other
experimental conditions.
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Figure 4.6: Probability distribution for charges accumulated by regular and surface
treated glass spheres against tubes made from either PMMA or grounded stainless
steel. The glass spheres modified with PTMS share the characteristics of asymmetry and fat-tailedness we find in other distributions. For the stainless steel tube, the
mean of the distribution changes from -0.59 pC to -3.47 pC when using surface treated
instead of regular glass spheres. For the PMMA tube, the mean of the distribution
for regular glass beads is -0.87 pC while the distribution mean for the surface treated
spheres is -4.46 pC.
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Figure 4.7: Standard deviations σn of the charge distributions P(Qn ) plotted as a function of the respective means µn . The standard deviation grows linearly with the mean
charge. Circles represent data from the measurements presented here, diamonds are
values taken from a previous study [129]. The linear approximations describe measurements with a wide range of parameters, i.e. different materials, different surface
treatments, different humidities, different number of contacts, and different setups.
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4.4 D OUBLE STOCHASTIC MODEL
Our measurements confirm that the charge generated after breaking a contact between
a particle and a solid is not a material constant, but a random variable. Particles colliding with the same material may gather positive as well as negative charges. The
measured distributions of the triboelectric charges are asymmetric, i.e. mean and median differ, and they also exhibit long, close to exponentially decaying tails. These
qualitative properties of the charge distributions do not change with relative humidity, type of material, or the average number or mode of the collisions. Moreover, the
width of the distributions increases with the mean charge. This means that increasing
the charge on a particle by more contacts or specific material combinations will also
increase the fluctuations of that charge.
The observed charge distributions P(Qn ) thus considerably differ from normal distributions. Availability of an improved functional form based on the observations
would allow using realistic charge distributions when modeling granular media, and
may guide development of extended microscopic theories. We rationalize a model
based on the concepts summarized in Sec. 4.2. It can be seen that triboelectric charging is dominated by two processes, charge separation and charge recombination.
It is presently difficult to derive a functional form for the charge distribution predicted by the charge separation caused polarization and induced charging. However,
the three other discussed fundamental mechanisms strongly suggest a normal distribution of initially separated charges Qc [116]. As discussed in Sec. 4.2, the net charge
on a particle is the sum over many donor and acceptor sites, which may represent densities of trapped and valence band states, concentrations of separable surface groups,
or concentrations of transferable polymer chains. A quantitative estimation can be derived from observed sizes of such sites [92]. Sites are observed on length scales of
4.5µm and 0.44µm. In our experiment we can estimate a Hertzian contact radius of
127µm for the 4 mm glass spheres contacting the copper plate in the single contact
experiments. From this one can estimate a lower limit for the number of involved sites
of about 2500, justifying the use of the central limit theorem and the approximation of
a normal distribution for the net separated charge Qc .
The separated charges tend to equilibrate. This equilibration may happen by visible spark discharging, once the Paschen limit for initiating a breakdown is overcome
[15]. Below the Paschen limit, discharging occurs by other gas discharging mechanism like dark and glow discharge [122]. The kinetics of the discharging of insulator
surfaces in the presence of various discharging mechanisms and the distribution of the
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exchanged charges are hard to be derived. Experimental observations have yet shown,
that many discharging events superpose to the exponential discharging kinetics of a
capacitor [86]. The attenuation αd realized by discharging after a contact depends on
the conductivity realized by the particular discharging mechanism and the time the two
involved surfaces stay in proximity where discharging is efficiently possible. The total
discharging of two surfaces intrinsically is the sum over several discharging events [86,
118, 119], and a normal distribution of the attenuation αd is suggested as an approximation.
The net charge Qn remaining after a particular contact thus can be assumed to
emerge from a normally distributed initially separated charge Qc , which has decayed
exponentially with a normally distributed attenuation αd :
Qn = (Qc | µd , σd ) · exp (−(αd | µd , σd )),

(IV–1)

with the means and standard deviations µc , σc , µd and σd . The exponential of a normally distributed variable αd itself represents a lognormally distributed variable. The
net charge Qn consequently is the product of a normally and a lognormally distributed
variable, i.e. has a normal-lognormal distribution P(Qn ) [130]. By writing
exp (−(αd | µd , σd )) = exp (−(αd | 0, σd )) · exp (µd ).

(IV–2)

and multiplying the new exponential term to the normally distributed variable Qc one
obtains
P(Qn ) = P((Qc | µ̃c , σ̃c ) · exp (−(α| 0, σd ))),

(IV–3)

a function of only three parameters µ̃c , σ̃c and σd . These parameters incorporate all
material and ambient parameters of the configuration relevant to the charge separation
and the recombination processes. Presently, in the absence of a microscopic theory,
these are phenomenological parameters.
The analytical handling of this normal-lognormal distribution P(Qn ) is difficult
[130]. We therefore model P(Qn ) numerically by drawing normally distributed random variables for the Qc and αd and calculating the histogram for the final charge
Qn . It is instructive to consider the limiting cases of the predicted normal-lognormal
distribution for Qn displayed in Fig. 4.8.
P(Qn ) approaches a normal distribution and Qn = Qc with σd → 0, (Fig. 4.8, I). For
a normal distribution of Qn charges of both signs are possible, the skewness and the
kurtosis vanish, and the tails of the distribution decay faster than exponential, as can
be seen from the semilogarithmic plot.
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Figure 4.8: Expected shapes of the probability distribution P(Qn ) of the net charges Qn .
I: For σd → 0 no discharging occurs. The distribution is the normal distribution of the
initially separated charges (here: µ̃c = −1, σ̃c = 0.5, σd = 10−6 ). II: The distribution
turns into a lognormal distribution if the charge separation is deterministic and σ̃c → 0
(here: µ̃c = 1, σ̃c = 10−6 , σd = 0.3). III: The intermediate case shows exponential
tails, asymmetry about the mean and both positive and negative values can be reached
(here: µ̃c = 1, σ̃c = 0.5, σd = 0.3). The inset shows how the the standard deviation
σn depends on mean µn of the net charge Qn , starting from each of the three cases
above and varying the mean exchanged charge µ̃c . In the case of a lognormal and the
normal-lognormal distribution a linear relation emerges.
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A situation with σ̃c → 0, i.e. a deterministic Qc = µc , results in lognormally distributed Qn (Fig. 4.8, II). In this case the skewness and the excess kurtosis do not
vanish, but the Qn all have the same sign.
The intermediate normal-lognormal cases combining non-vanishing σd and σ̃c result in distributions for Qn that are not symmetric about the mean, with finite skewness
and excess kurtosis, with net charges of both signs possible and with approximately exponentially decaying probabilities (Fig. 4.8, III). The probability distribution of the net
charge in this normal-lognormal case thus deviates qualitatively from both the normal
distribution and the lognormal distribution.
The inset of Fig. 4.8 shows the relations between the mean µn and the standard deviation σn for all three cases. The intermediate case with a normal-lognormal distributed
net charge Qn results in a linear relationship, at least for larger values of µn . This linear
dependence exists also in the case of a lognormal distribution [131]. The slopes of the
linear regimes of the lognormal and the normal-lognormal distributions depend on σd ,
thus are characteristic for the discharging mechanism in the respective situation.
The normal-lognormal distribution thus exhibits the characteristics of the charge
distributions observed in the experiments. Additionally it can be motivated from observations on the individual steps of charge separation and recombination presented
in the literature. We consequently propose this distribution with three parameters as a
minimum model to describe the shape of charge distributions generated by triboelectric
charging.
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4.5 D ISCUSSION
The measurements presented in sec. 4.3 demonstrate that the distribution of charges
generated during the collisions of insulating granular particles posses characteristic
features which are independent of the specifics of the experiment. These features
include the possibility of charges of both signs, asymmetry, close to exponentially
decaying tails and a linear correlation among standard deviation and mean.
The particular shape of the charge distribution proves that the mean particle charge
is not sufficient to correctly model particle charging. Particles with charges of both
signs are possible for the same material combination, and due to the approximately
exponential decay of the distribution particles with extreme charges are more likely
than expected from e.g. a normal distribution. The mean charge does not even describe
the most likely charge that a particle has due to the strong asymmetry of the charge
distribution.
The correlation among width and mean also implies, that parameters like the material combination or the number of collisions simultaneously determine how much
charge is separated on average and how wide the distribution of separated charges is.
Situations with large net charges will also have the greatest variation.
It is possible to systematically vary the mean net charge by using different material
combinations or increasing the number of contacts. In addition, we have shown that
changing only a mono layer on the particle surface and keeping the bulk material identical greatly influences the mean of the distributions. However, the charge distributions
keep their characteristic general shape. Especially, they do not converge towards a normal distribution when the number of contact events is increased (controlled by the tube
length). This implies that subsequent contacts of the particles do not fulfill the main
requirements of the central limit theorem: statistical independence. In practical terms,
this statistical dependence of subsequent triboelectric charging events demands a high
efficiency of the initial neutralization of the particles used in experiments. Otherwise
any residual charges from handling the particles will bias the results.
It is unclear whether this statistical dependence is due to the charging or the discharging process. Charges present on the particles may affect the uptake of new
charges [14] as well as the discharging process [132]. In a recent study on the collisional triboelectric charging of a single sphere a linear increase of the charge on the
sphere with the number of collisions was observed [99], suggesting a statistical independence of the charges generated during individual collisions. However, the average
charge generated during collisions was orders of magnitude smaller than in the exper-
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iments presented here. In the same study a strong dependence of the transfered charge
on electrical fields is reported. In another recent study on polymer particles saturation
of charge is apparent after tens of collisions [133]. Both these results suggest that
a certain level of charge on the particles is required to obtain statistical dependence
between charges transfered in subsequent collisions.
An alternative hypothesis for the statistical dependence observed in our experiments
might be the small surface area of the particles. It cannot be excluded that during
motion in the tube the particles contact the tube with the same spot several times or
even switch to sliding motion. Depletion of charge carriers in this spot could cause
statistical dependence.
We suggest a three-parameter normal-lognormal distribution for the net charge in
sec. 4.4. This distribution reproduces the characteristic features of the experimentally measured charge distributions. We rationalized this shape of the distributions by
combining two stochastic processes, charge separation during contact and subsequent
charge recombination. This suggests that a complete description of triboelectricity
requires simultaneous understanding of both the mechanisms relevant for charge separation and the mechanisms relevant for charge recombination.
The complexities arising from the combination of both the mechanisms can be illustrated by trying to connect the three parameters µ̃c , σ̃c and σd (or µc , σc , µd and σd )
with the microphysical processes and the relevant parameters discussed in Sec. 4.2.
Humidity for example is expected to increase mobility of charge carriers, in particular enhances presence and mobility of ions on solid surfaces. Humidity consequently
could be expected to increase the mean exchanged charge µc and its variation [134].
On the other hand, humidity increases the mobility of charge carriers and the conductivity of air, thus can be expected to enlarge µd and to minimize the residual net charge
[55, 135]. The factors which determine the dominating influence may be very subtle.
In future studies either charging or discharging shall be addressed separately or timeresolved measurements should be made. Humidity can be expected to affect both
charging and discharging, but other parameter might be identifiable, which affect selectively the discharging. Gas atmospheres with varying conductivity or breakdown
threshold with constant humidity, like SF6 -containing gas, may make isolating charging statistics possible [10, 15]. A setup to achieve situations with suppressed discharging using a bias voltage has also been proposed [136]. A situation where discharging
is increasingly suppressed should converge to normally distributed charges Qn = Qc
with net charges of both signs possible (Fig. 4.8, I). In such a situation µc and σc of the
charging step may be studied. Time resolved measurements also may allow to distin-
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guish charging and subsequent discharging and to follow the discharging kinetics [86,
118, 119].
The intermediate cases, where stochastic charging and stochastic discharging are
combined, result in normal-lognormal distributions. The parameters µc , σc , and µd
turn into only two independent parameters µ̃c and σ̃c (see derivation in Sec. 4.4). In
this case the linear correlation among the mean µn and the standard deviation σn of
the net charge that we found in our experiments and also in a previous study reporting
these parameters is particularly interesting. The model predicts that the slopes of the
relation among µn and σn are characteristic of σd , the standard deviation of the distributions of the attenuation coefficients αd . Such behavior may enable disentangling the
contributions from the charging and the discharging to the final net charge in further
studies.
The reasoning of the normal-lognormal distribution by combining a normal distribution for the charging step and a normal distribution for the attenuation coefficient may,
of course, be a first order approximation. It relies on the experimental observations of
a surface mosaic of separated charges, and an exponential decay of the charge. While
the normal distribution of the separated charges is well justified by the central limit,
the distribution of the attenuation coefficient is not yet clarified. Situations may arise,
where several charge separation mechanisms or different charge dissipation mechanisms act simultaneously and may alter the distributions. Still, all tested situations in
this work, including various materials, contact number and ambient conditions, match
the predictions by a normal-lognormal distribution. This suggests that the proposed
first order approximation covers already many aspects of triboelectric charging, and
justifies a view of triboelectric charging as a combination of two coupled stochastic
processes.

