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ABSTRACT

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 gran-
ular 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 ef-
fects 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 sur-
face treatments on triboelectric charging behavior. We show that triboelectric charging
can indeed define the packing structure and lead to ordered structures in which elec-
trostatic 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.



ZUSAMMENFASSUNG

Das makroskopische Verhalten granularer Medien wird von Interaktionen auf Par-
tikelebene bestimmt. Obwohl einige granulare Phdanomene durch harte Kugel Mod-
elle erkldart werden konnen beinhalten Experimente immer Reibung, van-der-Waals
Krifte, Wasserbriicken und triboelektrisches Aufladen. Inwieweit diese Interaktionen
das makroskopische Verhalten bestimmen und die relative Stirke der einzelnen Inter-
aktionen in realen Experimenten sind oft schwierig abzuschitzen. In dieser Disser-
tation untersuchen wir, wie Verinderungen an der Oberfliche von granularen Kugeln
die makroskopischen Eigenschaften des Mediums beeinflussen. In einem ersten Ex-
periment messen wir die rheologischen Eigenschaften von oberflichenmodifizierten
granularen Teilchen. Solche Modifikationen beeinflussen zwangsldufig mehrere Fak-
toren auf einmal und deshalb messen wir den Einfluss der Oberflaichenmodifikatio-
nen auf Reibung, Benetzbarkeit und triboelektrisches Aufladungsverhalten und korre-
lieren dann die Verdnderung auf Partikelebene mit dem makroskopischen Verhalten.
In einem zweiten Experiment untersuchen wir inwieweit Ladungseffekte durch Tri-
boelektrizitit die Packungsstruktur granularer Packungen bestimmen. In dem Zusam-
menhang, den triboelektrischen Effekt zu kontrollieren, untersuchen wir die stochastis-
che Natur der ausgetauschten Ladungen in Kollisionen granularer Teilchen und unter-
suchen den Effekt von Oberflaichenmodifikationen auf das triboelektrische Aufladungs-
verhalten. Wir zeigen, dass triboelektrisches Aufladen tatsdchlich die Packungsstruk-
tur definieren kann und zu geordneten Strukturen fiihrt, in denen das elektrostatische
Potential minimiert wird. Der Einfluss von Randeffekten wird ebenfalls untersucht.
SchlieBlich zeigen wir, dass Wandreibung und Form von Kolben die Kraftausbreitung
und das Verschiebungsverhalten in einem zweidimensionalen granularen Medium be-

einflussen.
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LLIST OF ABBREVIATIONS

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, Rontgen radiation






LLIST OF SYMBOLS

Sign Description

a time derivative of the velocity of an object

A peak amplitude during vibration

Ol angle at which sliding occurs in the inclined plane experiments

dasp  size of asperities

Bo cohesive granular bond number

qi bond orientational order parameter

Cr capacity of Faraday cup C/V|

0 charge C

0 contact angle °

Tp torque at plateau, continuous yield limit N m|

p solid density of an object kg/m?3

E elastic modulus, also called Young’s modulus; slope of stress-strain ELI
curve in the elastic region

ho equilibrium separation due to van-der-Waals forces

E* reduced elastic modulus combining the contributions of two contact- E
ing bodies

Ey Fermi energy

F force N

f frequency 1/s

u coefficient of friction

g gravitational acceleration on earth m /s’

A Hamaker constant relating to the strength of van der Waals interac- |
tions

H height of granular column
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Sign Description Unit
I intensity, e.g. optical J/(m?s)
AP, inter-plane distance in vertical direction |
m mass of an object
N number of objects |
(0] packing fraction |
Y peak acceleration due to vertical vibrations m / s?
T ratio of circumference of circle to its diameter -
Dp  diameter of top plate in the particle-particle friction experiment
v Poisson ratio; ratio of transveral expansion for a uniaxially com-

pressed body
U potential; energy difference between two points |3|
p pressure per grain N / m>
AP'  difference in pressure compared to the start of the experiment N/m?
T,  principal stress N/m?
g(r) radial distribution function, also known as pair correlation function
R radius of object m|
R, resistance to gas flow of granular column l/niz
€ coefficient of restitution
n rotation rate in revolutions per second 1/s
o’ scattering cross section
h separation between objects |_n;|
o shear stress N /m?
Y shear strain
k stress-optical coefficient m? /N
u superficial gas velocity m/s
y surface energy J /m?
Ve difference in surface potential M
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Sign Description

Unit

or
d
t
T

&

< 3

tensile strength
thickness
time

torque

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

volumetric flow rate

wave length

work function

N/m?

