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Abstract

In this thesis, we experimentally investigate the electrostatic charging as well as the particle
interactions in microscopic insulating grains. First, by tracking individual grains accelerated
in an electric field, we quantitatively demonstrate that tribocharging of same-material grains
depends on particle size. Large grains tend to charge positively, and small ones tend to charge
negatively. Theories based on the transfer of trapped electrons can explain this tendency
but have not been validated. Here we show that the number of trapped electrons, measured
independently by a thermoluminescence technique, is orders of magnitude too small to be re-
sponsible for the amount of charge transferred. This result reveals that trapped electrons are
not responsible for same-material tribocharging of dielectric particles. Second, same-material
tribocharging in grains can result in important long-range electrostatic interactions. How-
ever, how these electrostatic interactions contribute to particle clustering remains elusive,
primarily due to the lack of direct, detailed observations. Using a high-speed camera that
falls with a stream charged grains, we observe for the first time how charged grains can un-
dergo attractive as well as repulsive Kepler-like orbits. Charged particles can be captured in
their mutual electrostatic potential and form clusters via multiple bounces. Dielectric polar-
ization effects are directly observed, which lead to additional attractive forces and stabilize
“molecule-like” arrangements of charged particles. Third, we have developed a new method
to study the charge transfer of microscopic particles based on acoustic levitation techniques.
This method allows us to narrow the complex problem of many-particle charging down to
precise charge measurements of a single sub-millimeter particle colliding with a target plate.
By simply attaching nonpolar groups onto glass surfaces, we show that the contact charging
of a particle is highly dependent on hydrophobicity. Charging between a hydrophilic and
a hydrophobic surface is enhanced in a basic atmosphere and suppressed in an acidic one.
Moreover, hydrophobicity is also found to play a key role in particle charging driven by an
external electric field. These results strongly support the idea that aqueous-ion transfer is

responsible for the particle contact charging phenomenon.
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Chapter 1

Introduction

Electrostatic charges can be generated after two material surfaces are brought into contact
and separated. This process, known as contact electrification or tribocharging, is commonly
seen in granular systems. The large surface-area-to-volume ratio of granular materials en-
hances contact electrification, leading to important consequences in nature, such as strong
electric fields and lightning in volcanic ash clouds (Fig. 1.1) |1], sandstorms [2], dust dev-
ils [3], and thunderstorms [4]. In industry, electrostatic charging is commonly seen in granular
flow processes, causing clustering or segregation in fluidized beds [5] and pneumatic convey-
ing [6], and catastrophic dust explosion due to electrostatic discharges in food and coal
processing plants [7]. Electrostatic charging of microscopic particles is also extensively used
in applications such as electrophotography [8], powder coating [9], and air filtering [10].
Surprisingly, despite its importance in many natural and technological areas, the mecha-
nisms of how charges form have never been well understood, even though it has been studied
since ancient Greece when Thales of Miletus showed that rubbing amber with a piece of
fur causes electrostatic charging [12]. The “triboelectric series” (Fig. 1.2(a)) [13] has been
empirically derived, which is an ordering of materials according to their tendency to obtain
a positive or negative charge: a material closer to the top of the list usually charges posi-
tively, while the other material charges negatively. However, the basic mechanism behind the
triboelectric series remains elusive. Even the species of charge carrier transferred between
surfaces is still under debate. The aim of this thesis is to obtain further insight into the
mechanism behind tribocharging, particularly in systems of microscopic insulating grains,

as well as their mutual electrostatic interactions due to the tribocharging.



Figure 1.1: Spectacular lightning in the erupting Sakurajima Volcano in Japan in 2013.
Photograph courtesy of Martin Rietze.
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Figure 1.2: (a) Example of a triboelectric series that shows an ordering of materials according
to their tendency to obtain a positive or negative charge. A material closer to the top of
the list contacted with a material closer to the bottom of the list usually charges positively,
while the other material charges negatively. (b) Example of a combination of five materials
that form a cyclic triboelectric series. Adapted from reference [11].



1.1 Species of charge carriers

Nowadays it is still not clear what charge species is responsible for the tribocharging of
insulators. By contrast, for metal-metal contact, electrons are widely believed to be the
dominant charge species. The direction of charge transfer in metals depends on the Fermi
levels (or the work functions). When two metal surfaces are brought into contact, electrons
are transferred from the metal with the higher Fermi level (lower work function) to the metal
with lower Fermi level (higher work function) [14,/15].

On the other hand, tribocharging of insulators is found not to be correlated with bulk
electronic properties, such as the ionization energy, electronegativity, electron affinity, or
dielectric constant [16]. It is also not intuitive why insulators, which have very low charge
mobility, can transfer charges at all. To explain it, many mechanisms have been proposed,
and candidates of charge carrier species include electrons, ions, and nanoscale bits of material.

We will discuss the proposed mechanisms of charge transfer involving insulators below.

Electron transfer

In solid-state physics, an insulator is typically described as a material with a large band
gap (2 4 eV), which is much larger than the available thermal energy (kg7 = 0.026 eV
at room temperature). An electron cannot be transferred either to an already-filled valence
band or to a conduction band with much higher energy. Based on this view, transfer of
electrons seems energetically implausible for insulators.

However, it is claimed that insulators are not necessarily defect-free. There can be
trap states in the band gap due to defects in insulators. As Lowell and Truscott pointed
out [17,/18], there is evidence for trapped electrons existing in the trap states of insulators
from thermoluminescence measurements. They developed a model that trapped electrons
are responsible for the charge transfer of insulators, where the trapped electrons can tunnel
between surfaces from a higher-energy trap state to an empty, lower-energy state during

contact.



Experimental studies by Liu and Bard support the electron-transfer mechanism [19,20].
They showed that charges transferred during contact electrification of polymers (Teflon
rubbed with PMMA) could drive electrochemical reactions, which implies participation
of excess electrons during contact electrification. An electron acceptor such as Fe(CN)g_
was reduced to form Fe(CN)é_ after contact-charged Teflon was immersed in a solution of
Fe(CN)g_. Likewise, Cu?T was reduced to form Cu deposition after charged Teflon was im-
mersed in a CuSOy solution. However, the species which drives the electrochemical reactions

is controversial [21]. Radicals generated by bond cleavage of polymers are also considered to

drive the electrochemical reactions [22].

lon transfer

For the case of insulators containing mobile ions (ionic functional groups) on material
surfaces, contact electrification is believed to be due to transfer of the mobile ions [11}23-29].
This kind of material contains both loosely bound ions (mobile ions) and covalently bound
counterions (immobile ions). The sign of charge developed on these materials during contact
electrification is always the opposite sign of the mobile ions owing to the loss of mobile ions
on their surfaces.

For insulators that do not contain mobile ions, a key question is: if contact electrification
is due to ion transfer, what is the nature and source of these ions? McCarty and Whitesides
proposed that contact electrification for non-ionic insulators, in general, might be due to the
transfer of OH™ ions in adsorbed water from the environment [11]. In their model, OH™
ions tend to be adsorbed at the interface between adsorbed water and insulators, whereas
H™ ions stay solvated in water films. This preferential adsorption of OH™ ions at solid-water
interfaces has been shown in the literature [30-32]. During contact, water bridges can form
between two surfaces, and OH™ ions can be redistributed in water bridges, leading to charge
transfer.

The ion-transfer mechanism is supported by the following studies: (i) atmospheric water



is found to enhance the contact electrification of insulators [33], presumably because water
can improve mobilization of ions and act as the source of ions being transferred; (ii) merely
varying humidity can change the charge on a material based on its acidic/basic property
without any contact [34f35], presumably due to ion exchange between the adsorbed water
and the atmosphere; (iii) charge on a surface experiences step-like changes by lowering the

atmospheric pressure [36], likely due to the release of ions at low pressure.

Material transfer

When two material surfaces are brought into contact, patches of material can transfer
from surface to another. This material transfer process should involve chemical bond break-
ing, which is either heterolytic bond breaking that leads to charged species or homolytic
bond breaking that leads to radicals. Thus, the patches of material are likely to carry charge
and hence might provide a means for contact electrification.

This mechanism was first considered by Salaneck et al. [37]. They showed clear evidence
of material transfer related to surface contact between polymers by using x-ray photoemission
spectroscopy techniques. However, Lowell suggested that material transfer should only play
a minor role in contact electrification, based on the result that material transfer happens
mostly on the first contact while charge transfer can continue over many contacts [38].

Recently, Baytekin et al. showed experimental results that support the material-transfer
mechanism. They observed that contacting polymers develop a “mosaic” of positively and
negatively charged regions of nanoscale dimensions and that material transfer is concurrent
with polymer contact electrification [39]. They suggested that the mosaic patterns might be

due to differences in the mechanical properties of the contacting surfaces at the nanoscale.