4.6 C ONCLUSION
Triboelectric charging of granular particles is a stochastic process. The statistics of
the generated net charges on the particles reveal several distinctive features: the distributions are more heavy-tailed than normal distributions with an exponential decay
of the probability, are asymmetric, exhibit charges of both signs and exhibit a linear
correlation among width and mean. We show that a normal-lognormal distribution is
compatible with the observations. We rationalize the normal-lognormal distribution
by describing triboelectric charging as a two-step random process. In the first step the
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charges are separated during contact, while in the second step charge recombination
occurs after separation of contact. Moreover we find that subsequent charging events
are not statistically independent as the distribution of multiple triboelectric charging
events does not converge to a normal distribution. The stochastic nature of granular
tribocharging has direct consequences for our ability to control the tribocharging behavior: while we demonstrated that surface treatment can influence the way in which
a material charges, the shape of the distribution remains the same and charges of both
signs will be expected.
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4.7 A PPENDIX
4.7.1 D ETAILS REGARDING THE ELECTRON TRANSFER MODEL
FOR METALS

While the tribocharging mechanism involving insulators is still under debate, tribocharging between metals is well described by an electron transfer model. Harper [84] measured that the magnitude and direction of exchanged charge follows the difference in
work function φ of the metals. Due to this, a model as depicted in figure 4.9 can be
used to describe the phenomenon.

4.7.2 D ETAILS REGARDING DEVICES USED
I ONIZATION NEEDLE : A central point of our studies is the neutralization of charges
on the spheres before the start of the experiment. For discharging the particles we use
an ionization gun. The Haug one point ionizer we use consists of an exposed metal
point electrode to which a high voltage AC signal is applied. The voltage is high
enough to sustain corona glow without causing sparks. In corona discharge electrons
in the air receive enough energy to ionize additional molecules and thus cause charge
avalanches (Townsend avalanche). Corona glowing occurs preferentially in asymmetric geometries, i.e. a point electrode in proximity to a grounded plate [122]. Because
of the asymmetric geometries, the field strength around the point electrode is high
enough to permanently ionize the air but at greater distances from the point electrode,
the electric field strength is weaker and a bridging of ionization channels between the
electrodes in the form of sparks is prevented. The microscopic mechanisms surrounding corona discharge depend on the sign of the point electrode voltage. The ionizing
gun used in our experiments is operated with AC voltage and thus both positive and
negative charge carriers are produced that can neutralize charges on objects falling
through the ion cloud.

C HARGE MEASUREMENT: After the discharged spheres are again charged by collision with a plate or the tube, we need to measure the charge on the spheres using the
Faraday cup method. As shown in Figure 4.11, a sphere with charge QS dropped into
the Faraday cup will induce mirror charges in the conducting Faraday cup so that the
region outside the Faraday cup is free of electric field. The charge the Faraday cup
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Metal B

Metal A
Figure 4.9: Schematic of two metals in contact. Electrons will flow from metal B to
metal A until the Fermi energies have equilibrated. The amount of electrons exchanged
will be proportional to the difference in surface potential VC = (φ A − φ B )/e.

Figure 4.10: Ionization needle used in our experiment with the components: a) point
electrode, b) ring counter electrode and c) high voltage AC transformer.
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Figure 4.11: Working principle of a Faraday cup. If a charged object is placed in the
cup, the electric field will be balanced by mirror charges in the metal of the cup. The
charge of the object can then be determined as the integral of the current going to the
cup.
needs to draw in order to accomplish this will be equal to the charge of the object QS .
We can measure the charge QS with an electrometer that contains a setup similar to the
one shown in figure 4.12. A capacitor with accurately known capacitance CF is placed
in the feedback loop of an operational amplifier. The charge on the capacitor will be
identical to QS , the charge of the Faraday cup. We can then determine the charge QS
from the voltage UF and capacitance CF as QS = UF CF . That voltage is amplified and
turned into a digital signal by an A/D converter. We then read out the value directly
from the electrometer.

4.7.3 D ETAILS REGARDING THE SILANIZATION TECHNIQUE
The technique used to coat the surface of the glass beads is called silanization. A
silane in general is a compound with four substituents on a silicon atom. Examples
include SiH4 , SiCl4 or Si(CH3 )4 . Silanization is the process where a silane group is
used to attach a certain rest group R to the hydroxy end of a glass surface here denoted
as SiO3 OH. The silane group in our case is trimethoxysilane and the rest group is a
fluorinated carbon chain of length 8 as shown in figure 4.13. The reaction at the glass
surface will be:
SiO3 OH + Si(CH3 )3 (CF2 )7 CF3 ) −−→ SiO3 CH2 Si(CH3 )2 (CF2 )7 CF3 ) + H2 O.
The surface treatment procedure is as follows:

108

Figure 4.12: Electrical circuit used to measure charge with an electrometer. An unknown charge QS is connected to an operational amplifier with a capacitor in the feedback loop. The capacitor has an accurately known capacitance and will mirror the
charge on the Faraday cup. The source charge can therefore be calculated from the
voltage UF that develops on the output of the operational amplifier and the capacitance CF according to: QS = UF CF . The voltage UF is amplified and read by an A/D
converter. Image reprinted with permission from Keithley 6517A electrometer manual [137].
Copyricht (C) Tektronik. Reprinted with permission. All Rights Reserved.

1. Cleaning and activation of glass surface in a O2 plasma (Diener electronic femto)
with parameters: generator power 100 W, gas pressure 0.3 mbar and duration 5
min
2. Reaction takes place in a toluene solution with 4% by volume of PTMS. Reaction time is 15 Minutes and stirring is applied during this time
3. The glass spheres are cleaned using absolute ethanol and water
We measured the water contact angle on a glass microscopy slide. If the glass slide
was cleaned in the plasma device, the contact angle was close to 0◦ , as expected for
glass. After silanization with PTMS, the contact angle increased to 107◦ , a value close
to the literature value of PTFE (108-110◦ , [138]).
Measurement of the friction coefficient of glass beads against a glass microscopy slide
showed a decrease in friction coefficient from 0.52 to 0.40 of the surface treated glass
beads compared to cleaned glass beads.
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(a) Glass surface and PTMS molecule before the reaction takes place.

Glass surface
O Si
O
O Si
O

O Si O H
O
H

PTMS molecule

H 3C

F F F F F F F F

O

F

O Si O C O Si
O
H
O

F F F F F F F F
CH3

O Si
O

O Si O H
O

H2O

(b) Glass surface and PTMS molecule after the reaction.

Figure 4.13: Sketch of the reaction between 1H,1H,2H,2H-Perfluorodecyltrimethoxysilane and the surface of a glass bead. The PTMS molecule attaches with
its methyl group to an exposed hydroxyl group of the glass surface. From figure 4.13b,
we can see why the reaction is self-terminating: a new PTMS molecule can only attach
to a hydroxyl group and thus cannot attach to the already reacted PTMS.
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4.7.4 C ALCULATION OF H ERTZIAN CONTACT AREA IN THE SINGLE
COLLISION EXPERIMENT

We want to calculate the contact area of our sphere contacting the plate. According to
[32, p.35], the radius of contact rc is given by:

0 1/3
1/3
∗ RR
(IV–4)
rc = F
E
R + R0
where F is the applied load (normal contact) and E ∗ contains information about the
materials in contact:


3 1 − ν 2 1 − ν 02
∗
.
(IV–5)
+
E =
4
E
E0
R and R0 are the radii of the contacting spheres. The indentation during contact is given
by [32]:


1/3
1
2/3
∗2 1
h=F
E
+
(IV–6)
R R0
Finally, we have the potential energy U given as [32]:
r
RR0
5/2 2
U =h
5E ∗ R + R0

(IV–7)

The stated relations are for two spheres contacting. The relations for a sphere contacting a plane are the limiting case of R0 being infinitely larger than R. From these
relations, we can calculate the contact radius as a function of potential energy and we
find for a sphere contacting a plate:

1/5
1/5 5 2 ∗
rc = U
R E
(IV–8)
2
The collisional energy Ucoll is determined from the falling height h f , the particle mass
m p and the impact angle α (see figure 4.14):
p
mp
(cos(α) 2gh f )2
(IV–9)
Ucoll =
2
In our experiment, where a glass sphere is impacting a copper plate, the relevant quantities are:
R = 2mm
νglass = 0.24

m p = 0.09g

h f = 30cm

νcopper = 0.35

α = 30◦

Eglass = 65GPa

(IV–10)
ECopper = 115GPa
(IV–11)
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Figure 4.14: The speed at impact of the sphere contacting the plate in the single collision experiment is determined by the falling height h f and the impact angle α.
And with that we get:
Ucoll = 200µJ

(IV–12)

rc = 127µm

(IV–13)

< Q >= 0.9pC → Charge density: 108e− /µm2

(IV–14)

When the PTFE plate is used, the relevant quantities are:
νPT FE = 0.48
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EPT FE = 420MPa

(IV–15)

rc = 309µm

(IV–16)

< Q >= 4.12pC → Charge density: 82.4e− /µm2

(IV–17)

Table 4.1: Measured charge distributions and their moments.
Fig.

Sphere Sphere Target
Material Diameter Material
[mm]

4.2 a)
Glass
4.2 b)
Glass
4.3
Glass
4.3
Glass
4.3
Glass
4.4
Glass
4.4, 4.5, 4.6Glass
4.4
Glass
4.5 4.6
Glass
4.5
PS
4.5
PS
4.5
Glass
4.6
PTMS
4.6
PTMS

4
4
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5

PTFE
Copper
PMMA
PMMA
PMMA
Metal
Metal
Metal
PMMA
PMMA
Metal
PTFE
Metal
PMMA

Length Relative Mean Median Standard Skew
Humidity Charge Charge Deviation
[pC]
[pC]
[pC]
[cm] [%]

Excess Sample
Kurtosis Size

Plate
Plate
20
80
100
40
40
40
40
40
40
40
40
40

1.63
5.20
0.72
0.59
1.96
5.60
2.03
4.32
2.66
2.34
3.59
4.69
1.47
1.06

50
50
NA
NA
NA
20
30
60
20
25
35
NA
25
27

4.12
0.90
-2.37
-2.39
-3.55
-0.74
-0.61
-0.59
-0.87
-0.36
-0.49
0.52
-3.47
-4.64

6.83
-0.49
-2.33
-1.68
-2.81
-0.56
-0.56
-0.44
-0.76
-0.35
-0.49
0.43
-3.32
-4.58

14.54
3.82
1.47
1.96
2.77
0.58
0.29
0.46
0.59
0.10
0.17
0.48
1.71
2.54

-1.16
1.89
-0.34
-0.99
-1.38
-2.06
-1.02
-1.85
-1.00
-0.86
-0.07
0.46
-0.66
-0.26

991
764
556
399
525
429
1474
323
998
406
686
134
945
1043
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5 PACKING UNDER THE INFLUENCE
OF TRIBOCHARGING
Electrostatic forces induced by tribocharging influence packing behavior of agitated
granular sphere packings. We investigate the packing structure of a two material system designed to maximize attractive interparticle electrostatic interactions and find a
body centered cubic arrangement with systematic deformations. In contrast, an otherwise identical single material system shows no signs of ordering. We additionally
show that container interactions can greatly influence packing behavior and in our case
lead to locally ordered structures near the wall without indications of global ordering.