N m|

C?/(Nm?)

N's/m?

m? /s
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1 INTRODUCTION

TLL BE HONEST: WE PHYSICISTS TALK A BIG
GAME ABOUT THE THEORY OF EVERYTHING, BUT
THE TRUTH 15, LJE DONT REALLY UNDERSTAND
WHY ICE SKATES WORK, HOW SAND FLOWS,
OR UHERE THE STATIC CHARGE COMES FROM
WHEN YOU RUB YOUR HAIR WITH A BALLOON.

P

Figure 1.1: xkcd cartoon reprinted with permission from https://xkcd.com/

1867/.

The cartoon depicted in figure [I.T highlights an apparent discrepancy of how on the
one hand, physicists have developed extremely well tested fundamental models de-
scribing 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[I.T]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 co-
efficient 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 fric-
tional contacts in general is that the real contact area is only a small fraction of the
macroscopic contact area. This small fraction might be %th or ﬁth and the differ-
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 [I.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 be-
cause 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 temporar-
ily 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 deter-
mine 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 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 2mm glass sphere and a PTFE slab such as will be presented in chapter ] only about
1 in every 10° 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 ex-
treme 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 com-
ponents.

Flow properties of granular media are of immediate interest to pharmaceutical com-
panies, 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 con-
struction 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[I.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 hard-
ening 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 chal-
lenges because of the non-hydrostatic pressure transmission inside a granular medium.
This problem is highlighted in figure 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[I.2aland [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. and pure
shear (fig.[I.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

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
[[.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. sur-
face 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[I.4]

In chapter 2] we will present measurements on the influence of surface treatments
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Microscopic Macroscopic

Friction/ Capillary/

Tribocharging Shear response

Chapter 2 Chapter 3
Tribocharging __3, Packing structure -----. » Force propagation
Chapter 4 Chapter 5 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 in-
clude friction, capillary bridge formation and triboelectric charging behavior of zirco-
nia 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 pack-
ing structure of granular media through the use of triboelectric charging. For this pur-
pose, 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 MICROSCOPIC 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 INTRODUCTION

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 parti-
cles 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 grain-
scale 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 car-

bofluorination technique adapted to granular spheres. These results are discussed in
section

2.2 MICROSCOPIC 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:

md =Y F (1-1)
i
Fap = —Fga, (11-2)

where Fj describes the force exerted by object A on object B. In static granular piles,
equation 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.

GRAVITATIONAL FORCES: Gravitational forces act on every object proportional to
its mass m. Therefore, spheres with radii R and density p will be subjected to a gravi-
tational force:

- . 4 5,
Fy =mge, = gpgn'R3eZ, (11-3)

where &, is a unit vector pointing to the center of earth. Because of the o< R3 scaling,
gravitational forces dominate for large sphere sizes. In any experiment in standard lab-
oratory 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.

CONTACT FORCES: The simplest model describing some characteristics of a granu-
lar media is the hard-sphere model. In the hard sphere model, all particles are perfect
spheres and the interaction potential is O 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 Ry and R, that are in an elastic contact with indentation 4, the normal force
F will be [32, p.35]:

3/2 1/2
pol RiR (11-4)
E* \R|+R»

where E* is defined for the materials with Poisson ratio v; and v; and Young’s moduli
E| and E5:

3/1—v? 1—Vv2
Ef =" 1 2. -5
Hee (-5

For in the inelastic regime, see for example ref. [33]].