1.2 Factors affecting charge transfer

Many factors are associated with the amount of charge transfer. For example, charge transfer

often depends on the contact mode. Rubbing is known to enhance tribocharging compared to
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simple touching or rolling [14], but it is not clear whether rubbing just increases the contact
area, or if the charge transfer is enhanced by the stress associated with rubbing [15}40].

There are also factors limiting the amount of charge transfer. For example, charge trans-
fer is likely to be limited by the transferred charge itself, which generates an electric field
that is against further charge transfer |14]. Moreover, if the electric field built up by charge
is sufficiently high, sudden discharges can happen due to dielectric breakdown of the sur-
rounding atmosphere and limit the charge on the surface [41]. The breakdown is dependent
on the gas species and ambient pressure, which is described by Paschen’s law [42]. Charge
can also leak to ground through material surfaces. This effect is enhanced at high humidity,
which creates a layer of adsorbed water that increases surface conductivity [11].

An additional complication is that even the direction of charge transfer is not always
predictable from the triboelectric series [43]. For instance, Sow et al. have demonstrated
that the direction of charge transfer can be reversed just by changing the strain of an elastic
material when the material contacts a different material [44}45]. Another example is that
reversal of charge can occur for two different materials when they are brought into contact
for longer times [46]. There are also some combinations of materials that form a “cyclic
triboelectric series” [14]. For example, in Fig. 1.2(b) each material develops negative charge
after contacting the next material in a counterclockwise direction. The existence of such
cyclic series implies that a single physical property cannot explain all the propensities of

charge transfer. It is probable that tribocharging involves more than one mechanism.

1.3 Tribocharging of granular materials

Although the triboelectric series and the above mechanisms may describe the charge transfer
between different materials, they do not explain why tribocharging occurs in granular systems
composed of a single kind of material. The phenomenon of same-material tribocharging is
counter-intuitive since there is no obvious driving force for charge transfer. Lowell and

Truscott proposed a model to explain the charge buildup between surfaces made of the
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same material [18]. In this model, charge transfer (trapped-electron transfer) is a “one-way”
process from a higher energy state on a surface to a lower energy state on another surface.
Asymmetric contact area can thus lead to net charge transfer due to the depletion of high-
energy trapped electrons [47]. However, it is also shown in other works that same-material
tribocharging can actually occur with symmetric contact [48,49]. This effect was explained
by a model based on random microscopic variations of material properties [49], but what
creates the variations remains unclear.

An interesting phenomenon in same-material granular systems is that there appears a
tendency for larger grains to charge positively and smaller grains to charge negatively. For
example, the electric field in dust storms is typically oriented upward |50], reflecting that the
smaller, negatively charged particles are lighter and lifted higher than the positively charged,
larger particles. Similar orientations of electric fields have also been measured in volcanic
plumes [51] and polymer powders [52,/53]. Lacks and colleagues proposed a theory for this
effect based on Lowell and Truscott’s same-material charging model [54,55]. In the theory,
all high-energy trapped electrons can be transferred and depleted after many collisions, and
the asymmetric surface contact area for the particles can result in larger particles charged
positively and smaller particles charged negatively.

Pahtz et al. have shown that external electric fields can also break the symmetry between
identical colliding particles and lead to charge transfer in granular materials [56]. In their
model, a particle can be electrically polarized in an external electric field, causing one side
of the particle more positively charged and another side more negatively charged. Charge
transfer can occur with neutralization of two charged surfaces induced by the electric field at
the point of contact. It was also suggested that this mechanism can lead to an exponential
growth of charge in agitated granular materials [57].

Triboelectric charges of grains can lead to electrostatic forces that are important in the
dynamics of granular flows, even though the electrostatic forces are often avoided in the

simulation modeling of such systems. Examples include particle segregation in charged



granular streams [58], agglomeration in fluidized beds [59], prevention of pore clogging [60],
and crystal self-assembly [61,62]. In nature, electrostatic forces can enhance the re-accretion
efficiency of dust aggregates in the early stage of planet formation [63]. Harper et al. also
showed that the electrification of sand on Titan can lead to large electrostatic forces that

increase the threshold for sediment transport by an order of magnitude [64].

1.4 Overview of thesis

This thesis contains three projects investigating the electrostatic charging effects of insulating
microscopic particles. In the first project (Chapter 2), we focus on the problem of how
same-material insulating grains transfer charges by rubbing against each other. We study
the particle-size dependence of charging by measuring the charge of individual grains while
simultaneously differentiating grains by size with a falling-camera apparatus. In addition, we
used this charge measurement apparatus together with a thermoluminescence technique to
test the validity of the theory based on trapped electrons for the same-material tribocharging.

The second project (Chapter 3) continues to explore the effects of the same-material tri-
bocharging on the dynamics of microscopic grains. Using the falling-camera apparatus, we
are able to directly observe how microscopic charged particles undergo mutual electrostatic
interactions in a low-gravity environment. We demonstrate how highly charged particles
can attract others to form clusters particle by particle. We observed rich events of parti-
cle collisions such as capturing, bouncing, and fragmentation in charged granular streams.
Moreover, we study the many-body polarization effects between charged dielectric parti-
cles, which are crucial in areas of colloid physics, polarizable ions, biomolecules, and dust
evolution in protoplanetary disks.

In the third project (Chapter 4), we develop a new method based on acoustic levitation
techniques to further investigate the charging mechanism of microscopic particles. This
method allowed us to precisely measure the charge transfer of a single sub-millimeter particle

colliding with a target plate without physically contacting foreign materials. This method
9



thus simplifies the interpretation of complex charging phenomena usually caused by many
particle-particle or particle-wall collisions. With this method, we clearly show that particle
contact charging is dependent on hydrophobicity of material surfaces, ambient gases, and
external electric fields, all of which can be explained by a mechanism based on aqueous-
ion transfer. This method, together with the model we develop in this thesis, opens up
new opportunities for quantifying, understanding, and controlling contact electrification of

particles.
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Chapter 2

Size-dependent same-material tribocharging in insulating grainﬂ

2.1 Introduction

Although tribocharging is typically assumed to arise from frictional contact between dis-
similar materials, it can also be caused by interaction between objects made of the same
material [65,66]. Several observations indicate that the mechanism for same-material tri-
bocharging in granular systems is related to particle size, with larger grains typically charging
positively and smaller ones negatively. The electric field of dust devils, for example, is known
to point upward, consistent with smaller, negatively charged grains being lifted higher into
the air [67]. A similar mechanism is suspected to be responsible for the large electric fields
and consequent lightning generated in volcanic ash clouds [1,68-71]. Zhao et al. [72] showed
that the charge-to-mass ratio for a variety of powder samples crossed from negative to posi-
tive as the particle diameter increased, indicating a similar trend. More recently, Forward et
al. [73-76] conducted experiments which revealed a correlation between charge polarity and
grain size for samples with a binary particle size distribution.

Lowell and Truscott [17] showed that dragging an insulating sphere across a plane made of
the same material usually caused the sphere to charge negatively. They developed a model
based on a combination of asymmetry between two contacting surfaces and the transfer
of trapped electrons |17,/18], which they suggested tunnel between surfaces when contact
offers the possibility for relaxing into an empty, lower energy state. If the initial surface

density of trapped electrons is uniform, continually rubbing some small region of contact

1. Based on S. R. Waitukaitis, V. Lee, J. M. Pierson, S. L. Forman, and H. M. Jaeger, Physical Review
Letters, 2014, 112, 218001. (© 2014 American Physical Society. Beyond this paper, in this thesis results
from the energy dispersive x-ray spectroscopy measurements (Fig. 2.1(c)) are added. In this project, I was
involved in preparing the samples, determining the composition of the grains with energy dispersive x-ray
spectroscopy, measuring the particle size distributions with an optical microscope, conducting the falling-
camera experiments, tracking particle motion to obtain the charges of individual grains, and measuring the
net charges of the granular materials with a Faraday cup. This project was supported by the NSF under
grant DMR-1309611.
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(such as the tip of sphere) across a larger region (e.g., a plate) leads to a net transfer of
charge to the smaller region. Lacks and co-workers [54,55,[77] later showed how the same
geometrical asymmetry also arises with random collisions among particles of different sizes.
However, while in most situations the transferred charge species is negative, there are some
materials, such as nylon, where the polarity is reversed, which points to the possibility that
other charge species might be responsible (Hu et al. [78] recently suggested trapped holes
might explain the polarity reversal). Given these observations and the lack of quantitative
data specifically linking charge transfer to the presence of trapped electrons, their role in
same-material tribocharging is uncertain.