5.1 I NTRODUCTION
Granular spheres can achieve disordered and ordered states. The building of permanent contacts and lack of thermal motion typically limit the achievable densities.
Monodisperse spherical granular media typically pack in the range between ϕRLP =
0.55 − 0.573 [68, 139] and ϕRCP = 0.635 − 0.655 [140–142] under the influence of
gravity. The lower limit is typically referred to as random loose packing (RLP),
while the upper limit is called random close packing (RCP). RCP describes the closest
packed state achievable by experimental protocols such as shaking [143, 144], centrifugation [145] or sedimentation [68] and is amorphous without crystalline phases.
Packing fractions higher than RCP are accompanied by crystalline phases and can
be achieved by experimental protocols such as multidimensional shaking [146, 147],
cyclic shear [78, 148], shear in a Couette cell [149] or epitaxy [150–152]. The crystalline phases typically observed in granular media are either Hexagonal close packed
(HCP) or face centered cubic (FCC), both of which have a packing fraction of ϕHCP =
√
ϕFCC = π/ 18 ≈ 0.74.
A defining characteristic of a granular medium is the contact network which is
formed since granular media can only transfer a force through contacts. The relation between granular structure and force network has been studied in 2D granular
assemblies [153], simulations [45], theory [154, 155] and 3D experiments [146, 156,
157]. Mueggenburg et al. measured the response at the bottom of a packing to a locally applied force at the top. The pattern of forces at the bottom was focused in the
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center for amorphous packings, formed a ring for HCP and a triangular arrangement
of force maxima for FCC [156]. The influence of the force network on mechanical
strength was shown by Muthuswamy and Tordesillas [45] who conclude that straighter
chains are able to sustain a higher load but also that systems with more branching in
the force network are mechanically stable. Hanifpour et al. have found that polycrystalline packings of spheres still have a highly random mechanical backbone similar to
that of amorphous packings [146].
The unclear emergence of macroscopic mechanical properties from the packing structure of granular media motivated us to find new ways of influencing packing behavior
by introduction of controlled electrostatic tribocharging. We will review the mechanisms that induce ordering in various systems in section 5.2. We will present three
experiments in section 5.3 aiming to determine the ways in which inter-particle charging and interactions with the container can influence the packing structure for vertically
vibrated samples. Our experiments show that an equal number mixture of monodisperse spheres made of Teflon and nylon will form a charge dominated crystalline BCC
structure when the influences of the container are minimized (see section 5.4). If the
container geometry facilitates crystalline structures and if charging against the container is not suppressed, we instead see crystallization near the container walls in the
densest possible packings of HCP and FCC. In an experiment where only same material charging can occur and the interactions with the wall are minimized, we see no
crystallization in the time frame of the experiment.
We will discuss those findings and the importance of charging in the packing in section
5.5. Section 5.7.1 contains details about the measurement method and implementation
of the data analysis that was used.

5.2 M ECHANISMS OF ORDERING IN RELATED SYSTEMS
H ARD SPHERE SYSTEMS Hard sphere systems are of interest due to their phase transition between a disordered and an ordered state. The relevant control parameter is the
global packing fraction ϕglobal . The hard sphere model has been shown to have an entropy driven [158] first order phase transition from a fluid to a crystalline phase [159,
160] with freezing density at ϕ = 0.495 and a melting density of ϕ = 0.545 and a
coexistence region in between.
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(a) Sodium chloride structure.

(b) Cesium chloride structure.

Figure 5.1: Examples of crystal structures in ionic crystals. Figure 5.1a shows the
sodium chloride structure and its unit cell
S ELF ASSEMBLY OF COLLOIDS AND DUSTY PLASMAS A good example of microscopic, electrostatic interactions determining macroscopic behavior is the application to self assembly (SA) [161]. Whitesides and Grzybowski define SA as “the
autonomous organization of components into patterns or structures without human intervention.” As such, it is the components themselves which have the macroscopic
behavior encoded in them. SA has been studied in many systems with varying length
scales and complexities. At the molecular scale, proteins self assemble into DNA
strands that form the basis for all life.
Another example are dust particles arranging in crystals inside a plasma field [162,
163]. The dust particles are charged by the plasma and form crystals based on the
repulsive, electrostatic interactions forming between the dust particles. In experiments
on the ISS, 3D plasma crystals oriented in a BCC structure could be observed [163].
Crystallization of mesoscale colloids is a process studied recently [164, 165]. Colloidal systems have the advantage that gravity effects can be effectively controlled by
density-matching the colloids and the suspension. In a two-component system, the
suspension was tuned so that the effective charge on one species was positive while
that on the other one was negative. A BCC crystal structure formed [164] when the
size ratio between the two components was close to unity. The crystal that forms has a
NaCl-like lattice [165] when the size ratio is decreased to 0.3.

I ONIC CRYSTALS The atoms with lowest energy and highest ionization energy are
generally those with a completely filled outer electron shell, called the valence shell [166].
A sodium (Na) atom can combine with a chloride (Cl) atom by exchange of one electron going from Na to Cl so that each atom achieves a filled valence shell. The ex-
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Ion radius ratio
0.22 - 0.41
0.41 - 0.73
0.73 - 1

Coordination
number
4
6
8

Crystal type
ZnS
NaCl
CsCl

Crystal structure
of constituents
FCC
FCC
SC

Lattice structure
(constituent blind)
Diamond
SC
BCC

Table 5.1: Expected lattice type and coordination number as a function of the radius
ratio of the ions [167].

change of an electron leaves Na with a positive charge while Cl has one extra negative
charge. The electrostatic interaction between the ions leads to formation of an ionic
bond. At room temperature, Na+ Cl− forms an ionic crystal, where each constituent
arranges in a FCC lattice as shown in figure 5.1a. The second most common ionic
crystal structure is that of cesium chloride (CsCl), that is shown in figure 5.1b. Here,
the constituents form a simple cubic lattice where each cation is in the center of the
cube formed by the anions. Because of this, the CsCl arrangement is also often referred to as having BCC structure [166], which is only true when not differentiating
between different constituents. A rule that has in the past been used to predict which
crystal structure will be most stable is the first Pauling rule [167]. In an ionic crystal, the electrostatic potential is minimized by reducing the distance between cations
and anions while maximizing the distance between anions. Pauling thus calculated the
maximum amount of anions that can be grouped around a cation without the anions
touching each other depending on the ion size ratio. Those size ratios and examples of
corresponding lattice arrangements are given in table 5.1.
The lower threshold for the NaCl structure is calculated by considering bigger spheres
in a FCC lattice configuration and smaller spheres in the gaps between them. Figure
5.2a shows the face of a fcc unit cell with spheres of diameter d and a virtual sphere
placed in the gap on one of the edges. From the figure we can see that a minimum
√
radius ratio of 2 − 1 ≈ 0.41 for the virtual sphere is needed to separate the anions.
Then there will be 6 contacts between the anions and cations.
Similar considerations can be made for bigger spheres arranged in a simple cubic (SC)
lattice with a smaller sphere in the center of the unit cell (see fig. 5.2b). If the smaller
√
sphere radius is at least 3 − 1 ≈ 0.73 times the radius of the bigger sphere a CsCl
structure can be formed which then has 8 cation-anion contacts.
The fact that these rules are based purely on geometric considerations makes them
nicely applicable to hard-sphere systems. However, we need to point out that for ionic
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(a) Minimum radius required to stabilize (b) Minimum radius required to stabilize
NaCl structure.
CsCl structure.

Figure 5.2: Visualization of the minimum critical radius a virtual sphere (dashed) needs
to have to completely fill the gap formed in the unit lattice. Fig. 5.2a shows a face of
a fcc unit cell, while fig. 5.2b shows the diagonal cross section through a simple cubic
unit cell.

crystals there are many exceptions to the first Pauling rule. For example, sodium and
fluorine form NaF which is in NaCl configuration at room conditions [168] despite the
cation and anion being roughly the same size. In addition, CsCl and additional CsCltype salts have a phase transition at higher temperatures to a NaCl-like structure that
cannot be explained by such a simple rule [168, 169]. Instead, a combination of electrostatic potential and quantum energy considerations have to be used to predict these
phase transitions.