VAN-DER-WAALS FORCES: In non-polar materials, these forces arise from sponta-
neously induced dipole-dipole interactions between neighboring molecules. The func-
tional form was given by Hamaker [34]] based on London’s dispersion interaction en-

ergy [35] and reads:

A
U(h;Rl,Rz)Z——(

2R|R, 2RiR, | {rz — (Ry +R2)2D
6 )

r2— (Rl —|—R2)2 r2 — (Rl —R2)2 r2— (Rl —R2)2
(I1-6)

where A is the material dependent Hamaker constant and » = R{ + R, + h is the total
center-to-center distance of the two spheres. For small separation 7 << R{,R», this

equation can be approximated as:

ARR,

(Rl +R2)6/’L. (=7

U(h;R1,Ry) = —

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 cohe-

sive forces to gravitational forces and is [|37]]:

3Adysp

== -8
" 20mpgdinz =9
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Figure 2.1: A drop of liquid resting on a solid will form an angle 6, at the point of
contact. Measuring the contact angle can be used to calculate the surface energy of the

solid-liquid interface.

where dyp is the average size of asperities and hy 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 pow-
ders for example in a fluidized bed 28, |37].

FRICTION: 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 inter-
surface 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:

Fy < iy, (11-9)

where F; is the frictional force, u is the coefficient of friction and Fjy 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 i is greater than
the coefficient of dynamic friction g .

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,
435|] and avalanching [46]).
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Figure 2.2: Geometry of a liquid bridge of two spheres of radius R; and R; a distance
H apart. For an accurate calculation of the liquid bridge force, knowledge of ¢ and 6

would be required.

LIQUID 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:

Ysv — YsL — Yov cos(8) =0, (11-10)

where Y43 is the surface energy density of the AB interface and 0 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
YsL > Ysv, 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]:
F,= 27L'R}/LV COS(Q) (II-11)

The presence of liquids in granular media affect tensile strength[51]], flow proper-
ties[52,|53]] and mixing behavior[54} 55].
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ELECTROSTATIC FORCES: The electrostatic force between two homogeneously charged
spheres of charge Q7 and (O, that are a distance r apart will be equal to the Coulomb
force:

P 010>

= n-12
4 471'807‘2 ( )

where & is the vacuum permittivity & = 8.85 x 10~ '2C>N~'m~2. Electrostatic charges
on spheres can arise for example from contact electrification which will be discussed in
detail in chapter ] 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.

MODIFYING INTERACTIONS OF GRANULAR MEDIA In simulations, properties of
granular media like coefficient of friction can easily be changed through simply chang-
ing 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 for-
mation, 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 rough-
ness 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 rela-
tively easily [56]. The same mechanism can be used to explain the low friction

properties of boron nitride [[57]

* Transition metal dichalcogenide compounds (e.g. MoS, and WS,): Like in
graphite, the low friction in these compounds is a result of the crystal struc-
ture leading to interlamellar weak planes.
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* Polymers (e.g. Teflon): Chemically, teflon is a compound made up of fully flu-
orinated carbon chains. This results in high inertness and low polarizability,
leading to low adhesive forces in the contacts [58]]. Shorter chains of fluorocar-
bons 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 there-
fore 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 en-
hanced CDV, PECVD) which offers homogeneous coating even in samples made up
of spheres [60].
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2.3 EXPERIMENTAL 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 granu-
lar 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 so-
lution 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 mea-
surements of friction coefficient, contact angle and charging behavior of the coated
samples.

2.3.1 SURFACE TREATMENTS

We measure changes in friction coefficient and contact angle for industrially applica-
ble 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 pum.