Here we test whether or not trapped electrons are necessary for same-material tribocharg-
ing. First, we develop a noninvasive experimental technique that allows us to measure the
charge of individual grains while simultaneously differentiating them by size. For a binary-
sized sample, we show that charge is indeed transferred between the different sizes, with
large grains becoming more positively charged and small ones more negatively charged. As-
suming the trapped electron model is correct, the amount of charge transferred allows us
to put a lower bound on the required trapped electron surface density before mixing. To
test this assumption, we then directly measure the density of trapped electrons on the ma-
terial surface prior to mixing with a thermoluminescence (TL) technique. The data put an
upper bound on the actual surface density of trapped electrons that is orders of magnitude
smaller than the lower bound required by the trapped electron model. This demonstrates
that trapped electrons are not necessary for same-material tribocharging and suggests that

other candidate charge carriers and mechanisms should be considered.

2.2 Experimental Setup

Our apparatus for measuring individual grain charges while simultaneously differentiating
grains by size is shown in Fig. 2.1(a) [80]. For the granular material, we use fused zirconium

dioxide silicate (ZrO5:SiO9, Glenn Mills Inc.) because it exhibits strong charging behavior
12
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Figure 2.1: (a) Schematic of free-fall charge measurements. (b) Normalized particle size
distribution determined by optical microscopy for unsifted grains (dotted grey line), sifted
small grains (solid blue line), and sifted large grains (dashed red line). Inset: Microscope
image of small and large grains. (c) Composition of the large and small grains measured
with energy dispersive x-ray spectroscopy. (d) Radius distribution (pixels) of all grains as
determined by the analysis of the free-fall video (we measure here the “radius of gyration”;
see Ref. for details). Dashed vertical line indicates cutoff between large and small grains.
Inset: Small portion of an image from the high-speed video.
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and because it is known to the thermoluminescence community for its capacity to store
trapped electrons [81-84]. To ensure the grains are as materially identical as possible, we
begin with an initially broad size distribution of grains from a single factory batch. We
take this initial batch and mechanically sieve it into tighter distributions. We choose two
cuts at the tails of the original distribution, the “large” and “small” grains, and measure
their average diameters with an optical microscope, as in Fig. 2.1(b). For the experiments
here, d; = 326 & 10 ym and ds = 251 + 10 um. We have further confirmed that there is no
apparent difference in the composition of the large and small grains with energy dispersive
x-ray spectroscopy (Fig. 2.1(c)).

We use a Faraday cup to do a baseline measurement of the mean charges of the large
and small grains before mixing. The method is illustrated in Fig. 2.2(a). Grains flow from
the same nozzle/hopper as used in the experiment into an aluminum cup. This cup sits on
an insulating plate inside a larger aluminum cup. The two cups are connected by a wire
with a Keithley 6514 System Electrometer in charge measurement mode connected in series.
As the grains fall into the inner cup, the electrometer records the current passing from the
outer cylinder to the inner cylinder and simultaneously integrates the signal to acquire the
charge in real time.

Results of the total charge collected in the cup @ vs. time t for the large and small
grains are shown in Fig. 2.2(b). We see transient behavior at the beginning and end of the
flow, but in the central region we see that () simply increases linearly with ¢. We obtain the

average charge from this measurement via the equation

dQ di
g Lo @ o 2.1
T= g am™ (2.1)

where ¢ is the average charge of a single grain, M is the total mass of grains in the Faraday
cup, and m is the mass of an individual grain. For the grains used in this work, we find the

mean charge of the large and small grains to be —(3.140.3) x 10* e and —(5.940.7) x 10*

14



e (here e = +1.6 x 10719 C), respectively. Interestingly, we tend to find a slight negative
charge on the ZrO9 grains before we mix them.

We then mix the two sizes by fluidizing with air in the grain-coated hopper for approxi-
mately 30 min. At this point we put the hopper into the vacuum chamber, as indicated in
Fig. 2.1(a). Opening an orifice in the nozzle at the bottom of the hopper allows the grains
to fall freely via gravity with reduced air drag (see Appendix A) between two large copper
plates held at the potential difference V. The resulting electric field causes a grain of charge
¢ and mass m to experience a horizontal acceleration a = ¢V//ml. Outside the chamber a
high-speed, high-resolution video camera (Phantom v9.1, 1000 frames per second) guided by
low-friction rails falls alongside the grains, which enables us to track their horizontal trajec-
tories with precision and fit with parabolas to extract the accelerations a. The magnification
and depth of field of our setup is high enough to allow us to distinguish a particle as large
or small, as shown in Fig. 2.1(d). Performing approximately 25 camera drops at a given V'
allows us to measure the acceleration of several thousand grains and construct independent

acceleration distributions for the large and small grains.

2.3 Results and discussion

In Fig. 2.3(a), we plot the acceleration distributions for the large and small grains at V' = 3.0
kV (|E] =59 kV/m), which shows that the small grains have predominantly negative accel-
erations, i.e., negative charge, while the large grains generally have positive accelerations. To
extract the average charges ¢; and ¢s, we calculate the mean accelerations a; and a; for each
size and plot them as a function of V' as in Fig. 2.3(b). The proportionality between a and
V' confirms that the charge distribution is unaffected by the field and thus reflects the state of
the sample as it exits the hopper (this proportionality would break down if particles collided
and transferred charge inside the electric field, as in the mechanism proposed by Péhtz et
al. [56]). From a = sV, the slope s = g/lm then gives access to the mean grain charge if

the mass is known. Similarly, the width of the acceleration distribution, A, is related to
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Figure 2.2: Faraday cup measurements. (a) Schematic of Faraday cup. Grains fall from the
hopper/nozzle into the interior cup, which is connected by a wire to the grounded shield.
The flow of charged grains into the interior cup causes it to draw an equal amount charge
from the grounded shield. The resulting current is measured with an ammeter and the
charge calculated by integration. (b) Total charge inside the interior cup @ vs. time t for
the large (red) and small grains (blue) used in the experiment. The dashed lines are linear
fits to the smooth, central region of each data set (i.e. we ignore the transient behavior at
the beginning/end of each experiment).
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the width of the charge distribution Ag via Ag = /62 + (kV)2, where k = Ay /lm and &, is
the average uncertainty in an individual acceleration measurement, independent of applied
field.

From the specific material density p = 3800 kg/ m?3 and the particle size distribution
in Fig. 2.1(b) we compute the average grain masses as 1m; = (7.0 £ 1) x 107% kg and
ms = (3.1 £0.8) X 10~8 kg. Using the fit values for the slope s this leads to mean charges
G = (1.8£0.2) x 106 e and g5 = —(2.3 + 0.6) x 10° e for the two particle sizes. For the
widths we obtain (2.9 £ 0.4) x 10% e and (1.6 £ 0.4) x 10° e for the large and small grains,
respectively. Note that the values for the mean charge are 2 orders of magnitude larger than
the residual grain charge prior to mixing. Within our experimental uncertainties total charge
is conserved, which makes it explicit that the charge transfer is occurring among the grains
themselves and not with some other material.

Assuming the trapped electron model is correct, the scale of charge transfer between the
large and small grains allows us to put a lower bound on the surface density o of trapped
electrons that must have been present before the two sizes were mixed. If o is the same for all
grains initially and all the excess trapped electrons of the large grains are transferred to the
small grains, it must be the case that o > N/[7r(czl2 - d_SQ)], where N is the total number of
electrons transferred. Given the measured number of transferred charges N ~ 2.0 x 106, this
implies 0 > 15 ,um*Q. The randomness of collisions makes this “complete transfer” scenario
unlikely and, using the results of Lacks et al. [54], a more realistic estimate is o > 90 gm™2.

To see if enough trapped electrons to account for the observed charge transfer were
present on the premixed grains, we use a technique from thermoluminescence dating. This is
accomplished by heating a sample of the grains with a temperature ramp 7' = Ty + St while
simultaneously measuring the photon emission rate N with a photomultiplier [inset to Fig.
2.4(a)]. If trapped electrons are present, one observes peaks in N vs. T because although
the emission rate increases with 7', the available population N in the trap states is being

depleted. (For an introduction to thermoluminescence, we refer the reader to Refs. [85-87].)
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Figure 2.3: Size-dependent charging. (a) Acceleration distribution of small (solid blue line)
and large (dashed red line) grains for V' = 3000 V. (b) Mean acceleration a of small (blue
solid diamonds) and large (red open circles) grains vs. V. Fits are of the form a = sV.
(c) Width of acceleration distributions A, for small and large gains vs. V with the same
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Figure 2.4: TL measurements of the trapped state density. (a) TL curves of photon count
rate N vs temperature T’ at ramp rate 6 K /s for untreated grains (blue diamonds), grains
exposed to ~12 hours sunlight (red circles), and grains exposed to ~12 hours UV lamp
(green squares). Inset: Schematic of the TL measurement. (b) Total number of photons
counted are for the same data as in (a).
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In Fig. 2.4(a), we plot typical TL curves taken with a heating rate of § = 6 K/s (with
a Thorn EMI 9635QB photomultiplier with peak quantum efficiency 0.29 at 375 nm). For
grains from the same batch as the ones used in the experiments of Fig. 2.3, we are unable
to detect trapped electrons (the slight rise in the N with T is a background “glow,” not a
TL peak). If we try to load electrons into the trap states by radiation, either from the Sun
or from an ultraviolet lamp, we observe one characteristic TL peak.