O RDERING MECHANISMS IN GRANULAR SYSTEMS Self assembly for granular particles has been studied in two-dimensional systems with triboelectric charging as the
main driving force [170, 171]. Grzybowski et al. found either square, pentagonal or
hexagonal lattices to form depending on the ratio of Teflon to nylon spheres. The
lattice that forms additionally depends on agitation parameters with square lattices favored at higher amplitudes and frequencies [171]. Cademartiri et al. show that an equal
mixture of Teflon and nylon spheres agitated in an aluminum dish has a square lattice
where both species of spheres are highly charged [170]. In contrast, the aluminum
dish filled with only nylon or only Teflon spheres shows looser structures with less
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charge on the spheres. The authors also mention a minimum charge of |Q| > 500 pC
on 3.18 mm spheres required to achieve close packing, where spheres with less charge
instead tended to form one-dimensional chains. Only few studies have been performed
on two component electrostatics-driven crystallization in 3D granular media [55].
Predicting the behavior of a three dimensional granular system with electrostatic
charging and gravity present is difficult since granular systems are dissipative and
athermal. Still, it is obvious that for sufficiently large charging, the system should
tend to self-arrange to minimize electrostatic interactions. It may be instructive to consider these equilibrium states or branches that the system may end up in.
The difficulties of predicting the behavior of athermal systems with noise are summarized by Horsthemke and Lefever who write [172, p.4]:
"It has been found that the mechanisms of self-organization become
much more complex in strongly dissipative systems than in conservative,
equilibrium-type systems. In the vicinity of a stable thermodynamic equilibrium state, the behavior of a dissipative system can easily be predicted,
given that in this domain it possesses a unique attractor, namely the thermodynamic branch. Far from thermodynamic equilibrium on the contrary,
the same system may possess an amazingly complex network of bifurcations. The importance of elements of chance such as internal fluctuations
then inevitably increases. Their influence becomes crucial in the choices
which the system makes in the course of its evolution between the numerous basins of attraction, or dissipative structures, to which bifurcations
give rise."
We can summarize three possible driving forces that will lead to crystallization in
granular media:
• Entropy maximization: The hard-sphere simulations by Adler and Wainright
exhibit a phase transition to FCC structure above the freezing packing fraction.
This effect can also be shown in two-dimensional granular media where gravity
does not influence the behavior. It is therefore likely that this driving force is
the main contributor for granular crystallization without external potentials. The
predicted structures will be either FCC or HCP, since the free energy difference
between the two structures "is not significantly different from zero" [173].
• Gravity potential minimization: Particularly considering the epitaxy-based
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experiments, it can become obvious how gravity potential minimization leads
to crystallization. If spheres are injected one at a time onto an already crystalline substrate, the obvious point where they will come to rest will be in the
space in between three touching spheres. This way, a new layer will eventually
be formed. Experiments have been done that show both FCC [150, 151] and
HCP [152] depending on container geometry. The relevance of this mechanism
as driving force for crystallization in our experiments is unknown, and an additional consideration is that the structure that forms needs to be stable against the
influences of gravity.
• Electrostatic potential minimization: Tribocharging between dissimilar materials can lead to oppositely charged spheres similar in concept to an ionic crystal.
When the size ratio between positively charged spheres and negatively charged
spheres is close to unity, one expects a CsCl-like BCC structure to form (see
5.2).
This makes a predictive theory very difficult to develop also because it might not
only be the relative strength of each effect but also the time-scale on which they lead
to crystallization that determines which structure will ultimately be reached. Additionally, interactions with the container can become important on the one hand because
tribocharging will inevitably occur not just between the spheres but also between the
spheres and the container and on the other hand because the wall can provide a nucleation site from which crystallization can occur. Finally, the way that the system is
driven can be expected to not only influence the packing structure itself but also the
way in which charge builds up in sphere collisions.
G RANULAR COLUMNS SUBJECTED TO VERTICAL VIBRATIONS We need to agitate
our granular media in order for reorganizations to become possible since granular media are dissipative and athermal. Given how crucial these agitation dynamics are for
our experiments, it is instructive to consider how granular media behave when subjected to vertical vibrations. Simulations and experiments by Luding et al.[174, 175]
show that a one-dimensional column of spheres subjected to vertical vibrations exhibits two regimes: one in which the spheres move collectively as a solid bloc and
one in which the spheres only make contact sporadically and spend most of their time
apart.
The control parameter that determines the transition between the condensed and fluidized regime is the acceleration of the bottom plate where higher accelerations favor
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Figure 5.3: Driving regimes encountered for vertical columns of spheres. The system
consists of 10 spheres vertically stacked in one dimension. Time progresses going
from left to right in the figure. The motion of the bottom plate is indicated by a solid
line. Top: For high accelerations and low dissipation a fluidized regime where the
spheres are not in contact the majority of the time is simulated. Bottom: For lower
accelerations or high dissipation the condensed regime is entered where spheres remain
in contact the majority of the time. Figure reprinted with permission from [176, p. 81]
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the fluidized regime. An additional parameter governing this transition is the reduced
number X = NZ (1 − ε p ) that depends on the number of spheres in the column NZ
and the coefficient of restitution between the spheres ε p . For a sub critical value
X ≤ XC ≈ π, the system switches between the condensed regime and the fluidized
regime at some acceleration. For X ≥ XC , the dissipation of the column is substantial
enough that the system stays in the condensed state regardless of acceleration.
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5.3 E XPERIMENTAL METHODS
Given the amount of factors that could influence packing, we have conducted three
sets of experiments that aim to selectively reduce the impact of one or more effects. In
the first set of experiments, we vertically vibrate 1000 Teflon and 1000 nylon spheres
inside a spherical container made of aluminum. Teflon and nylon are two materials at
the opposite ends of the triboelectric series and their propensity for charging oppositely
when in contact is well documented [55, 177]. We will refer to these experimental conditions as the binary charging experiment. By choosing a metal as container material,
a localized charge buildup on the container walls is prevented due to the materials high
electric conductivity. Therefore, the electrostatic interaction with the wall should be
limited to formation of mirror charges. The spherical shape of the container means
that no crystal structure can be entirely compatible with the wall. This limits the influence the container walls play as possible nucleation site. As such, this experiment
maximizes particle-particle charging while minimizing influences of the container.
In a second set of experiments, the aluminum sphere is filled with 2000 Teflon spheres
and no nylon spheres so that for particle-particle contacts only same-material tribocharging occurs. While stochastic charge exchange will still occur and some spheres
will charge positively while others charge negatively, the absence of nylon spheres will
influence particle-particle charging. We will refer to this series of experiments as the
same material charging experiment.
In the third set of experiments, we vertically vibrate 10.000 Teflon and 10.000 nylon spheres inside a PMMA container with square base and flat walls. With PMMA
being an insulator, charge can build up freely on the walls and the low humidity conditions help to reduce charge dissipation. Therefore, charging against the walls can
be expected to play a more significant role. Additionally, the flat walls form an ideal
nucleation site for crystalline structures. We will refer to these experiments as the container dominated experiments.
All Teflon and nylon spheres used in this study have a diameter of 2 mm (±50 µm
according to the manufacturer, TIS Wälzkörpertechnologie). We use a low-force vibrating table of type LDS V721 made by Bruel & Kjaer to vibrate our sample. The
vibrations are sine waves of amplitude 1 mm and frequency 23 Hz, resulting in a peak
acceleration of Γ = 2.1 g in vertical direction. These parameters were chosen based on
a first experiment where at this frequency reorganizations in the packing were visible
in the transparent PMMA container. For better comparability, we kept the shaking parameters constant and only varied the time which was spent shaking the sample. After
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Figure 5.4: From left to right we see the spherical aluminum container filled with 2000
Teflon spheres (top) and the PMMA container filled with 10000 Teflon and 10000
nylon spheres (bottom), the vibrating table and the tomograph.

shaking, the sample is carefully removed from the vibrating table and a tomogram is
recorded using a phoenix nanotom µCT system.
The devices used at each of the experimental steps are shown in figure 5.4. To measure the distribution of charges carried by spheres in the binary charging and samematerial charging experiments, the vibration procedure is followed as described above
but instead of recording a tomogram, the spherical container is opened and spheres are
extracted one at a time using tweezers. By dropping the spheres individually into a
Faraday cup connected to an electrometer. The charge distribution is calculated from
the electrometer signal as described in section 4.7. We will provide an overview on
the metrics used to describe the packing structure and provide additional details on
the scanning procedure, sphere detection and implementation of the data analysis in
section 5.7.2.
The methods we use for quantifying ordering in the packings are the radial distribution function g(r) and the bond orientational parameters q4 and q6 . The pair correlation function [178] g(r) which can be used to describe simulated [179] or experimental [180, 181] hard-sphere systems gives the density of sphere centers a distance r away
from a test sphere (see also appendix 5.7.2:

g(r, ∆r) =

hN(r + ∆r) − N(r)i
Vshell

(V–1)
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Structure
HCP
FCC
BCC

q4
0.097
0.19
0.51

q6
0.48
0.57
0.63

Symbol in graphs
2
3

Table 5.2: Expected q4 and q6 values for the three most common crystal structures.
Since no angle is used for the calculation, g(r) depends on the distances encountered
in the sample alone. g(r) is averaged over all spheres in the packing. For monodisperse spheres we expect to find a sharp peak at r = d, though this peak is broadened
by particle polydispersity and inaccuracies in the image processing. The shape of the
first peak can be used to accurately determine the mean particle diameter as well as the
global contact number. In amorphous, monodisperse packings of spheres, we addition√
ally expect to find a peak at r = 3d and at r = 2d [140, 147, 180, 182]. These peaks
are a sign of local ordering which can occur even if no long-range order is present.
For perfectly crystalline packings, g(r) is a number of delta function corresponding to
the distances found in the structure and g(r) is 0 elsewhere. For binary mixtures, it is
possible to discriminate between the material combinations and split g(r) up into separate distributions according to the materials involved. This can for example be used
to show charge ordering in binary liquids [179].
The bond orientational parameters q4 and q6 are sensitive to periodicity in the orientations between neighboring spheres [183]. ql for any sphere in the packing is calculated
according to:
v
u
2
l
u 4π
1 Zl m
t
ql =
(V–2)
∑ Zl ∑ Yl [θ (xj), φ (xj)] .
2l + 1 m=−l
j=1
with Zl the number of neighbors of the test sphere and Ylm the spherical harmonics
functions. The neighbors considered for the calculation of the bond orientational parameters are chosen based on a threshold distance between spheres. The threshold is
chosen so that the average number of neighbors for all spheres in the packing matches
the global contact number as determined using the fit to the first g(r) peak (for details
see appendix (5.7.2). We can determine a value of q4 and q6 for every sphere in the
packing. For amorphous packings, both q4 and q6 have been found to be normally distributed [183]. For perfectly crystalline packings, a certain value for q4 and q6 unique
to the structure as provided in table 5.2 is expected.
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(a) Same material charging experiment.

(b) Binary charging experiment.

Figure 5.5: Slices through tomograms for the same material (5.5a) and the binary
charging (5.5b) experiment where each sample was shaken for 90 minutes. In both
images, gravity is pointing downward. The outline of the container sphere is also visible in the images. For the same-material charging case, the bulk of the sample shows
no clear signs of ordering while a regular pattern can be seen a few particle layers from
the container walls. In the binary charging sample, there is a regular pattern visible in
the bulk of the sample which is incompatible with the arrangement of spheres close to
the container walls.

5.4 R ESULTS
Our experiments show that for identical preparation and shaking procedure, the applied
protocols lead to significantly different packings in terms of achieved contact number,
packing fraction and local ordering. We will first look at the influence of inter-particle
charging by comparing the Teflon-nylon system with the pure nylon system.

5.4.1 E FFECT OF BINARY OR SAME - MATERIAL INTER - PARTICLE
CHARGING .

There is no obvious ordering in the bulk for the same-material charging case, while for
the binary charging case there is visible ordering (see fig. 5.5). We evaluate g(r) in the
systems to better quantify the degree of ordering.
g(r) for the same-material 5.6a and the binary 5.6b charging case are shown in
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(a) Same material charging experiment.

(b) Binary charging experiment.

Figure 5.6: Partial radial distribution functions for the same material and binary charging experiment. Markers on the x axis of fig. 5.6a indicate expected peaks for an
amorphous packing while those in fig. 5.6b are expected peak locations up to r = 3 for
a BCC crystal.

134

1.0

0.8

FCC
0.6
HCP

Bond order parameter q6

Bond order parameter q6

1.0

BCC

0.4
0.2
0.0

0.8

FCC
0.6
HCP

BCC

0.4
0.2
0.0

0.0

0.2

0.4

0.6

0.8

1.0

0.0

0.2

0.4

0.6

0.8

1.0

Bond order parameter q4

Bond order parameter q4

(a) Same material charging experiment.

(b) Binary charging experiment.

Figure 5.7: Bond orientational parameters q4/q6 for all spheres inside the packings
that resulted after 90 minutes of vertical vibrations. In the same-material charging
case, the data is scattered and no crystal structure is clearly favored. For the binary
charging case, most cells are closest to ideal BCC.

figure 5.6. For the packing from the same-material experiment, there are peaks visible
√
at r = 1d, = 3d and r = 2d, as is expected in an amorphous packing. In particular,
there are no peaks for higher r, which is where long-range order would be observable.
We can determine a separate g(r) for each of the material combinations possible in
the binary charging experiment by differentiating between Teflon and nylon spheres,
as shown in 5.6b. We can see that the packing from the binary charging experiment
shows more distinct peaks. The peak locations roughly match those encountered in a
BCC crystal (see markers on the x-axis), although many of the peaks are broadened.
There are peaks visible up to at least r = 4d, meaning that there are particle-particle
correlations for higher distances than in the same-material charging experiment. In the
binary charging experiment, the g(r) for Teflon-nylon distances differs qualitatively
from that of nylon-nylon or Teflon-Teflon distances.
The bond orientational order parameters for the same-material charging experiment
and the binary charging experiment are shown in figure 5.7. In the same-material
charging experiment, there is greater spread in the data and the densest region is not
close to any of the crystalline points, both of which are features encountered in amorphous packings. In the binary charging experiment, the densest region is close to the
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(a) Illustration showing the distance between
two nylon planes with a distance ∆Pz .
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(b) Distance ∆Pz between planes of identical
material in the z direction as a function of
height in the sample.