The carbofluorination technique is an adaption of similar plasma deposition tech-
niques [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 ag-
gregates 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 flow-  (b) Two large spheres in contact with flowing

ing agent. 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 con-
tacting bodies and their separation. In fig. [2.3a] the forces are high because the dis-
tance 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 E-
Coll 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.
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2.3.2 MEASUREMENT OF SURFACE COVERAGE AND ROUGHNESS

Scanning electron microscopy (SEM) images of the zirconia beads after surface treat-
ments are shown in figure The plasma cleaned surface shown in figure [2.44] 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 fig-
ure 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 MEASUREMENT OF FRICTION COEFFICIENTS

FRICTION AGAINST A SMOOTH SURFACE We use an inclined plane setup to mea-
sure static (Us) and dynamic (uy) 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 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
a 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):
Us = tan( o), (11-13)

where @ 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 u; appears valid in this context. From a fit of the form s(¢) = %tQ +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 com-
ponents 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 al®) Aa s Ays  a(ms™?)  Aa U Ally Upp Al
Cleaned 124 25 022(1) 0.046 0.741 0460 0.14(3) 0.052 0.37(6) 0.016
Carboflourinated | 10.9 1.2 0.19(4) 0.022 0.401  0.192 0.15(7) 0.022 0.40(9) 0.010
Flowingagent | 104 1.0 0.18(3) 0.018 0296 0.122 0.15(2) 0.014 0.45(6) 0.010
(0) ) (5)
(1) 3) (2)

Graphite 9.1 13 0.16(0) 0.023 0.306 0.230 0.12(9) 0.026 0.29(5) 0.018
Boron nitride 86 0.8 0.15(1) 0.014 0.081 0.042 0.14(3) 0.006 0.42(2) 0.010
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(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 A single layer of particles (b and
fig. 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 @The setup is shown in figure

From the static friction coefficient and the acceleration down the slope, we can cal-

culate the coefficient of dynamic friction as:

a

Ug = tan o — (11-14)

gcosaly
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 de-
viation of each other.
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Figure 2.8: Coefficients of static (l) and dynamic (U;) friction as calculated from the
inclined slope experiments as well as particle particle friction (,,. The error bars are
calculated using error propagation and the statistical error of at least 8 measurements

(see appendix @ for details).
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Figure 2.9: Normal force and torque 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.

FRICTION 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
0.1s7! to 10s~!. Figure 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 0.1s7 1
to 10s 1,
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Upp Via the relation (see appendix section [2.6.2):

37

Hpp = DEy’ (11-15)

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 co-
efficient 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 par-
ticle 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 parti-
cle 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 MEASUREMENT 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 uL. 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 2.1}

Table 2.2: Measured contact angles.

Treatment 0, (left)y A6; 6, (right) A6, Contactangle & A0
Cleaned 78.1 8.8 74.8 6.4 76.5 7.6
Carboflourinated | 103.7 8.1 98.2 5.7 101.0 6.9
Flowing agent 1089 4.0 107.8 3.5 108.3 3.7
Graphite 108.8 52 109.8 4.4 109.3 4.8
Boron nitride 91.1 5.9 94.0 2.8 92.6 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 li
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 TRIBOELECTRIC CHARGE MEASUREMENT

Table 2.3: Measured charge to mass ratio.

Treatment Charge to mass ratio (nC/g) Charge per sphere (pC)
Cleaned 0.87 0.35
Carbofluorinated -0.29 -0.12
Flowing agent 0.093 0.038
Graphite 0.45 0.18
Boron nitride -3.42 -1.39

We perform simple Faraday cup measurements to determine how charging behav-
ior changes with surface treatment. The method of how to measure a charge with a
Faraday cup will be described in more detail in chapterd] 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 sam-
ple 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 pos-
itively 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 DISCUSSION

The results presented in section[2.3]show that a variety of conventionally available sur-
face 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 addition-
ally influence wettability and charging behavior. Finally, there is a difference between
the friction coefficient that is measured against a smooth surface and for particle parti-
cle contact.