By varying the ramp rate of the temperature in the thermoluminescence mea- surements,
we can estimate the depth of the trapped state in the ZrOs grains. We start with the
assumption that the trap release mechanism is an Arrhenius process, so that the total release

rate of trapped electrons is

N = —Nse /T (2.2)

where N is the total number of electrons in the trap, s is the frequency factor, € is the trap
depth, £ is Boltzmann’s constant and T is the temperature. If we ramp the temperature
linearly with time (i.e. T'= Ty + [5t), then we can rewrite the time derivative in terms of a

temperature derivative

N = _TNSe—G/ KT (2.3)

where we use the prime to indicate a derivate with respect to temperature. Next, to find

the temperature at which the peak in N’ occurs, we differentiate again with respect to

temperature
0
N" = — (N/se_e/kT + Nsa—Te_e/kT) (2.4)
Ns ) T Nse _ T
= 76 6/]6 + W@ G/k‘ . (25)

Setting this equal to zero and defining 7™ as the temperature at which the peak occurs, we

take the natural log of both sides to reveal an implicit relationship for T* and e

*2
In <T7> - # +C. (2.6)
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Figure 2.5: Measuring trap depth with peak shift. (a) Temperature at which maximum
in photon count rate occurs T* vs. heating rate 5. (b) Reparamaterization of data in (a)
according to Eq. 2.6. Fit is linear with slope ¢ = 0.36 + 0.01 eV.
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Therefore, if we plot In(T*2/8) vs. 1/kT*, we expect to find a line whose slope is €.

In Fig. 2.5(a), we plot results for the shift in the peak T* as a consequence of changing
the heating rate 5. As predicted, the peak occurs at later temperatures if the heating rate
is increased. In Fig. 2.5(b), we parameterize our data as in Eq. 2.6 in order to determine
the trap depth e. Fitting this data to a line reveals ¢ = 0.36 &= 0.01 eV. This is a very typical
value when compared to what is commonly seen in the literature [50,/77,86}87].

In Fig. 2.4(b), we plot the integrated number of photons counted for each sample, which
shows that even with maximum trap loading no more than ~5000 trapped electrons were
present. Accounting for geometry and the gain of our photomultiplier setup, the actual
surface density of trapped electrons is approximately o = 27 N/A2, where 2 is the solid
angle common to the sample (~5 sr) and the photomultiplier, and A is the area of the
sample (~1 cm2). This reveals that the actual density of trapped electrons has an upper
bound of ¢ ~ 1 x 10~% /ﬂn_Q, 5 orders of magnitude lower than the amount necessary to
account for the charge transfer we observe in the free-fall experiment.

In principle, it is possible that additional electrons exist at trap depths deeper than
we can reach with the temperature range available to us, but several factors make this
unlikely. First, although our TL measurement should be sensitive to traps as deep as ~2 eV

(provided the surface density of these traps ~ 15—90 pm ™2

, as our charging data imply), we
see no indication of traps beyond the one at € ~ 0.36 eV. Additionally, traps beyond ~2 eV
would be especially deep compared to what is typically reported in the literature [86]. More
importantly, if traps did exist in this range, they would be susceptible to unloading via visible
light (~ 1.8 —3.1 eV). This discrepancy is especially relevant to granular systems continually
exposed to visible light from the sun, such as wind-blown dust or volcanic ash, which exhibit
strong, same-material tribocharging behavior [1,50,67-71,88-90]. We also considered the
implications of possible size-dependent electric discharging, which might occur when the

electric field at the surface of a particle exceeds the dielectric strength of the surrounding gas.

However, any discharge would imply that the actual amount of charged transferred between
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the large and small particles must have been larger than what we measured. Consequently,
the required number of trapped electrons would also have to be larger, which makes the

discrepancy with the thermoluminescence experiments more compelling still.

2.4 Summary

These considerations lead us to conclude that trapped electrons are not necessary for same-
material tribocharging. This touches on an ongoing debate regarding the most fundamental
question in tribocharging: what is the charge species being transferred? While in metal-metal
tribocharging it has been shown that electrons are transferred [91},/92], insulator-insulator
experiments have pointed to electron transfer [20},93}94], transfer of ions adsorbed on the
surface |11}2425139], and recruitment of ions from the atmosphere surrounding the contact
[48].

In our case, the geometric mechanism implies a negatively charged species but trapped
electrons are not the culprit, and we suspect that ions on the surface or recruited from the
surrounding gas might be responsible. Several recent experiments suggest this could be the
case. Baytekin et al. [39] showed that charge transfer between nonidentical insulating mate-
rials can be correlated with the breaking of molecular bonds on the surface. Alternatively,
other investigations have pointed out the importance of molecularly thin layers of absorbed
water [11,24,33]. In particular, McCarty and Whitesides suggest that contact charging be-
tween different insulating materials in general might be due to the transfer of OH™ ions.
As they point out, the exact details of how OH™ ions might transfer are not clear, but in
this scenario the density of transferrable charges is no longer an issue. Even with partial
monolayer coverage the number of OH™ ions far exceeds the lower bound of 15 um™~2. Thus,
the transfer of OH™ ions in adsorbed surface water is an intriguing possibility that will be

the subject of Chapter 4 in this thesis.
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Chapter 3
Direct observation of particle interactions and clustering in

charged granular streamsﬂ

3.1 Introduction

Clustering of fine particles is of crucial importance in settings ranging from the early stages of
planet formation [63./95,96] to the coagulation of industrial powders and airborne pollutants
[97-H100]. Models of such clustering typically focus on inelastic deformation and cohesion
[63,97,199,|101]. However, even in charge-neutral particle systems comprised of grains of the
same dielectric material, tribocharging can generate large amounts of net positive or negative
charge on individual particles, resulting in long-range electrostatic forces [5556,[102]. The
effects of such forces on cluster formation are not well understood and have so far not been
studied in situ. Here we report the first observations of individual collide-and-capture events
between charged sub-millimeter particles, including Kepler-like orbits. Charged particles can
become trapped in their mutual electrostatic energy well and aggregate via multiple bounces.
This enables the initiation of clustering at relative velocities much larger than the upper limit
for sticking after a head-on collision, a longstanding issue known from preplanetary dust
aggregation [63}/103]. Moreover, Coulomb interactions together with dielectric polarization
are found to stabilize characteristic molecule-like configurations, providing new insights for
modeling of clustering dynamics in a wide range of microscopic dielectric systems, such as

charged polarizable ions, biomolecules, and colloids [104-107].

1. Based on V. Lee, S. R. Waitukaitis, M. Z. Miskin, and H. M. Jaeger, Nature Physics, 2015, 11, pp
733-737. (© 2015 Macmillan Publishers Limited. Beyond this paper, in this thesis analysis of the polarization
effects (Fig. 3.8 (a)-(c) and Fig. 3.9) is added. In this project, I had the leading role in most parts of the
research including preparing the samples, conducting the falling-camera experiments, modeling the Kepler-
like orbits, measuring the binding energy of the clusters, modeling the molecule-like configurations with
polarization, and preparing the manuscript. This project was supported by the NSF under grant DMR-
1309611. The Chicago MRSEC, supported by NSF DMR-1420709, is gratefully acknowledged for access to
its shared experimental facilities.
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3.2 Experimental Setup

One of the key difficulties in studying the interplay between repulsive contact forces, short-
range cohesion, and long-range electrostatic forces during cluster formation has been to
obtain sufficiently detailed experimental data. Seeing how this process unfolds demands in
situ observation of the collision trajectories among charged grains to extract quantitative
information about their interactions. This requires the grains to be freed from gravity
and tracked with high spatial and temporal resolution to capture individual collision events
[108,109].

We overcome these obstacles with the setup shown in Fig. 3.1(a) [80/110]. The particles
we used are fused zirconium dioxide-silicate grains (68% ZrOo, 32% SiO5 by volume, material
density p = 3800 kg/ m?; Glenn Mills Inc.), sieved to average particle diameters d = 2744+14m
for the monodisperse sample, and 326 £ 10 gm and 251 4+ 10 pum for the binary sample
(mixed in equal numbers by fluidizing with dry air for 30 minutes). Prior to the experiments,
the grains were stored at 40-50% relative humidity. The grains were placed into a hopper
mounted inside a transparent, cylindrical vacuum chamber that then was evacuated to < 2
mTorr by a turbo pump to eliminate air drag on the falling grains (see Appendix A). When
a shutter covering a small orifice (< 15d) at the bottom of the vessel is opened, particles
fall out freely, forming a a highly dilute granular stream. Outside the chamber, a high-speed
video camera (Phantom v9.1) falls alongside the grains guided by low-friction rails. In the
co-moving frame taken by the camera (1,000 frames per second), the effect of gravity is
eliminated, making it possible to track particle interactions in detail for about 0.2 s until
the camera is decelerated by a foam pad. This apparatus could also be used for P(q)
measurements, where the grains fall freely via gravity between two vertical large copper
plates held at an external horizontal electric field F, causing a grain of charge ¢ and mass
m to undergo a horizontal acceleration a = ¢E/m. To extract the accelerations a, we
tracked the horizontal trajectories and fitted with parabolas. Particles in the raw videos

were identified and tracked with the algorithm developed by Crocker and Grier [79]. The
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field was applied only to measure P(q); all trajectories and clusters shown in this chapter
were obtained without applied external electric field. See Ref. [80] for more details about

the apparatus.