Figure 5.8: We determine the distance between two planes of the same material in the
binary charging experiment as illustrated in 5.8a. The plane distance ∆Pz decreases
with increasing height in the sample. The value is closest to the value expected in a
BCC crystal at the bottom of the sample.

expected value for an ideal BCC, although there is noticeable spread in the data, indicating deviations from perfect BCC.
To analyze the deviations of the packing structure in the binary charging experiment
compared to a perfect BCC lattice, we determine the distance between neighboring
planes consisting of the same material as a function of height in the sample. In a per√
fect BCC structure, this plane distance is ∆Pz = 2/ 3 ≈ 1.15 and corresponds to the
first peak in g(r) for nylon-nylon or Teflon-Teflon distances in figure 5.6b. A 3D rendering of the packing from the binary charging experiment is shown in figure 5.8a but
only the nylon spheres are rendered. What is also shown is two planes fitted to a layer
of nylon particles each.
Figure 5.8b shows the distance of each fitted XY-plane to the next highest plane of the
same material kind as a function of the height in the sample z. The plane fits show that
the planes are oriented at an angle of roughly 6◦ to the z axis. There is a systematic
decrease of the inter-plane distance ∆Pz with the height within the sample. We can see
that the planes towards the bottom of the sample are closer to the ideal BCC value than
those at the top. The trend appears to be identical for both nylon planes and Teflon
planes. This is further discussed in section 5.4.3 and 5.5.

136

(a) Slice through the
entire packing.

(b) Slice through bulk region.

(c) Slice through wall region.

Figure 5.9: Slices through the tomograph of the container-dominated experiment. Figure 5.9a shows an overview of the entire packing, while 5.9b and 5.9c show slices
through the bulk and the wall region respectively. The locations of the regions of
interest are indicated in figure 5.9a (see color version)

5.4.2 I NFLUENCE OF CONTAINER WALLS
For the container dominated experiment, we have separately analyzed two smaller
regions, one close to the wall and one in the middle of the packing (see figure 5.9). The
radial distribution functions for the container dominated experiment in the bulk region
√
as shown in figure 5.10 exhibit no peaks other than at r = 1d, r = 3d and r = 2d.
g(r) near the wall is shown in figure 5.10b and here we can see sharp peaks even for
distances of at least r = 5d. In both subvolumes, there is no qualitative difference
between the distributions plotted for different material combinations.
The bond orientational order parameters for the bulk region of the container experiment are shown in figure 5.11a. There is a large spread in the data and no obvious
clustering around any of the potentially expected crystalline structures. Near the wall,
q4 and q6 are distributed around the HCP and FCC spots, although the distributions
are broad so that no single crystal structure can be identified.
All the packing fractions and contact numbers by material type are given in table 5.3.
The packing fraction in the binary charging experiment is very close to the packing
fraction in ideal BCC ϕBCC = 0.68. The packing fractions are close to ϕRCP for the
same-material experiment and for the bulk region of the container experiment.
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(a) Bulk of container-dominated experiment.

(b) Near wall of container-dominated experiment.

Figure 5.10: Partial radial distribution g(r) for the container dominated experiment.
The top panel in each figure shows g(r) only counting the Teflon-nylon distances,
while the second and third panels show gNN (r) with only nylon-nylon and gT T (r) with
only Teflon-Teflon distances counted. The bottom panel of each figure shows the total
g(r) with all distances counted.
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(a) Container experiment in the bulk region.
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Figure 5.11: Bond orientational parameters q4/q6 for every sphere in the bulk 5.11a
and the wall 5.11a subvolume of the container dominated experiment.

Experiment
Binary charging
Same-material charging
Container – bulk
Container – wall

ϕglobal
0.678
0.645
0.632
0.698

Zglobal
6.7
6.7
6.0
7.5

ZT T
0.5
1.9
2.8

ZNN
0.3
1.7
2.6

ZT N
6.5
4.3
5.1

NT /(NT + NN )
0.50
1
0.48
0.46

Table 5.3: Packing fractions, contact numbers and fraction of Teflon spheres in the
observed volumes for the experiments.
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(a) Same-material charging experiment.

(b) Binary charging experiment.

Figure 5.12: Charge distributions measured with the tweezer method for the samematerial (fig. 5.12a) and the binary (fig. 5.12b) charging experiment.

5.4.3 C HARGING EFFECTS
We have measured the charge distribution of spheres in the binary charging and samematerial charging experiments to quantify the effects that charging might play in our
experiments. The charge distribution in the same-material charging experiment is
shown in figure 5.12a. The distribution has a mean of µ = −32.3 pC and a width
of σ = 90 pC. Although the mean charge is negative, about one third of spheres carried a positive charge. The skewness and excess kurtosis for the measured distribution
are 0.144 and 0.02, respectively.
The charge distribution of the Teflon and nylon spheres in the binary charging experiment are shown in figure 5.12b. The charge measured on all Teflon spheres was
negative while that of every nylon sphere was positive. The mean charge of the Teflon
spheres was −291 pC and that of the nylon spheres was 264 pC.
Given the potential influence of charging on our experiments, it is necessary to consider the effects that ionizing radiation in the tomograph might have on the charges
in our packing. We performed an experiment where we shake a set of monodisperse
1000 Teflon and 1000 nylon spheres in a polystyrene container using a vortex mixer
and measure the charges on the spheres. The packing is placed in the tomograph and
radiated for one hour at the usual intensities used for the other scans. After an hour
of radiation exposure, we again measure the charge on the beads using the tweezer
extraction method. The results of this experiment are shown in figure 5.13. The distributions shifted closer to 0 and the absolute mean of the distribution for Teflon is
reduced to roughly a third of the original value and for nylon the mean reduces to a
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Figure 5.13: Histogram of the charges measured before and after an hour long exposure
to X-ray radiation.

quarter after radiation.
To check if the measured discharging effect of the X-rays during scanning might
influence the packing structure in our experiments, we repeated the binary charging
experiment with 90 minutes of vertical vibrations applied. The radiogram for this
packing is shown in figure 5.14a. We then recorded radiograms in the same projection
direction in 5 minute intervals. By subtracting each radiogram from the one recored
5 minutes earlier, we can detect spheres that moved in the time interval. A sphere
moving from point A in the radiogram at 0 minutes to point B in the radiogram at 5
minutes will show up bright at point A and dark at point B in the difference image.
A sphere that moved by less than its diameter will create a bright and dark area proportional to the displacement. Figure 5.14b shows the difference image between the
radiogram recorded at 5 minutes and 0 minutes of radiation. One sphere which moved
by more than its diameter is visible. This could for example be caused by a sphere
stuck to the container by electrostatic forces. In the intervals from 20 to 25 and from
25 to 30 minutes, there are multiple sub-diameter sphere movements visible that appear to be close together in the difference image. Figure 5.15 shows the cumulative of
the percentage of pixels in each of the difference images that are more than 4 standard
deviations brighter than the mean gray value of the picture. This value will increase
with increasing movement in the sample. The first data point in this graph corresponds
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(a) Radiogram before radiation.

(b) Difference image after 5 Mins.

(c) Difference image after 25 Mins.

(d) Difference image after 30 Mins.

Figure 5.14: (a): Radiogram of the packing before long exposure to X-rays. (b)-(d):
pixel by pixel subtraction of the gray values of the radiogram recorded at the specified
time and the gray values in the radiogram in fig. 5.14a.
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Figure 5.15: Cumulative of the percentage of pixels in the subtracted images that are
at least 4 standard deviations brighter than the mean gray value.
to the difference image shown in figure 5.14b.
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5.5 D ISCUSSION
The measurements presented in 5.4 show that quite significant differences in the packing structure of monodisperse spheres can be achieved simply by changing the materials involved. For the same material charging where only teflon spheres were used
no long range ordering as quantified by g(r) occured. In addition, the bond orientational order parameters are exactly as we would expect from an amorphous packing.
In the binary charging experiment where an equal number mixture of teflon and nylon
spheres was used a clear ordering according to the material occurred and a structure
similar to BCC was formed. We showed that the inter-plane distances in the binary
charging experiment changed systematically with height in the sample, suggesting that
deformations of the BCC cells are due to the influence of gravity. The deviations from
ideal BCC are smallest at the bottom of the sample and increase with height. A possible explanation for this could be that near the bottom of the sample, the weight of
the spheres above can be effectively transferred to the container walls, granting mechanical stability. In a BCC structure as it is oriented in our experiments, the force
network does not allow direct force transfer in the negative z direction or any direction
perpendicular to it, meaning the only stabilization against forces can come from the
four contacts oriented at 45 ◦ to the gravitational pull. The deformations of the BCC
cells might therefore be a response to gravity induced compression.
There is no way to tell when this deformation occurred. The first scenario is that the
crystal could have gotten deformed already while applying the vertical vibrations. The
second scenario is that when stopping the vertical vibrations, the packing relaxed into
the structure as we see it now. The third scenario is that the deformations occurred after radiation with X-rays. The results presented in figure 5.13 suggest that movement
of spheres was present in response to the ionizing radiation. The motion appeared to
happen in localized regions, suggesting that spheres moved collectively, i.e. spheres on
top moved in response to displacements below them. Motion in response to a reduction
of charging indicates that charging helped to maintain the structure as it appeared in
the first place. Clearly, there were spheres being held in their place by help of coulombic interactions. Since it is not possible to make a scan without applying the radiation,
we cannot check the whole structure before and after radiation exposure to exactly
quantify the influence that charges played in maintaining the mechanical stability of
the packing. However, we can provide estimates of the relative importance based
on our charge measurements. The average charges on teflon and nylon spheres was
QT = −291 pC and QN = 264 pC. If we assume that this charge is equally distributed
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on each sphere and we assume purely coulombic interaction between two spheres in
QT QN
contact, we get a force of Fq = 4πε
2 = 173µN. In comparison, the gravitational force
0d
on the (heavier) teflon spheres is Fg = mg = 9.06mg9.81m/s2 = 90 µN, showing that
the coulombic pair forces are on average about twice as high as the gravitational forces
acting on a single sphere.
As introduced in section 5.2, Cademartiri et al. measured a charge of |Q| > 500 pC as
the threshold charge for the formation of densely packed charge-ordered packings of
3mm spheres vibrated in a disc [170]. For spheres with a diameter of 2mm as used in
our experiments, the same charge density would correspond to a total charge on the
spheres of 300 pC, a value quite similar to the one we measure in our experiments.
The mean charge density of the teflon spheres assuming equal coverage of the entire
sphere corresponds to a surface charge density of 145 e− (µm)−2 , a value comparable to the density measured in our single contact tribocharging experiments [16]. The
mean charge for the teflon spheres and the nylon spheres is not equal, which can have
two reasons: first, the container wall could be carrying some charge, meaning that
charge neutrality can only be expected when considering the entire system. Second,
it could be an inaccuracy of the measurement method employed: before the charge
can be measured, the sphere must be picked up with a tweezer. An interaction with
the tweezers either while picking up or separating from the tweezers could change the
measured charges and there is no way to know if this would affect teflon or nylon
spheres the same way.
If we multiply the mean charge measured in the same-material charging experiment
by the total amount of spheres in our system, we get a charge of Qtotal = 65.6 nC.
This value can be compared to the Qtotal ≈ 100 nC that Schella et al. [55] measured using a contact-less method to determine the total charge of 2000 teflon spheres agitated
in a metal container. This could be interpreted as a sign that picking up the spheres
with tweezers does not change the mean charge significantly. The distributions we
measure in the same-charging experiment had a skew of 0.144 and an excess kurtosis
of 0.02, indicating that the distributions do not differ significantly from a Gaussian
distribution. In this regard, the distributions are different to the ones measured in our
study on single and multiple collisions [16], where the measured charge distributions
were fat-tailed and asymmetric. These contradicting results could be due to measurement inaccuracies of the tweezer extraction method and the relatively small statistics
(N ≈ 150). An alternative explanation would be that for a sufficiently large number of
collisions, the distribution becomes a Gaussian distribution in accordance with the central limit theorem. Our experiments show that not only the material of the constituent
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spheres but also container material and geometry play a crucial role in determining the
packing structure. In the container experiments, the same spheres were used as in the
binary charging experiment and yet the resulting structures were completely different.
In the container dominated experiment, the center of the packing remained amorphous
while the regions near the wall showed a mixture of FCC and HCP polycrystalline
structures. In both subvolumes, the shape of g(r) does not change with material pairing, indicating that no ordering by material type occurs.