While the carbofluorination technique does not produce changes visible in e.g. an elec-
tron 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 fric-
tion 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 be-
tween 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 particle-
particle 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 addi-
tive 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 ac-
cording to equation (1I-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 CONCLUSION

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 APPENDIX

2.6.1 THE CARBOFLUORINATION TECHNIQUE

CARBOFLUORINATION BY PLASMA DEPOSITION: All plasma treatments were per-
formed 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 hex-
afluoropropene (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 de-
position. 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 de-
position 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 CALCULATION OF FRICTION COEFFICIENTS

STATIC AND DYNAMIC FRICTION COEFFICIENT CALCULATIONS: The force bal-
ance on the slider in the inclined plane experiments is shown in figure [2.14 The
gravitational force Fy can be split up into a component parallel to the slope F| and one
perpendicular to the inclined plane F,. The slider will remain stationary, as long as
Fj is balanced by the frictional force F, (see situation I in . According to the
Coulomb friction law, the friction force can not be higher than the friction coefficient

times the normal force:
Fy < uF. (1I1-16)

This means that the slider will start sliding, as soon as the inequality is broken. At this
point, Fjj = F, so that the coefficient of friction is related to the angle at which sliding

first occurs o:

F,  mgsin(ay)
_ — —t ] mn-17
Hs Fj  mgcos(o) an(cs) ( )
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Figure 2.14: Forces acting on the slider: gravitational force F, can be split up into two
components, one down the slope F| and the other into the Si-wafer F';. As long as
the slider is stationary (situation I), the friction force F, 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 I in[2.14] there will be a net acceleration because the

friction force is reduced to Fj, = UgF| and g < U, therefore:

ma = Fj — puqF| = mgsin(ay) — pgmg cos(as) (11-18)

—> pg = tan(o) — —~ (1-19)

gcos(ay)’

where a is the acceleration down the slope.

The errors on the friction coefficients were calculated using the variance formula:

2 2
Af(x,y,...) = \/(%) Ax? + (g—i) Ay + ... (11-20)

where Af is the standard deviation of the function f and Ax is the standard deviation

of the observable x. The coefficient of static friction only depends on one observable,
namely the angle o,. We therefore get:

dtan( o)
00

where Aq; is the statistic error for the angle at which sliding occurs as determined

Ao, (11-21)

Aty = —
H ‘ cos?(ay)

from the at least 9 measurements performed for each sample. In analog, the error on

the coefficient of dynamic friction is:

_ 1 asin(o) \* ) 2
Ata = \/(cosz(as) B gcosz(as)) (Aa)? + <m> (Aa)?  (11-22)
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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 ELDIZ
)
as:
D/2 2m Fir
T= dr / rd 11-23
Jy ) roep (1-23)
F.D
== (11-24)

3
Since the particle particle friction is the lateral force divided by the normal force, we

get:

E 37

e I1-25
Upp Fv _ DFy ( )
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3 FLOW PROPERTIES OF TAILORED
GRANULAR MEDIA

The flow behavior of granular media is related to interactions at grain scale. We mea-
sure 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 in-
creased 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 INTRODUCTION

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 land-
slides [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 ap-
ply 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 and on the response of granular media to shearing in section
3.3l Our experiments and results will be structured similarly and focus on fluidiza-
tion 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 FLUIDIZATION 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]]:
AP = R.HNou (TI1-1)

with AP the pressure difference before and after the bed, R, the resistance to gas flow
imposed by the granular medium, H the height of the bed, 1, is the gas viscosity and
u the superficial gas velocity, i.e. the total gas flow divided by the tube cross section
u= ALT' There exist a number of constitutive equations to describe R, of granular

media, among others the Kozeny-Carman equation [66]:

(P2

(1-9)d;

where a is a proportionality constant, @ is the packing fraction of the granular medium

R,=a (T11-2)

and d), is the particle diameter. We note the dependence of granular air resistance on
packing fraction and particle diameter. This is a continuum approximation that as-
sumes constant @ 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 AP will eventually be higher than the gravitational pressure ex-
erted by the packing P, = 1’% where A7 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 qual-
itatively different for fine powders compared to granular particles of 100um size or
more [27, 28]]. Here we will only consider the behavior of spherical zirconia beads
with a size of 400-600um 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 forma-
tion 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 APr = Zif + or. As such,
the tensile strength can easily be measured by measuring the sudden decrease of pres-
sure 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 attain-
able by e.g. microgravity experiments or by suspension in a liquid. Schroter et al.
have shown that using a water fluidized bed, the packing fraction that is achieved dur-
ing settling after applying a flow pulse can be set continuously by the flow pulse flow
rate [68]].