3.3 Results and discussion

Using particles with a narrow size distribution gives rise to the distribution of net grain
charge, P(q), shown in Fig. 3.1(b). This distribution is the result of a very large number of
collisions and sliding /rubbing events among particles during sample preparation and outflow
from the vessel [80]. It arises from tribocharging between grains of identical material and
thus statistically similar surface density of transferrable charges, but slightly different surface
area [55,76,/111]. Overall charge is conserved and the distribution is centered around zero.
As expected for nearly monodisperse grains, P(q) is narrowly peaked. However, the tails
of P(q) extend to magnitudes of several million elementary charges e (1.6 x 10719 C) per
grain. Interactions involving these highly charged grains are the ones most easily detected
and tracked, and in the following we focus on them.

Figures 3.1(c),(d) introduce the complex behaviors that arise when particle collisions
involve charge, in particular the sequence of elliptical orbit fragments between successive
bounces. The fact that the particles separate hundreds of micrometers before re-approaching
each other is a clear indicator of long-range electrostatic forces, and being able to observe
the orbits over several successive bounces implies that collisional energy losses are small, at
least for binary collisions.

The electrostatic Coulomb force F(r) between two particles with net charges ¢; and go
separated by a (time-varying) distance r(t) gives rise to the equation of motion ud?r/dt? =
F, where p = mymo/(mq + mo) is the reduced mass. For non-polarizable particles, the
electrostatic force is F(r) = (1/4meg)(qrgor)/r3, where ¢g = 8.85 x 10712 ¢2 N~ m—2
is the permittivity of free space. The solution r(¢) is a Kepler orbit. The sum FEj of

the translational kinetic energy (in the center-of-mass reference frame) and electrostatic
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Figure 3.1: Free-fall video imaging of particle interactions. (a) Sketch of experimental set-
up. Charged ZrO9:SiO9 grains fall freely inside a vacuum chamber, while their motion is
captured by a co-falling high-speed camera. (b) Particle-charge distribution P(q) for nearly
monodisperse grains. Inset right: The same data plotted on a log-linear graph. Inset left:
Optical micrograph of the grains. (c¢) Representative still frame from high-speed video,
showing the dilute particle stream in the full field of view. (d) Sequence of zoomed-in still
frames tracking the interaction of two oppositely charged grains. The image at ¢ = 0 ms
corresponds to the area inside the yellow frame in (c); subsequent frames have been re-centred
to keep the slightly smaller grain in the middle of the image. Blue dashed lines indicate the
path of the other grain as it repeatedly approaches and bounces off. (e) Horizontal (r;)
and vertical (ry) components, in the z-y imaging plane, of the relative position vector of the
grains in (d). The time interval between adjacent data points is 1 ms, the arrow indicates the
direction of motion, and the numbers denote the four distinct trajectory segments between
bounces.
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potential energy determines whether r(¢) forms an elliptical (Ey < 0), parabolic (Ey = 0),
or hyperbolic (Ey > 0) trajectory. For dielectric particles, important corrections arise from
induced polarization [106,(107,|{112]. These polarization forces are always attractive and
become increasingly important at close approach.

In Fig. 3.2 we plot examples of observed trajectories together with best fits. In fitting the
data, the unknown parameters are: the charges ¢; and g9, the initial relative positions in the
z direction (since the camera only images the z-y plane), and the initial relative velocities.
We calculate p by measuring the grain diameters in the videos and taking p = 3800 kg/ m~3
as the grain density. The net (free) charge on a grain was assumed uniformly distributed over
the surface. The dielectric constant of the grain material was taken as € ~ 15, based on the
volume-weighted average of e7,.0, ~ 22 and eg;0, ~ 3.9. To investigate trajectories between
two particles, we only considered pairs of particles at least 800 pm away from surrounding
grains in order to minimize multi-body effects. In addition, the relative acceleration (in the
x-y plane) between the surrounding grains and the center of mass of the two investigated
particles was less than 3% of the relative acceleration between the two investigated particles.

This fitting procedure consisted of two parts: (a) generating model trajectories by using
the electrostatic interactions including polarization contributions, and (b) optimizing the
input parameters for these model trajectories in order to obtain the best fit and thereby the
best estimate for the particle charges.

To generate model trajectories a leapfrog integration was employed that numerically
integrated the equation of motion [113]. The electrostatic forces including the full set of
polarization terms calculated by a re-expansion method [112]. The integration was performed
with a time-step size of 107° s. To insure that this time step was sufficiently small, we
performed test integrations also using a time step of 1077 s. The difference between these
two time steps was less than 0.01 pixels in the position of an endpoint of a typical trajectory
segment lasting about 50 ms between bounces, well within the ~ 0.1 pixel uncertainty of our

experimental position measurements.
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Figure 3.2: Kepler-like trajectories. (a) Relative position of the two grains from trajectory
segment 4 in Fig. 3.1(d),(e) (blue circles). The data approximately follow an elliptical
Kepler orbit (green dashed line) with focus at the origin (black cross). A fit including
corrections for dielectric polarization effects is shown by the red diamonds. (b) Charges ¢;
(red diamonds) and gy (blue circles) on the two particles in Fig. 3.1(d) for each trajectory
segment, extracted from 10% best fits with polarization contributions. The length of the error
bars corresponds to one standard deviation above and below the average. (¢) Example of a
hyperbolic trajectory due to attractive electrostatic interaction. (d) Hyperbolic trajectory
due to repulsive interaction. Insets to (c¢) and (d): Still images from the videos from which
the data were extracted. The arrows in (a),(c) and (d) indicate the direction of the relative

motion at the beginning of the video.
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A Nelder-Mead simplex algorithm [114] was used for multidimensional optimization of
the model trajectories to get them as close as possible to the observed trajectories. Five
hundred fitting trials were performed for each trajectory segment. For each fitting trial,
random initial guesses of the fitting parameters (the charges ¢; and go on particle 1 and 2,
the initial relative positions in the z direction, and the initial relative velocities) led, via the
algorithm, to a local minimum of the absolute median deviation between the model and the
experimental trajectory data.

We used the reduced chi-square X72"e to measure the goodness of fit:

v
=1

1 [ Faatai — Tmodeli ||
2) Z ata,i model,i

Xre = ) (3'1)

o2
where v is the number of degrees of freedom (the number of data points minus the number of
fitted parameters minus one), 7ata ; and 7yedel,; are the ith observed and model trajectory
data point in z-y plane, and o2 is the estimated variance of position measurement. In Fig.
3.3(a) we plot the 2, versus ¢ for trajectory segment 1 in Figs. 3.1(d)&(e) as an example.
Note it is possible for two particles with the same polarity (g1ga > 0) to attract each other
with polarization forces as long as there is sufficiently large difference in charge magnitude.

Since the expression for the electrostatic force, including all polarization terms, is sym-
metric with respect to ¢; and g when the particles have the same size [112], we are not able
to unambiguously assign charges g1 and ¢o to particle 1 and 2 in every fitting trial without
further assumptions. Furthermore, the force will not change when the polarities of ¢ or
qo are switched. To extract and assign charge values, we therefore set ¢; > 0 and assumed
lg1| > |q2|, which is justified as long as there is no large amount of charge (on the order of
the mean grain charge value, i.e., millions of e) transferred during a single collision. This
assumption is reasonable given the published experimental results from collisions with fixed
targets [103].

The values (q1), Aq1, {g2), and Agy were determined by the average and the standard
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Figure 3.3: Charge determination from trajectory fitting. (a) Reduced chi-square X?Z"e A&
charges on the two grains ¢; (open red diamonds) and go (solid blue circles). (b) Zoomed-
in data from (a) gives the 10% best trials that are used for ¢; and g9 determination. (c)
Comparison between experimentally observed trajectory (blue circles) and the model (red
diamonds) for the circled datum in (b). (d) Residuals from fitting the trajectory to the
model in (c), which gives a standard deviation of ~ 0.13 pixels. (e) Comparison between
experimentally observed trajectory (blue circles) and the best fits with polarization contri-
butions (red diamonds, x2, = 1.12), and without polarization contributions (yellow circles,
X2 = 1.28). (f) Residuals from fitting the trajectory to the models in (e).
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deviation of those ¢; and g9 data that corresponded to the 10% smallest X%e values (Fig.
3.3(b)). Note that even with the largest 2, value within this 10% range (1.82 in Fig.
3.3(b)), the observed trajectory can be fitted well with the model trajectory (Fig. 3.3(c)).
The standard deviation of residuals (||7gata,ill = [I7model,ill) from the fit is of the order of 0.1
pixels (Fig. 3.3(d)).