5.6 C ONCLUSIONS
We subjected a two component granular medium of monodisperse teflon and nylon
spheres to vertical vibrations and measured the resulting packing structure. We found
that the packing structure is not just influenced but determined by electrostatic interactions caused by tribocharging. If the influence of container walls is minimized,
a CsCl like structure emerges with systematic deviations from an ideal BCC structure that can be explained by gravitational compression. The crystal structure is most
pronounced in the bulk of the sample and the sphere layers close to the wall appear
disordered. A reference system that was prepared in an identical fashion but consists
of only teflon spheres remains amorphous when vertically vibrated. In an identical
two component system where charging against the container walls is not suppressed
and where the container wall is commensurate to crystalline structures, we find crystallization in HCP and FCC polycrystalline structures close to the container walls and
an amorphous structure emerges in the bulk.
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5.7 A PPENDIX
5.7.1 X- RAY C OMPUTED T OMOGRAPHY
An invaluable tool for the detection of particle positions in a static granular packing is
X-ray computed tomography (CT). The X-rays that a CT tomograph uses can penetrate
most granular samples and therefore information about the entire bulk and not just the
visible surface can be obtained. The intensity of the recored image largely depends
on the attenuation of the material that the X-ray beam passed through. According to
Beer-Lambert law [184, 185], the Intensity I through a sample with N components is
given by:
N

s R l n (z)dz
0 i

I = I0 e− ∑i=1 σi

(V–3)

where σis is the scattering cross-section of material i and n is the corresponding density along the path. An image recorded by this technique is called a radiogram. By
recording multiple radiograms from different directions, it is possible to calculate the
attenuation at every 3D point within the sample using an algorithm based on the Radon
transform [186]. The generated information is in the form of gray values in a volume
element commonly referred to as a voxel. The attenuation depends mostly on the energy of the incoming radiation and the material that is scanned. There are three ways
in which matter interacts with X-rays at the energies used in out experiment:
1. Compton Scattering: This effect describes the inelastic scattering of light off
essentially free charged particles. The effect is mostly independent of the atomic
number for the energies used in our experiment.
2. Thomson Scattering: This effect describes elastic scattering of light off charged
particles which occurs when the light wavelength is much greater than the particle wavelength.
3. Photoelectric effect: The absorption of a photon by an electron can only happen
if an atom is present to balance the exchanged momentum. Therefore, the photoelectric effect causes the transition of a bound electron to an unbound electron.
This leaves behind an ionized atom and is the cause for the X-ray’s ionization
n
s
potential. The photoelectric effect scales as σphoto
∝ EZ 3 where n ≈ 4.5 for light
elements and E is the photon energy.
In practice, the attenuation coefficients of compounds can be looked up in an online
database like XCOM of the National Institute of Standards and Technology (NIST) [187].
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Figure 5.16: Attenuation curves for the materials used in our experiments.
The corresponding curves for Teflon and Nylon are shown in the figure 5.16. Given
the similarity of the chemistry of both materials, it is obvious that any difference in
attenuation is due to the higher density of Teflon.
A schematic showing the principle of operation of the tomograph is shown in figure
5.17. In our experiments, we used a pheonix Nanotom m CT system with an acceleration voltage of U0 = 90 kV and a current of I0 = 110 µA. These parameters showed
the best contrast between the two materials observed and air. We rotate the sample in
800 steps (0.45◦ per step) and average over two recorded radiograms with 1000 ms exposure time per radiogram, resulting in a total measuring time of 54 minutes per scan.
The voxel size at the chosen parameters is 31.7µm, giving 63 voxels per diameter of
the 2mm spheres.

5.7.2 D ETAILS REGARDING THE DATA ANALYSIS
The first goal is to extract particle positions as precisely from the tomography data as
possible. The C++ code that was used for this is a modified version of the work of
Weis and Schröter [188]. The steps involved are:
1. Bilateral filtering: A bilateral filter is used to smooth the image while maintaining edges [189]. This is crucial for maintaining voxels on the surface of the
spheres. The bilateral filter replaces each voxel by a weighted average intensity of nearby voxels. The weighting function used was a Gaussian distribution.
The goal here is to achieve a uniform gray value corresponding to each sphere
material that can be discriminated against air.
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Figure 5.17: Working principle of a X-ray tomograph. An electron beam with current
I0 and energy U0 e per electron is accelerated against a diamond target. During the rapid
deceleration of the electrons, X-rays from Bremsstrahlung are radiated towards the
sample on a rotating stage. After passing through the sample, the X-rays are measures
by a detector.
2. Binarization: The goal here is to assign a label to each voxel identifying it
as one of the materials based on its gray value. For this purpose, we use the
OpenCV [190] implementation of kmeans clustering [191, 192]. The algorithm
works by dividing provided data into k groups so that the variance within each
group is minimized. By providing the gray values as data and setting k = 3, we
obtain a label corresponding to the highest (Teflon), the middle (nylon) and the
lowest (air) gray value.
3. Void filling: Due to the manufacturing process, the nylon beads often have holes
inside of them which are visible in the tomograms. Since these voxels would obstruct the centroid calculation, they are removed using the Hoshen Kopelman algorithm [193]. The basic principle is that connected air-type voxels are detected.
The biggest of these connected structures will be the air between particles while
all other connected air structures come from holes in the spheres. Therefore, the
biggest connected structure is set to air while all other connected air structures
are set to the material type surrounding them.
4. Particle Identification: We construct a Euclidian distance map [194] that assigns each voxel the distance to the next air-type voxel. For a sphere this assigned value thus corresponds to the distance of the voxel to the sphere surface.
By setting an erosion cutoff value, neighbouring spheres, whose voxels may
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have been overlapping, can be separated and labeled. Afterwards, the eroded
voxels are reintroduced and labeled according to their distance to the closest
sphere center. Finally, the mean position of every voxel assigned to one sphere
is used to calculate the exact sphere centroid.
g(r) describes the average density of sphere centroids a distance r away from a test
sphere. A discretized version can be stated as:
g(r, ∆r) =

hN(r + ∆r) − N(r)i
,
Vshell

(V–4)

where the brackets denote an average over all spheres and Vshell = 4πr2 ∆r is the volume of the sphere shell as long as r is small enough so that the sphere shell does not
reach the edge of the container. In order to correct for this effect, there are three options. The first option is to restrict the search for particles to regions not intersecting
the container. This restricts the statistics gathered for longer distances and is thus an
undesirable option. The second option is to mathematically calculate the partial sphere
shell still inside the container [195, 196]. The option we chose is to calculate an unnormalized g(r) for a box filled with randomly assigned particle positions and divide
by this reference value:
g(r, ∆r) =

hN(r + ∆r) − N(r)i
,
hN(r + ∆r) − N(r)i0

(V–5)

where the subscript 0 indicates the simulation result.
We fit a Gaussian function to the first peak of g(r) to determine the best estimate for
the particle diameter D p and the uncertainty arising from sphere polydispersity and
measurement accuracy σ . We split g(r) up according to material pairings where the
partial radial distribution function gAB (r) describes the density of spheres of material
type B to a test sphere of material A. We fit to the cumulative partial radial distribution
R
function 0D gAB (r)dr to a function of the form [188, 197, 198]:
ZAB
nAB (D; D p , σ , ZAB , m) = √
2πσ

Z D
0



(r − D p )2
dr +Θ(r −D p )m(r −D p )
exp −
2σ 2
(V–6)

with ZAB the estimated number of contacts between materials A and B and m a fit
parameter. This function essentially assumes a normal distribution about the actually
contacting particles at r = d and then a uniform distribution of “almost touching”
distances at r ' d. For the purpose of determining sphere contacts, we set the threshold
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Figure 5.18: Example fit of equation (V–6) to experimental data in the container experiment near the wall. In the legend AB refers to spheres made of material A contacting
spheres made of material B.
to the value which reproduces the global contact number determined by the fit to the
cumulative g(r). An example of a fit according to equation (V–6) is shown in figure
5.18. The agreement with the data is good.
The bond orientational order parameter qm
l for a single sphere with Zl neighbors is
defined as
qm
l =

1
Zl

Zl

∑ Ylm[θ (xj), φ (xj)]

j=1

m = −l, −l + 1, . . . , l

(V–7)

m
Here, x is the vector pointing to each
q of the spheres neighbors and Yl are the spherical

imθ Pm (cos(φ )) with Pm the associated
harmonic functions Ylm (θ , φ ) = (2l+1)(l−m)!
l
l
4π(l+m)! e
Legendre polynomial. In this work, we use the rotation invariant form given by:
v
u
l
u 4π
ql = t
|qm |2 .
(V–8)
∑
2l + 1 m=−l l

The two parameters we are particularly interested in are q4 for l = 4 and q6 for l = 6,
which we determine for every sphere.
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6 F ORCE TRANSMISSION IN
GRANULAR MEDIA
Results published in:
Chen, H., Hess, S., Haeberle, J., Pitikaris, S., Born, P., Güner, A., Sperl,
M. & Tekkaya, A. E. (2016). Enhanced granular medium-based tube and
hollow profile press hardening. CIRP Annals-Manufacturing Technology,
65(1), 273-276.
Force transmission in granular media is influenced by boundary conditions and the
granular force network. We show that in an indentation experiment, the forces decay
exponentially with distance from the punch and that higher wall friction leads to a
greater buildup of forces near the punch. We additionally show that the shape of the
punch determines the force network and that a round punch leads to a more homogeneous distribution of forces in the granular medium compared to a flat punch. Finally,
we show that the displacements inside a semi-confined granular medium are more localized when the punch is flat, while they extend further into the packing for the round
punch.

6.1 I NTRODUCTION
Force transmission and plastic deformation proceed fundamentally different in granular media than in gas and liquid. Strongly fluctuating force distributions[4, 44], history
dependent response functions [153] and shear banding [199] are examples of phenomena where a grain-scale description of the granular medium is required for an explanation. In granular media, forces can only be transmitted through contacts, leading
to what is typically called a force network. Stress birefringent measurements reveal
that only a fraction of all particles participate in this force network. The reliability of
models that accurately describe granular media depend strongly on the observed length
scales [154].
Interactions with container walls set the boundary conditions for the force balance
defining the force network. An example where the grain scale behavior of granular
media is important to consider is the Janssen granular column [25]. Although Janssen
originally used a continuum model to accurately describe the pressure on the bottom
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of a silo filled with grains as a function of filling height, a more modern investigation
of the problem [200] found that a continuum model description underestimated a measured overshoot effect by a factor of 30 to 40.
In this chapter we investigate the stress response of granular media subjected to various external parameters. The force network in response to a static load is investigated
for varying friction with container walls and for different punch shapes. In addition,
we measure the displacements inside a semi-confined granular medium in response to
a flat or round punch.
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6.2 E XPERIMENTAL METHODS AND RESULTS
We use stress birefringent epoxy resin discs (Vishay PS4) of sizes 3 mm and 4.5 mm
for all experiments. Stress birefringent materials rotate the polarization direction of
incoming light by a certain amount based on the materials local stress state. A setup as
shown in figure 6.1a can be used to make the stresses inside a two dimensional granular
medium visible. Light from the light source (e) passes through the bottom polarizer
(d). If the granular medium on the plate (c) is unstressed, the second polarizer (b) will
filter the incoming light and the picture recorded by the camera (a) will appear dark. If
the granular medium is stressed, this will induce a angular retardation δ proportional
to the principal stress τ pr = σ1 − σ2 [201]:
δ=

2πdkτ pr
λ

(VI –1)

where k is the stress-optical coefficient of the material found by calibration, d is the
thickness of the discs and λ is the wavelength of the light. The measured intensity
will behave as I = I0 sin2 (δ ) and so for high enough forces a fringe pattern consisting
of dark and bright regions will emerge. The exact contact forces including tangential forces can be determined by fitting a computer generated stress pattern based on
Hertzian contacts [31] to the recorded fringe pattern. By also recording an image without the second polarizer (b in fig. 6.1a), we can determine the particle centers by fitting
circles to the images. The setup was built by Sebastian Pitikaris who also did image
analysis and calculation of the forces and positions for the following experiments. Additional details can be found in ref. [202].
We study the effects of external parameters influencing force propagation in granular
media in three experiments. In the first experiment, we lowered the friction between
discs and wall by applying teflon tape to the otherwise rough wall. A flat punch is
used to indent the confined granular medium by a fixed amount.The force network as
it develops for low friction (left) and high friction (right) between particles and wall is
shown in figure 6.2. A quantitative analysis of the forces measured in figure 6.2 reveals
that the forces fade with increasing distance from the punch (see fig. 6.3) and that for
the same displacement, higher forces build up near the punch in the sticky boundary
case. A stretched exponential decay fit of the form
F(x; a, b, c) = ae−bx

c

(VI –2)

agrees well with the data. The exponent c is 0.52 and 0.68 for the slip and stick
boundary, respectively. In a second experiment we compare indentation of the granular
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a
b
c
d
e
(b) Discs used in experiment.
(a) Schematic of setup

Figure 6.1: Drawing of the setup used to record the stress-birefingent images. Components are: a) Camera, b) removable circular polarizer, c) plate with discs, d) circular
polarizer crossed with b, e) green light source.