3.3 RESPONSE 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 1, which is the factor relating

shear stress ¢ and shear rate :
c=n7. (111-3)
There are three possibilities for the scaling of n:

1. n independent of y: 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. m decreasing with increasing y: 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 [[741],[75,
p-149].

3. 1 increasing with increasing 7: 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 thin-
ning, 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 flu-
idization [[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 the-
ories 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 mea-
sured 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 rheologi-

cal behavior to relate the microscopic properties to macroscopic flow properties.
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3.4 EXPERIMENTAL METHODS AND RESULTS

We perform rheological measurements using the samples prepared in chapter[2to iden-
tify the macroscopic influence of the surface modifications. We measure both the flu-
idization 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 um. We applied 4 different surface treatments and compare it to one refer-

ence. 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 sur-
face 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-
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b c d ~
— :l (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 V 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 FLUIDIZATION 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 my; = 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/Ar where Ay is the
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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 mea-
surement 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 uy, 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 gran-
ular 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 pres-
sure exerted by the sample of mass m; on the bottom of the tube with cross-sectional
area Ag.
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 ap-
pendix in section[3.7.2]

We measured the tensile strength after filling the sample cell by pouring the zirco-
nia 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
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strength while the graphite-coated sample exhibited the highest tensile strength.

3.4.2 RHEOLOGICAL 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 trans-
lation 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 continu-
ously decreasing rotation rate.

A measurement of torque as a function of rotation rate for each surface treatment
is shown in figure For rotation rates up to about 1s~!, the torque is mostly sta-
ble and we thus define 7, as the average of all measured torques in the region from
1073 — 10~ 's™! for each sample. The plateau torque is sometimes also referred to
as continuous yield limit. The value of 7, changes measurably with surface treat-
ment, 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 67 and 7, as a func-
tion 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) Sketch of setup used for

(b) Photograph of paddle in-
truder used in the rheologi-

rheological measurement.

cal 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 7, 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.

B
Treatment us(cm/s) or(Pa) 7,(mNm) | u=0 wu=033ur u=0.6Tuy u=1lur u=13uy
Cleaned 0.72 78.72 10.01 1.21 1.33 1.35 1.76 1.70
Carbofluorinated 0.7 90.51 9.01 1.24 1.54 1.48 1.60 1.72
Flowing agent 0.83 108.60 12.94 1.26 1.21 1.43 1.65 1.66
Graphite 0.61 140.99 8.18 1.43 2.03 2.01 1.67 1.78
Boron nitride 0.83 136.45 10.06 1.61 1.35 1.36 1.65 1.65
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Figure 3.6: Correlations found between microscopic parameters f; and U,, against

macroscopic properties like o7 and 7,. Also shown is a linear fit to the data and the

coefficient of determination R? of that fit. Other combinations like plotting o7 as a

function of p,, or 7, as a function of ug; showed obvious lack of correlation with

R? <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~!. This plateau
torque T, 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 RHEOLOGICAL 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 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~! where the torque increases smoothly. The solid
lines are fits of the form 7(n) = a * nP + ¢ to the data in this regime from which we

extract the exponent f3.

We measure a linear decrease of the plateau torque 7, 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.§] but with linear scaling on both
axes. For rotation rates up to around 4s~! the slope appears to change if the gas
velocity is close to fluidization. We therefore consider a high rotation rate regime
beyond 4.5s~! where the scaling appears more stable and we determine the scaling by

fitting an equation of the form
t(n) = anP +¢ (111-4)

to the data. The fits are also shown in figure [3.8]
The exponent 3 obtained from the fit is shown in figure as a function of gas ve-
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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 AP' = P(r) — P(ty) where 1 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 expo-
nent 3 very close to 2.0 for gas velocities lower than the fluidization velocity.