We also simulated the trajectories with electrostatic forces without considering polariza-
tion effect (Fig. 3.3(e)). Over the limited range in particle separation available and given
the uncertainties of our experimental data, both types of fit seem similarly valid in terms of
the fitting residuals and the best y2, values (e.g., Fig. 3.3(f)). However, the charge product
q192 based on forces without polarization terms is larger than the one based on full polar-
ization forces by about 40%. We note that, while the trajectories are also fit well by simple
Kepler orbits, inclusion of the polarization contributions is important to obtain the correct
charge values. If polarization terms are not included, there is only a term containing qiq¢o
in the force, and there would be more freedom in picking widely different ¢; and ¢o. With
polarization terms, the fitting constrains the range of possible charge magnitudes.

For the collision sequence in Fig. 3.1(e), best fits indicate that ¢; and go possess opposite
polarities and stay near their initial values, approximately +5.2 X 10% e and —1.5 x 109
e, respectively (Fig. 3.2(b)). The error bars on ¢ and ¢g from the fits are, however,
too large to meaningfully constrain the amount of charge, Aq, transferred during a single
collision. The actual Agq is likely much smaller. Extrapolating kinetic-energy-based results
[103] for micrometre-sized SiO9 particles hitting a large fixed target gives a rough estimation
of Ag ~ 1000 e per collision, at less than 1/1000 of the total grain charge too small to
noticeably affect the trajectories.

We also encounter collisionless interactions, such as hyperbolic Kepler orbits, where one
of two oppositely charged grains effectively acts as a slingshot for the other, and trajectories
between grains of equal polarity that repel each other. Examples are shown in Fig. 3.2(c),(d).

Figure 3.4 presents the observed trajectories from other single-particle collision events
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Figure 3.4: (a)-(d) Comparison between experimentally observed trajectories (blue circles)
and model trajectories (red diamonds). Insets: Charges on the two grains ¢; (open red
diamonds) and ¢o (solid blue circles) for each model trajectory segment as indicated by the
numbers. The length of the error bars corresponds to one standard deviation above and
below the average. The trajectories in (a) correspond to the grains shown in Fig. 3.5(a).
For trajectories in (b)-(d), the image sequences of grains are shown in Appendix B.
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and compares them to the best-fit model with polarization forces. As the trajectories are
all curved toward the origin, there is no obvious transition from attractive to repulsive
trajectories during collisions. Some parts of trajectories during collisions are not shown in
the figure because of difficulties to extract them with the particle-tracking procedure [79)
when two particles touch or when one grain blocks another one within the field of view. The
insets to Fig. 3.4 show that the corresponding ¢; and g9 values in each case stay, within
error bars, at their initial values.

Returning to the issue of aggregation, the relative velocity of colliding particles has to
stay below vk = (2Weon/ieo2)Y/2 in order for them to stick [100,[101]. Here Wy, is
the work required to break the bond formed by short-range cohesive forces, including van
der Waals forces or capillary forces due to absorbed molecular layers [110], and eqg is an
effective coefficient of restitution (the ratio of relative velocity magnitude before and after a
collision). We find e.g ~ 0.94 from analysis of head-on binary collisions at velocity 1.4 m/s
(see Appendix C), close to 0.97 reported [115] for small soda lime glass spheres impacting at
0.5 — 1 m/s. Grains typically will lose some translational kinetic energy in binary collisions,
but particle rotation can have a significant effect. An example is shown in Fig. 3.5(a),
where, after two collisions with elliptical trajectories in between, a third collision makes one
grain suddenly take off on a hyperbolic trajectory. In this case, the fast-rotating grain was
slightly non-spherical and this made it possible to determine its rotational kinetic energy,
which during this last collision decreased by 10 pJ, an amount that matches the measured
increase in total translational kinetic energy calculated from its trajectory shown in Fig.
3.4(a). Thus, the conversion of rotational into translational kinetic energy via during impact
can lead to e.g > 1.

However, when single particles collide with clusters of particles, we find that the effective
coefficient of restitution is significantly less than unity, likely because now energy can also
be dissipated via intra-cluster rearrangements. Figure 3.5(b) illustrates this with snapshots

in which two additional particles, one after the other, aggregate onto a cluster comprised
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Figure 3.5: Separation and aggregation of charged dielectric particles. (a) Time sequence
of particles bouncing and re-approaching over two collisions but separating after the third.
(b) Time sequence of two particles (coloured green and yellow) aggregating onto an already
formed five-particle cluster. (c) Collision outcomes for a single particle colliding with relative
velocity v (in the x-y plane) with a cluster comprised of N particles: capture (blue triangles),
escape (green circles) and fragmentation (red stars). Arrows indicate fragmentation events
where only one particle is kicked out from the cluster, which we can use to estimate the bind-
ing strength (see text). (d) Example of a fragmentation event, showing a N = 9 cluster right
before and 1 ms after being hit by a fast moving particle, whose direction is indicated by the
yellow arrow. (e) Polarization forces can stabilize close-packed arrangements of contacting
grains.
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of N = 5 particles. There are three possible outcomes when an incident particle strikes
a cluster: the incident particle is trapped in the mutual electrostatic potential well and
after one or more bounces sticks to the cluster, as in Fig. 3.5(b) (capture); the particle
bounces and escapes from the potential well (escape); or the particle kicks out one or more
different particles from the potential well (fragmentation). Figure 3.5(c) shows that escape
is suppressed for N = 2, and for N > 2 the incident particle is always captured unless it
fragments the cluster.

We can use fragmentation events in which only a single particle is kicked out (arrows
in Fig. 3.5(c)) to estimate the depth of the potential well that binds grains to the cluster.
The kinetic energy pv? /2 of the incident particle must overcome the short-range cohesive
energy W, plus the initial electrostatic potential energy U stored in a bond. In Fig. 3.5(c),
the minimum incident velocity for fragmentation is approximately 0.02 m/s and of similar
magnitude as the maximum velocity vcapture for capture, corresponding to a kinetic energy of
approximately 4 pJ. This is three orders of magnitude larger than the value W, < 107157
found for copper and glass grains of similar size [110]. Thus U clearly dominates the binding
energy. Equating the incident kinetic energy with the Coulomb energy, ,uvcapturez /2 =
(1/4720)|q1g2|/d, we estimate (|q1q2])}/% ~ 2 x 106 e. This large amount of net charge per
particle confirms the notion that at least some of the grains in a clusters are drawn from the
tails of the charge distribution P(gq) in Fig. 3.1(b).

The fact that P(q) is peaked around zero makes it very likely to find cluster configurations
where one highly charged particle has attracted several particles with much smaller charge
magnitude. A signature of this is a closely packed arrangement of three or more grains
all in direct contact, such as particles inside the cluster in Fig. 3.5(b) or the triangular
configuration in Fig. 3.5(e). For particles with high dielectric constant such configurations
can be stabilized through the always attractive polarization forces, even if contacting grains
have the same polarity, provided there is significant contrast in charge magnitude [116].

Seeing such dynamics in situ highlights the particularly important role polarization can play
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in dust aggregation, initiating cluster formation from a single charged particle and potentially
leading to runaway growth [105].

Going further, we can use the shape of the charge distribution to control the aggrega-
tion outcomes. In particular, for a bimodal P(q) with positive and negative peaks roughly
symmetric around zero, we would expect typical cluster configurations in which contacting
grains exhibit alternating polarity. Recent experiments have demonstrated that such a P(q)
can be achieved by mixing bidisperse same-material grains [111]. The P(q) for such mixture
using diameters 326 + 10 ym and 251 4+ 10 pm is shown in Fig. 3.6. Since tribocharging
will transfer charge in a manner that the larger grains become on average positive and the
smaller grains negative 76|, 111], this has the added benefit that polarity can be identified
directly from the images by particle size. Figure 3.7(a) shows a taxonomy of the result-
ing, experimentally observed cluster configurations. These structures resemble molecules or
fragments of self-assembled, electrostatically stabilized lattices [61}/104].