Figure 6.2: Force chains form as the granular medium is indented by a punch. Bright
areas correspond to areas with increased contact forces. In the left picture, the friction
between particles and wall is higher than in the right picture.
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Figure 6.3: Contact forces of packings shown in figure 6.2 averaged over all pixels
a certain distance away from the punch. The contact forces decrease with increasing
distance from the punch in agreement with the shown stretched exponential decay fits.

Figure 6.4: Force network appearing in a compressed granular medium for a flat punch
(left) and a round punch (right).
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Figure 6.5: Displacements of discs when indentation is applied by a flat punch (left)
and a round punch (right). In each case, the discs are only confined on the left and
bottom wall but free to move to the right side.
medium with a flat punch to that of a round punch. The force chains that develop are
locally aligned with the punch shape, i.e. vertical for the flat punch (see fig. 6.4, left)
and radially for the round punch (see fig. 6.4, right). In a third experiment, we measure
the displacements inside the granular medium when indented by a flat (see fig. 6.5,
left) or round (fig. 6.5, right) punch. The granular medium is confined by walls to the
left and bottom but free to move to the right. The particle displacement is the total
movement before and after indentation determined by tracking particle positions over
a series of images. For the flat punch, displacements are more localized to the region
around the punch while for the round punch, movement can be measured a greater
distance away from the punch.
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6.3 D ISCUSSION
Our results highlight the influence of external parameters like wall friction and punch
shape on mechanical properties of granular media. Container walls set the boundary
conditions to the force-balance problem imposed on the granular medium. Our results
show that a lower wall friction coincides with lower forces building up near the punch
for identical indentation. Forces transmitted from the punch will be repartitioned by
the contact network within the granular medium leading to some force chains ending
at the container walls at an angle. The Coulomb criterion for contacts with the wall
limits the angles that are mechanically stable and therefore the maximum force that
can be transferred to the wall. In other words, if the friction with the walls is lowered,
the discs near the wall will tend to rearrange rather than arch.
When the flat punch is replaced with a round punch, we see that the force chains locally
align perpendicular to the punch surface. While branching leads to redistribution of
forces in both cases, the round shape of the piston leads to more force chains entering
e.g. the top corners than is observable for the flat punch. The force network appears
more isotropic for the round punch than the flat punch.
Punch shape not only influences force propagation but also the way a granular medium
rearranges in response to an indenter. The rearrangements occur markedly localized,
comparable with the formation of shear bands. In the heterogeneous force network of
the flat indenter, the displacements appear only close to the punch, while displacements
for the round punch were visible nearly throughout the sample.