One interesting phenomenon we encountered during the course of these measure-
ments is the decrease of measured gas pressure as a function of rotation rate for simul-
taneous fluidization and stirring of the samples. We define AP" = P(r) — P(ty) where
fy is the start of the experiment and plot AP' 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 0.33uy to 0.67uy but at 1uy the slope is again
similar to the one of 0.33uy. 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 = 0.67uy 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 treat-
ments. The measurements for u = 0.67uy for all surface treatments are shown in figure
m The only noticeably different behavior is that for the graphite coated sample AP
did not decrease immediately but instead started decreasing once a rotation speed of

25! was reached.

72



3.5 DISCUSSION

We have measured the fluidization behavior and shear response of zirconia beads
with surface treatments. From the fluidization measurements, we determine a ten-
sile 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 con-
tacts 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 ten-
sile 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 ro-
tation 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 in-
crease 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 com-
paring 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 accu-
mulated 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 3 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 in-
volved. 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 low-
est particle-particle friction coefficient exhibited the highest scaling exponent 3 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 den-
sity 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 den-

sity inhomogeneities.

3.6 CONCLUSIONS

We have presented rheological measurements on fluidized granular samples with vari-
ous 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 rheologi-
cal 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 in-
creases 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 APPENDIX

3.7.1 DETAILS REGARDING DEVICES USED

WORKING PRINCIPLE OF A MASS FLOW CONTROLLER The rheometer is equipped
with a mass flow controller (MFC 8626 by Biirkert). 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 7. 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 7'.
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.

WORKING 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 ob-

tain the air pressure.

3.7.2 DETAILS REGARDING THE DATA ANALYSIS PROCEDURE

DETERMINING CORRELATIONS WITH COEFFICIENT OF DETERMINATION The co-
efficient of determination we use to quantify correlation is a special case of the Pear-
son correlation coefficient 80, 81]]. If we experimentally observe a set of values y
with mean y as a function of x, the coefficient of determination of the linear fit which

produces values y is given by:

Y.(5—9)?
RP=1_= 7
Yi(yi—3)?

R? essentially compares the model fit to a model which only uses the mean of the data

(TI1-5)

set. R? = 1 for perfect correlation and R> = 0 for independent quantities.

PROCEDURE TO DETERMINE TENSILE STRENGTH FROM FLUIDIZATION CURVES
There were three major difficulties we encountered when trying to determine the ten-
sile 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
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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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.

ALL GRAPHS RELATING MICROSCOPIC PARAMETERS TO MACROSCOPIC OBSERV-
ABLES In the following figure (3.14), we will show the macroscopic observables ten-
sile strength and torque at plateau as a function of the microscopic parameters static

friction coefficient, particle particle friction and contact angle.
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4 DOUBLE ORIGIN OF STOCHASTIC
GRANULAR TRIBOCHARGING

Results published in:

Haeberle J, Schella A., Sperl M., Schroter 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 addi-
tional 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 inves-
tigate 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. More-
over, 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 INTRODUCTION

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 vol-
cano plumes [17, 18], lightnings in sand storms [[19] and self-ignition of dust explo-
sions [[85,|86]]. Triboelectric charging in granular media has also found technical imple-
mentations 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 mech-
anisms, out of which individual mechanisms may prevail under certain circumstances
[12H14]], 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] 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 un-

derstanding triboelectricity.

4.2 MECHANISMS 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 well-
understood 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 4.7.1l Based on this material-focused view,
triboelectric series, which rank the affinity of a material to charge positively or neg-
atively 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 rele-
vant to charge separation. Experiments identified, among others, hydrophobicity [535,
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 lo-
calized 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 ex-
changed 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 [S5,/101] or in the atmosphere [|13]].

Third, charging by transfer of material was observed for contacts involving poly-
mers [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 mecha-
nisms 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 stream-
ers 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 fluc-
tuations of factors such as surface geometry and separation velocity. The net attenua-
tion 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 EXPERIMENTAL METHODS AND RESULTS

Stochastic triboelectric charging implies fluctuations of the charge on granular parti-
cles generated in identical configurations. We quantify this by repeated measurements
of the charge generated in a single contact or during multiple collisions of a granu-
lar 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 SINGLE CONTACTS

A schematic of the measurement setup is shown in the inset of Figure 4.1l 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 res<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>