Modeling these “granular molecules” by taking many-body polarization effects into ac-
count we used a technique recently introduced by Barros et al. [117], meshing each grain
into 720 polarizable patches. The free charges for large (d = 326pm) and small (d = 251um)
grains were set to the averages for the bimodal P(q) in Fig. 3.6, i.e. to +1.8 x 105 e and
—2.3x 100 e, respectively (the one exception was the Li1Sy structure, which required charges
+1.8 x 105 e for a stable 4-armed “tetrapod”). The free charge on each particle was dis-
tributed uniformly over its surface. The additional surface bound charge due to polarization
was then calculated iteratively until the electrostatic energy U, at iteration n changed less
than |(Up — Up—1)/Un—1| < 1074, A Nelder-Mead algorithm [114] was used to identify, for
given numbers of large and small grains, those spatial arrangements that produce local min-
ima in the electrostatic energy and thus are candidates for stable states. As a hard-sphere
constraint in the energy minimization the condition of (dp + dg)/2 < rap was used, where
da and dp are the diameters for any two particles A and B, and rapg is the center-to-center

distance between them. We find that most of the observed configurations correspond to
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Figure 3.6: Charge distribution resulting from mixing grains with diameters 326 + 10 pm
and 251 £ 10 gm in equal number. The large grains (red solid line) are predominantly (80%)
positive whereas the small grains (blue dashed line) are predominantly (95%) negative. Inset:
Optical micrograph of large and small grains.
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Figure 3.7: Granular molecules formed from bimodal particle-charge distribution. (a) Still
images of granular molecules. Their structure consists of alternating large and small grains
(labelled LSy, , where m + n is the total number of particles in the molecule), giving rise
to string-like (LS, L1So, LoSq, LoSs), square (LoSo, L3S3), trigonal planar (1S3, L3S1),
tetrahedral (L1S4) and triangular bipyramid (L5S;) geometries. (b) Stable granular molecule
configurations corresponding to (a), obtained by minimizing the total electrostatic energy
(including polarization effects) for grains with net charge equalling the average positive
(+1.8 x 10% €) or negative (2.3 x 109 e) charge of the bimodal P(q) shown in Fig. 3.6.
Colour represents the net surface (free and bound) charge density opet. (¢) Sequence of stills
showing conformation change of an LS9 molecule after impact from the right (arrow). The
square structure breaks open, becomes linear, and returns to square.
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energetic ground states (Fig. 3.7(b)). Some combinations of large (L) and small (S) par-
ticles can have more than one stable state. As an example, Fig. 3.7(c) shows a square
LoS9 molecule reconfiguring into a linear shape after being impacted and then back to a
square, suggesting that the square shape is the ground state while the linear configuration
is metastable (calculation shows that the energy for the square shape is 1 pJ lower).

Since like charges of similar magnitude repel each other, the configurations in Fig. 3.7(a),
which are all based on a bimodal P(q), tend to be less densely packed than clusters formed
from a P(q) with a single peak around ¢ = 0 (Fig. 3.1(b)). This is exemplified by the
star-shaped configurations L3S; and L;S3, the tetrapod LSy, and the LigS3 structure. How-
ever, forces due to polarization become important at close approach, leading to additional
attractive forces (Fig. 3.8(a)-(c)). Figure 3.8(d) demonstrates an event in which a dimer
captures another particle to form a stable triangular configuration, and Fig. 3.8(e) shows
one of many possible charge assignments that can produce this stable configuration, where
the charges are +1.8 x 105 e and +0.2 x 105 ¢ for the large grains, and 2.3 x 109 e for the
small grain. As mentioned before, for large differences in charge magnitude the polariza-
tion forces can pull same-polarity grains into contact. Figure 3.9 (a) shows an example of
the electrostatic potential energy between two same-polarity grains including the full set of
polarization terms Upglarization compared to the potential energy without the polarization
terms Ucouloup With particle net charges 1 = 15 C and Q2 =1 C and € = 10. Upglarization
excibits a peak value at a critical distance r = r¢pitical, Which is the distance where the sign
of the mutual force between the two particles F' = —dUpglarization/dr turns. F' is attractive
at 7 < repitical and repulsive at r > Teitical. 10 Fig. 3.9 (b) we plot repitical as @ function
of € and charge asymmetry Q1/Q2. Teritical iNCreases as € and (Q1/Q3 increase due to high
attractive polarization forces. There is a region in Fig. 3.9 (b) that particles do not attract
to each other even when they touch. The minimum Q1/Q2 required to have an attractive

mutual force at close approach decreases with e.
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Figure 3.8: (a) Potential energy vs distance between two particles r with (Upgtential) and
without (Ucoulomnb) taking polarization effects into account. (b)&(c) Induced charges are
attractive and become important at close approach. Colour represents the net charge density
onet- Potential energies for (b) and (c) correspond to the data in (a) circled in red and black,
respectively. (d) Sequence showing the formation of a triangular molecule from two large
positively charged grains and one small negatively charged grain. The closing of the large,
visible gap (t = 42 ms) between the large particles cannot be explained by short-range
sticking and directly implies attractive forces from polarization effects. (e) One of many
possible charge assignments that can produce stable triangular molecules from two grains
with similar charge magnitude but opposite polarity and one grain of lesser net charge. In

this example the charges are +1.8 x 109 e and +0.2 x 10 e for the large grains, and 2.3 x 100
e for the small grain.
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Figure 3.9: Attractive mutual forces between same-polarity grains at close approach. (a)
Electrostatic potential energy between two same-polarity grains including the full set of
polarization terms Upglarization and the potential energy without the polarization terms
Ucouloub With particle net charges ()7 = 15 C and ()9 = 1 C and ¢ = 10. Here
Teritical = 3-005R is where the sign of the mutual force turns. R is the radius for both par-
ticles. (b) repitical @s @ function of dielectric constant for the particle material € and charge
asymmetry 1/Qs. The black solid line indicates the minimum required € and @1/Q2 to
have an attractive mutual force at close approach. The circled datum corresponds to the
case in (a).
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3.4 Summary

These results have implications for a wide range of situations where collision-induced parti-
cle aggregation is important. In particular, our results show at the single particle level how
long-range electrostatic forces can capture grains whose kinetic energy is orders of magni-
tude larger than W,,,. Multiple bounces enabled by the electrostatic potential well very
effectively dissipate kinetic energy, an effect that is further enhanced in N > 2 clusters by
internal reconfigurations, all of which increases the likelihood of capture and aggregation.
Already a very small size dispersion, such as in our nearly monodisperse sample, suffices to
generate highly charged particles, an effect likely to become amplified for larger dispersions.
Finally, the charge-stabilized granular molecules we observe highlight how intra-cluster parti-
cle configurations are controlled by dielectric polarization, an effect of much current interest

within the context of self-assembled colloid and ion clusters.
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Chapter 4
Hydrophobicity-dependent electrostatic charging of
sub-millimeter insulating particles studied with acoustic

levitation(]

4.1 Introduction

Insulating fine particles can acquire a great amount of charge after contact, leading to impor-
tant consequences in both nature [1-3,/50] and industry [5-7,/59]. However, the underlying
mechanism of contact electrification remains elusive. It is still being debated how insula-
tors, which have very low charge mobility, can transfer charge when they are brought into
contact [40]. Many mechanisms have been proposed, including the electron-transfer mecha-
nism [18[19], the ion-transfer mechanism [11], and transfer of nanoscale charged material [39].

Interestingly, there appears to be a correlation between the hydrophobicity of nonionic
insulators and their charging behavior [11,[1184121]. Hydrophilic insulators such as glass are
commonly closer to the top of the triboelectric series, charging positively after contacting
other materials. Hydrophobic insulators such as Teflon are usually closer to the bottom
of the triboelectric series. Some groups interpreted this correlation as a result of electron
transfer [119}[122,/123], proposing that the hydrophobicity of the material depends on its
Lewis acid-base property. Since Lewis acids are “electron acceptors” and Lewis bases are
“electron donors,” this correlation supports the idea that electrons are transferred from Lewis
bases to Lewis acids. However, as McCarty and Whitesides point out, “it is not the case
that all acids are oxidants or that all bases are reductants,” and a Lewis base only shares

an electron pair with a Lewis acid instead of transferring electrons [11]. Plus, the ionization

1. In this project, I had the leading role in all parts of the research including the design of the experiments,
developing the method of particle charge measurements based on acoustic levitation, performing the particle
contact charging experiments, analyzing the data, conducting finite-element and Monte Carlo simulations
to compare to experimental data, and preparing the manuscript. This project was supported by the NSF
under grant DMR-1309611.
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potentials for polymers do not follow their propensity of charging [13], hence making this
correlation between hydrophobicity and charging behavior difficult to be rationalized with
the electron-transfer mechanism.