6.4 C ONCLUSION
In conclusion, the frictional nature of the granular media and the localization of plastic deformation can be expected to strongly affect mechanical behavior. The friction
among the particles and with the tube walls yields an exponential decay of externally
applied forces within the medium, while the shape of the punch can determine the
force propagation and the plastic behavior of the granular medium.
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7 S UMMARY AND C ONCLUSIONS
In this thesis we investigated ways in which microscopic interactions between grains
in granular media can be controlled and the ways in which this influences the macroscopic behavior of the granular medium.
We have found that tuning frictional properties of zirconia beads is possible using three
commercially available solid lubricants as well as a PECVD based carbofluorination
technique we adapted for use with granular particles. We measured that while all tested
surface treatments lead to a reduction of the static friction coefficient against a smooth
surface, some surface treatments actually lead to an increase in particle-particle friction
coefficient. This behavior could be related to an increased roughness due to agglomeration of the lubricant at the surface which has little influence when in contact with
a smooth surface but leads to an increase in friction due to interlocking in particleparticle contacts.
We quantified the flowing behavior of the tailored granular media using two quantities:
the tensile strength which is a measure for how easy it is to induce flow of the granular
medium and the continuous yield limit, which represents the energy which must be
expended to keep the medium in a steady state of flowing. Here we found that the tensile strength was anti correlated to the static friction coefficient which we explained by
considering the looser mechanically stable packing that can be achieved for frictional
particles and as such the tensile strength is defined by the packing structure and the
preparation history. The continuous yield limit was found to increase with increasing
particle-particle friction, in agreement with the model of velocity-independent friction
in shear bands.
Our measurements show that the surface treatments also changed contact angle and triboelectric charging behavior, but neither of those effects could be correlated to macroscopic quantities. In particular, we did not see a decrease of the tensile strength with
increasing contact angle, likely because liquid bridge formation was negligible given
that all surfaces exhibited relatively high contact angles and the experiments were done
in dried air.
Additionally, our measurements show a decrease of the measured air pressure in front
of the granular column as a consequence of shearing the granular medium at gas velocities below fluidization. This phenomenon can be explained by density fluctuations
causing a local decrease of the granular gas resistance.
A new approach to influencing the packing structure using the triboelectric charg-
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ing was presented. In this context, an extensive study about the stochastic nature of
triboelectric charging was conducted with the result that the distribution of charges
exchanged in a single or multiple collisions follows a unique shape exhibiting fattailedness and asymmetry. For the same material combinations, charges of both signs
could be observed. We offered a model that reproduces many of these results and
is based on a discharge step immediately following the triboelectric charge exchange
step. We show that surface treatments can indeed influence the tribocharging behavior
but that such surface modifications only change the parameters of the tribocharging
distribution, not the shape of the distribution itself.
Our experiments on the influence of tribocharging on the packing structure show that in
packings of monodisperse equal number mixtures of teflon and nylon spheres exposed
to vertical vibrations ordering according to the material occurs and a CsCl-like structure is formed. This behavior is most consistent with a system driven by electrostatic
potential minimization such as it occurs in an ionic crystal. Structural deviations from
a perfect CsCl structure were measured which could be due to gravitational compression and perhaps discharging effects from radiation exposure during the tomography.
A reference experiment consisting of the same number of spheres that are all made of
teflon instead exhibited an amorphous structure, further indicating that charge potential minimization is what drives the ordering process in the teflon and nylon mixture
system.
A third experiment which was conducted in a container with flat walls and where
charging against the container was not prevented revealed that in such an environment
the granular packing structure is determined by interactions with the wall which lead to
ordering in a dense polycrystalline structure near the wall and an amorphous structure
in the bulk.
Finally, we investigated the influence of boundary conditions on the force propagation
and displacement behavior of granular media in a two dimensional model system. We
found that lower wall friction reduced the amount of pressure that builds up right in
front of the piston and lead to a more homogeneous pressure profile. We additionally
showed that using a round instead of a flat piston leads to a more homogeneous force
distribution and displacement field if the confinement of one wall is removed.
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7.1 O UTLOOK
The experiments presented in this thesis reveal interesting connections between the
microscopic interactions and macroscopic behavior of granular media. However, there
are still many open questions and possible continuations of the work presented here.
F RICTION PROPERTIES AND RHEOLOGICAL EXPERIMENTS
• A big part of the argument of why particle particle friction was different from
static friction against a smooth surface was an increase roughness on the surface
as apparent from SEM. A more quantitative method like vertical scanning interferometric microscopy [39] would allow to determine the exact size of asperities
and their frequency.
• The cause of the roughness increase is believed to be an agglomeration of the
solid lubricant on the surface. Reducing the amount of the additive or changing
the vibration protocol during dispersion could be a way to maintain the reduction
in friction without the increase in roughness.
• We have investigated the properties of surface treated zirconia beads which are
used in milling processes because of their hardness and chemical resistance.
Contrasting this material to a softer one e.g. a polymer would be an interesting
way to test the generality of the observations made in our experiments. Additionally, scaling the particle size would be a great way of testing the same
generality.
• We performed the particle-particle friction coefficients by controlling the rotation rate and measuring the torque required for rotation. An alternative approach
where the torque is set and the rotation rate is measured would allow determining
the static particle-particle friction coefficient.
• In the rheological measurements, using a different geometry like Couette cell
geometry would be interesting way to test how sensitive the observations we
made are to the boundary conditions of the setup.
• There exist surface coatings that aid in dissipating charges accumulated at the
container wall. By applying such a surface coating, charging against the wall
could be reduced and the influence of charging in this experiment could be investigated.
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• We measured a decrease of air pressure when some air flow is provided and
the material is sheared. We believe that this is due to packing density inhomogeneities but this theory could be tested with methods such as DWS or X-ray
radiography. By correlating the measurements of both methods, the decrease in
air pressure could be established as a metric for density inhomogeneities.
E XPERIMENTS ON TRIBOCHARGING
• In our experiments we varied material combinations, number of collisions, humidity and surface treatments and found the same characteristic features of the
triboelectric charge distribution. Still, additional factors such as breakdown voltage of the surrounding gas, kinetic energy of impact or extreme humidities would
be interesting to investigate.
• In our experiments we investigate both single collisions and multiple collisions.
However, the experiments with multiple collision have the disadvantage that we
do not know how many collisions are involved. A sensible extension of the work
would be to create a setup in which two collisions are performed by the same
particle. An example of how such a setup could look like is shown in figure 7.1.
With such a setup, it would even be possible to make one of the plate materials
different to the other and measure e.g. the distribution when a sphere first hits a
copper plate and then a PTFE plate.
• With the setup as we have built it studying same-material tribocharging could
be highly interesting. We attempted to measure PMMA particles colliding with
a PMMA tube but these experiments yielded too low of a charge to be reliably
measured. Other combinations like glass colliding with glass could be tested.
• We have demonstrated that surface treatments are effective at changing the charging behavior of materials. It would be interesting to compare the surface treated
particles to particles of the raw material that the surface treatment is attempting
to replicate. In particular, the silanization with PTMS that gives glass spheres
properties similar to PTFE could be compared to raw PTFE. One problem with
this is that changing the bulk material will inevitably have additional consequences like changing the collision dynamics which would alter the charging
behavior as well.
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Figure 7.1: Suggested setup for studying the two collision tribocharging distribution.
E XPERIMENTS ON THE PACKING OF TRIBOCHARGED MATERIALS
• We have demonstrated that in binary mixtures of monodisperse spheres, tribocharging can lead to ordering according to a structure which minimizes electrostatic potential. We have also shown that surface treatments can be used to
influence the tribocharging behavior. A natural extension of this work would be
to show that the packing structure can be influenced simply by surface coating
half of the spheres in the packing. We have already attempted this and measured
the charge distribution (see figure 7.2) in a packing where half the spheres are
made of nylon and half the spheres are made of nylon but were coated with hexafluoropropene using the carbofluorination technique described in section 2.6.1.
The distribution was qualitatively similar to the distribution in packings of teflon
and nylon spheres. However, the magnitude of the charges in the experiment
where surface treatements were used was lower and no ordering in a crystal lattice could be observed when vertically vibrating at the standard protocol. An
additional obstacle here is that the surface treated nylon spheres look identical
in the X-ray tomographies and so we can not see chemical ordering, i.e. surface
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Figure 7.2: Charge distribution of an equal number mixture of nylon beads and nylon
beads whose surface was treated with hexafluoropropene after being subjected to vibrations for 30 minutes. The distributions are qualitatively similar to those in a teflon
and nylon mixture, but the magnitudes of the means are lower.
treated nylon spheres preferentially being close to untreated spheres.
• We have shown that the container geometry has a great influence on the packing
structure. By modifying the container geometry to be compatible with one particular crystal structure, this might enable us to make the system tend towards
these structures. Being able to set up a granular system in various crystalline
configurations would be an invaluable tool for researchers who investigate mechanical properties of such packings. Recently, Wang et al. [203] have presented
a method that allows them to arbitrarily control the two dimensional patterning
of millimeter sized polymer beads on a substrate. If this technology could be
adapted to provide a pattern compatible with one particular crystal structure, we
might be able to control the packing structure even more.
• In our studies, we have always used the same vibration protocol. Varying this
parameter is an obvious candidate for influencing the ordering process.
• We have measured that the X-rays that the packing is exposed to can alter the
packing structure. Perhaps a quick low resolution scan could be performed to
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measure the particle positions before discharging by the X-rays. The differences
in packing structure before and after radiation would allow us to estimate how
many contacts in the sample are being held stable specifically by electrostatic
charging.
• Finally, a study on the mechanical properties of the granular crystal would be of
great interest. Measuring the tensile strength could help us further quantify the
strength of the Coulombic forces. An alternative approach would be to remove
the top of the container after the crystal has formed but when the sample is still
on the vibrating table. We could then increase the strength of the vibrations and
determine the point when the vibrations become strong enough to destroy the
crystal.
E XPERIMENTS ON FORCE PROPAGATION IN GRANULAR MEDIA
• The experiments we have performed could be extended to three dimensional experiments testing the influence of wall friction and punch shape in a granular
column. The advantage of the two dimensional setup is that we can evaluate
the exact forces on every particle. Some approaches for three dimensional force
tomography exist but they only work for soft particles [204, 205] or a small number of particles [206, 207]. Alternatively, the stresses could only be determined
at the container walls using stress birefringence.
• If a setup for measuring the three dimensional force distribution existed, it would
be of interest to test the crystalline structures produced in chapter 5 with regards
to their force propagation properties.
• We tested the displacement behavior when one wall is removed. It would be
interesting to see how this behavior changes if the missing wall is replaced by
an elastic border providing a resistance to the deformations.
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Reduction of van-der-Waals forces between two spheres by addition
of fumed silica additives. The van-der-Waals forces depend on the
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the forces are high because the distance of the two large spheres is
small. In fig. 2.3b, the interaction between the two big spheres is
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Setup used to measure static and dynamic friction coefficients. The
components are: The slider (a) with 3 surface treated particles (b)
glued to the bottom sits on top of a silicon wafer (c). The angle to
the horizontal is increased by moving the linear rail (d) further left. . .
Trajectory down the slope as determined from analyzing video footage
(crosses). The solid line is a quadratic fit from which we can calculate
the effective acceleration down the slope. . . . . . . . . . . . . . . .
A sketch of the setup is shown in 2.7a. A single layer of particles
(b and fig. 2.7b right) is attached to the plate of a rheometer (a). A
second layer of particles (c and fig. 2.7b left) is attached to a foam (d)
that presses the surfaces together. The layers of particles are shown in
figure 2.7b.The setup is shown in figure 2.7c. . . . . . . . . . . . . .
Coefficients of static (µs ) and dynamic (µd ) friction as calculated from
the inclined slope experiments as well as particle particle friction µ pp .
The error bars are calculated using error propagation and the statistical
error of at least 8 measurements (see appendix (2.6.2) for details). . .
Normal force (2.9a) and torque (2.9b) as recorded for a plasma-cleaned
sample for two single layers of spheres rotated against each other in a
rheometer. Also shown is the mean of each measurement. Both normal
force and torque fluctuate strongly throughout the measurement but no
systematic drift away from the mean is present. . . . . . . . . . . . .
The mean torque as a function of applied normal force follows a straight
line from which we can calculate a coefficient of particle-particle friction. The slope of the fitted linear functions changes with surface treatment, where the sample with added flowing agent shows the highest
slope and the graphite coated sample exhibits the lowest slope. This
figure combines the results of various rotation rates from 0.1s− 1 to
10s−1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Measurement of water contact angle for plasma cleaned spheres (2.11a)
and graphite coated spheres (2.11b). Error bars indicate the statistical
error from at least 8 measurements. . . . . . . . . . . . . . . . . . . .
Water contact angles of a monolayer of zirconia spheres with specified
surface treatments. The lines connecting markers are purely a guide to
the eye. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Charges acquired by zirconia beads against a polypropylene container
for different surface treatments. . . . . . . . . . . . . . . . . . . . . .
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2.14 Forces acting on the slider: gravitational force Fg can be split up into
two components, one down the slope Fk and the other into the Si-wafer
F⊥ . As long as the slider is stationary (situation I), the friction force
Fµ balances the force down the slope. Once the slider starts moving
(situation II), the force down the slope will be higher than the friction
force. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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Setup used to investigate fluidization behavior of granular samples. A
gas flow rate V̇ is set by the mass flow controller (d). The air passes
through the filter (b) and then through the granular medium inside the
sample cell (a). The air pressure is measured before the filter (c). . . .
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Pressure curve for granular sample (shown here: zirconia beads coated
with graphite) without rheological measurement. The contribution of
the granular medium is obtained by subtracting a measurement of sample and filter from a measurement of only the filter (see inset). Before
fluidization, the pressure increases linearly with gas velocity where
the slope is determined by the sample packing fraction and particle diameter. After fluidization, the pressure remains constant at the value
determined by sample mass and tube cross section. An overshoot can
be seen that increases with particle cohesion and can be interpreted as
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Measured tensile strength σT and plateau torque τ p for the different
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Setup used to investigate rheological behavior of granular samples.
The granular sample inside the powder cell (a) is sheared by an intruder
(b and fig. 3.4b) which is controlled by a motor control unit (c). . . .
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Measured torque as a function of rotation rate without gas flow for
different surface treatments. The plateau torque τ p depends on surface
treatment where samples with flowing agent exhibit the highest while
graphite coated samples exhibited the lowest value. . . . . . . . . . .
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Correlations found between microscopic parameters µs and µ pp against
macroscopic properties like σT and τ p . Also shown is a linear fit to the
data and the coefficient of determination R2 of that fit. Other combinations like plotting σT as a function of µ pp or τ p as a function of µs
showed obvious lack of correlation with R2 < 0.3. . . . . . . . . . . .
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Measured torque at a set rotation rate for various gas velocities for
the cleaned sample. For gas flow rates below fluidization, the torque
needed to maintain rotation remains roughly constant up to a rotation
rate of around 1s−1 . This plateau torque τ p reduces with increasing
gas flow rate. For high rotation rates, the torque needed for rotation
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Torque against rotation rate for various gas velocities. We identify a
high rotation rate regime beyond 4.5s−1 where the torque increases
smoothly. The solid lines are fits of the form τ(n) = a ∗ nβ + c to the
data in this regime from which we extract the exponent β . . . . . . .
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The exponent β as a function of flow rate and surface treatment. For
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3.10 Evolution of measured air pressure difference as a function of rotation rate for the cleaned sample. We measure the absolute pressure at
every point in time and obtain the pressure difference by subtracting
from value measured at the start of the experiment. Therefore, the air
pressure difference is ∆Pt = P(t) − P(t0 ) where t0 is the start of the
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3.11 Measured air pressure difference as a function of rotation rate at a
fixed gas velocity of u = 0.67u f for different surface treatments. The
pressure difference evolution is similar for all samples. . . . . . . . .
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3.12 Schematic of working principle of a mass flow controller. From the
main gas stream (a) a small fraction is rerouted into a bypass (b). A
heating element (c) is brought to a specified temperature. The amount
of heat dissipated to the gas flow will be proportional to the gas velocity. From the amount of power required to keep the heating element at
a constant temperature, the control system (d) can determine the mass
flow and adjust it by opening or closing a magnetic valve (e). . . . . .
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3.14 Macroscopic parameters tensile strength and torque at plateau plotted
against microscopic parameters static friction, particle-particle friction
and water contact angle (see individual panel) with linear fits and coefficient of determination. . . . . . . . . . . . . . . . . . . . . . . . .
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Detail of the charge measurements, here glass beads bouncing off a
PTFE slab. Each particle dropping into the Faraday cup causes a
change in charge accumulated in the Faraday cup, resulting in a jump
of the curve. Steps I, II, and III exemplify the large variability in magnitude and sign of the charge on the particles. The inset shows the
measurement setup, with the particle dispenser (a) dropping individual particles through a charge-neutralizing cloud of ionized air created
by an ionization needle (b) onto a collision target (c). The particles
bounce after a single collision into a Faraday cup inside of grounded
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Probability distribution for charges accumulated in single collisions of
Glass beads with a PTFE slab (a) and of Glass beads with a Copper
slab (b). The dashed lines act as a guide to the eye and show the slope
of the exponential decay of the tails. Also shown in (b) is the distribution of charges on the particles after passing the ionization needle
without colliding with a target. . . . . . . . . . . . . . . . . . . . . .
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Probability distributions for charges accumulated by individual glass
beads bouncing down inclined PMMA tubes with lengths of 20 cm,
80 cm, and 100 cm (as indicated by the arrow). The dashed lines are
guides to the eye and highlight the approximately exponential tails of
the distributions. Several key features like the asymmetry and the approximately exponential decay of the probability distributions do not
change with number of collisions. The inset shows the measuring
setup for multiple collision measurements. . . . . . . . . . . . . . . .
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The charge distributions of glass beads bouncing down a stainless steel
tube of 40 cm length, measured at different relative air humidities
(RH). The distributions show no systematic trend with the relative humidity. Again we observe wide, asymmetric distributions. . . . . . . .
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Probability distributions for the charges accumulated by individual
particles bouncing down tubes made of different material. The particle
materials glass and PS were combined with tube materials of PMMA,
grounded stainless steel and PTFE. The general appearance of the distributions does not depend on the specific material combination, all
combinations lead to sharp, fat-tailed distributions with an excess kurtosis ranging from 2.03 to 4.69. . . . . . . . . . . . . . . . . . . . . 94
Probability distribution for charges accumulated by regular and surface treated glass spheres against tubes made from either PMMA or
grounded stainless steel. The glass spheres modified with PTMS share
the characteristics of asymmetry and fat-tailedness we find in other
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Standard deviations σn of the charge distributions P(Qn ) plotted as a
function of the respective means µn . The standard deviation grows
linearly with the mean charge. Circles represent data from the measurements presented here, diamonds are values taken from a previous
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Expected shapes of the probability distribution P(Qn ) of the net charges
Qn . I: For σd → 0 no discharging occurs. The distribution is the normal distribution of the initially separated charges (here: µ̃c = −1, σ̃c =
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shows how the the standard deviation σn depends on mean µn of the
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Schematic of two metals in contact. Electrons will flow from metal B
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Visualization of the minimum critical radius a virtual sphere (dashed)
needs to have to completely fill the gap formed in the unit lattice. Fig.
5.2a shows a face of a fcc unit cell, while fig. 5.2b shows the diagonal
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Driving regimes encountered for vertical columns of spheres. The system consists of 10 spheres vertically stacked in one dimension. Time
progresses going from left to right in the figure. The motion of the
bottom plate is indicated by a solid line. Top: For high accelerations
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contact the majority of the time is simulated. Bottom: For lower accelerations or high dissipation the condensed regime is entered where
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Drawing of the setup used to record the stress-birefingent images. Components are: a) Camera, b) removable circular polarizer, c) plate with
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Suggested setup for studying the two collision tribocharging distribution.173
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