Besides electrons, several groups have shown that insulators comprising ionic functional
groups constantly develop charge of the opposite sign of the mobile ions in contact charg-
ing [24125,27-29], which is explained by the transfer of mobile ions. For nonionic insulators,
it has been suggested that aqueous ions of adsorbed water on surfaces may be responsible
for the contact charging of nonionic insulators [11]. On one hand, water adsorbed from the
atmosphere is ubiquitous. It only takes milliseconds for water molecules to be adsorbed
on a surface [124], and it requires baking to get rid of the adsorbed water even in high
vacuum [125]. On the other hand, it has been demonstrated that the atmospheric water
can enhance the contact charging of insulators [24,33,(126]. Galembeck and coauthors have
also shown that merely varying the relative humidity (RH) changes the charge on a surface
without any contact, suggesting that atmospheric water can be the source and sink of charge
in solid materials [34}35,/127]. Studies of electrokinetic measurements and x-ray photoelec-
tron spectroscopy have revealed the accumulation of OH™ ions at solid-water interfaces in
hydrophobic insulators [32], hydrophilic self-assembled monolayers [128,|129], ice |[130], and
metals [131]. Recently, Burgo et al. have demonstrated that water is positioned at the top of
the triboelectric series [132]; that is, water develops positive charge after flowing over other
solid surfaces. Experiments on flow electrification of water done by other groups have also
shown the same direction of charge transfer |[133-136]. These results can be ascribed to the
adsorption of OH™ ions at the solid-water interfaces, which can cause positive charging of
water and negative charging of solids.

Although the above studies show evidence in favor of the idea of ion transfer, the mecha-
nism of how ions redistribute themselves during contact electrification of insulators, especially
for the charge transfer of insulating grains, is still poorly understood. To better understand

the charge transfer mechanism, we need precise charge measurement techniques. Nowadays
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the most common techniques for studying the charging of fine particles use Faraday cup-like
devices [58,[137,/138], whose precisions that typically give access to a large number of par-
ticles’ net charge, hindering the interpretation of complex charging phenomena as a result
of many collisions. Few experimental techniques are available for making precise measure-
ments of the impact charging of a single sub-millimeter particle [139-142], and those that are
available cannot perform charging measurements of a sub-millimeter particle with repeated
collisions. It is also difficult to prevent the particles from contacting foreign materials, which
can put additional charges onto the samples by contact. Here we develop a new method
that involves high-speed videography and acoustic levitation [143-147]—a contact-free and
material-independent technique of object manipulation—to study the charging effect of non-
ionic insulating particles. This method gives us a very high resolution of in situ charge
measurement on a single sub-millimeter particle, allowing us to narrow the complex problem
of many-particle charging down to repeated charge measurements of a single particle colliding
with a target plate. We use this method to test and control the charge transfer by changing
the hydrophobicity of material surfaces and the ambient gases and applying external electric
fields during particle collisions. We show that hydrophobicity plays an important role in

contact charging, which can be explained by a scenario based on the aqueous-ion transfer.

4.2 Experimental Setup

In the particle charge measurements, we suspended a sub-millimeter glass particle in the
ambient gas with acoustic levitation. Then we used electric fields to drive the levitated
particle and obtained the particle charge (¢) from the response of the particle to the electric
fields. To study the charge transfer during particle collisions, we made the particle collide
with a target plate underneath. A short sound-modulating pulse (~12 ms in pulse width)
was used to temporarily switch off the acoustic levitation. When the acoustic levitation was
switched off, the particle dropped due to gravity, hit against the target plate below, and

bounced. After the bounce, the acoustic levitation was quickly turned on again and the
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particle was trapped at the equilibrium point, ensuring that there was only one collision per
drop. During the collision, the particle exchanged charges with the target plate. Then we
applied an AC electric field to the levitated particle to measure ¢ again. This routine could
be repeated under computer control. The experiments of acoustic levitation were conducted
at 40% RH inside a chamber injected with an adjustable mixture of dry nitrogen gas and
nitrogen gas saturated with water vapor unless otherwise stated.

The experimental setup is shown in Fig. 4.1(a). A function generator and a high volt-
age amplifier provided the driving voltage signal for a sound transducer (Hesentec Rank E)
that generated ultrasound at a frequency of approximately 146.5 kHz. A flat target plate
underneath the transducer acted as a reflector of sound. When the distance between the
transducer and the sound-reflecting target plate was an integer multiple of the half wave-
length of sound (A/2), a standing sound wave could be established, and a sub-millimeter
particle could be trapped at the pressure node. To have a horizontally localized standing
wave, we drilled a cylindrical hole (800 pm in diameter, 125 pum deep) on the flat surface of
the transducer and adjusted the distance between the ceiling of the hole and the target plate
to A/2 (= 1.2 mm). For a spherical particle with radius R much smaller than A (R/\ < 0.1),

the acoustic potential (U) was derived by Gor’kov [14§]:

2 U2
U=2rR3 <§Z—C%—p<2 >>, (4.1)

where p is the density of the gas, ¢ is the speed of sound, (p?) and (v2) are the mean
square amplitudes of the acoustic pressure and velocity of the gas. Figure 4.1(b) shows the
dimensionless acoustic potential (U ) in our setup simulated with COMSOL Multiphysics
5.2, where U = U/ (WRgpv(z)) with vg the maximum acoustic velocity. The particle could be
trapped at the equilibrium point of gravity and the acoustic radiation force ¥, = —VU.

The acoustic velocity potential for a standing sound wave along the vertical axis (y-axis) is

given by [149]
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Figure 4.1: Particle charge measurement with acoustic levitation. (a) Experimental setup.
A sub-millimeter particle is acoustically levitated between a grounded ultrasonic transducer
and a sound-reflecting target plate. A piece of aluminum underneath the target plate is
connected to an AC or a DC voltage source. The particle was backlighted and filmed from
the side with a high-speed camera. Not shown here are the high-speed camera and an ambient
gas-controlled chamber that contains the system of acoustic levitation. (b) Side-view cross
section of the dimensionless acoustic potential ((7 ) simulated with COMSOL Multiphysics
5.2. The white circle illustrates the approximate size and position of a levitated particle. (c)

Microscope image of a glass particle.
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o= —%0 cos(ky) sin(wt), (4.2)

where k = 27 /) is the wave number and w = kc is the angular frequency of sound. This

leads to acoustic pressure and velocity for the standing sound wave along the y-axis

p= —p% = pcvg cos(ky) cos(wt) (4.3)
and
0 . :
v = 8_(5 = vg sin(ky) sin(wt). (4.4)

From Eqgs. (4.1), (4.3), and (4.4), we can obtain the acoustic radiation force along the y-axis

ou 5 )
wy = _(9_y = éwR?’pv(Q)k sin(2ky). (4.5)

The strong acoustic radiation forces allowed us to directly lift up the sub-millimeter
particle from the target plate before applying any electric field across the particle. Figure
4.2(a) shows the lifting of a particle with vertical position y as a function of time. After
lifted, the particle oscillated in the acoustic potential about its equilibrium point (just below
y = A/4) and experienced damping forces from air drag. The amplitude of oscillation can
be fitted into an exponential decay with a decay constant § =~ 2.4 Hz, which is correct
presumably only for the particle size and mass in this experiment. The levitated particle
was filmed from the side by a high-speed camera (Phantom v12; 1000 frames per second)
with backlight illumination. The position of the particle was tracked with an algorithm
developed by Crocker and Grier [79].

To measure the net charge ¢ on the particle, we applied AC and DC electric fields across
the levitated particle and tracked the particle motion in response to the electric fields. The
surface of the transducer was grounded. An aluminum piece underneath the target plate was

connected to either a set of a function generator and an amplifier or a high-voltage bipolar
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Figure 4.2: (a) Vertical position (y) of a particle levitated from a plate without electric fields
vs. time ¢ (black line) and a fit of an exponential decay (red line). (b)&(c) Experimental
data y (b) and model yg (c) for the vertical position of a levitated particle in a frequency-
swept AC electric field vs. t. (d) Comparison between the experimental data and the model
for the product of the maximum amplitude of oscillation A4, and the resonance frequency
fmaz vs. frequency sweeping rate a. The experimental data are measured with the same
levitated particle without any collisions.
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DC power supply, switched by a computer-controlled relay, providing AC or DC electric
fields across the levitated particle in the vertical direction.

We used an AC electric field to make the levitated particle oscillate due to Coulomb forces
to measure the charge magnitude (|g|). The particle can be resonated when the frequency of
the AC electric field matches the resonance frequency of the levitated particle ( fqq). This
resonance gives us high resolution of particle charge measurement. In order to find out fiqz
to achieve the resonance, we applied an AC electric field with a linear frequency sweep across
the levitated particle. If the frequency of the AC field went through f,,q2, the particle would
experience a pulse-like oscillation, which is a signature of experiencing a resonance. Figure
4.2(b) shows an example of the observed y versus time (¢) in response to the frequency-swept
(from 50 Hz to 150 Hz in 15 seconds) AC electric field. The particle exhibited a pulse-like
resonance. To obtain the amplitude and frequency of oscillation, it is useful to express y(t)

in the form of the analytic signal (Y'(t)), which is
Y (t) = y(t) +ig(t) = A@)e), (4.6)

where g(t) is the Hilbert transform of y(¢) defined by [150]

- 1

gt = i) == [~ X (47)

T) ot —T

The instantaneous amplitude A(t) and frequency f(t) of y(t) can be obtained by

A) = V()] = /420 + 520 (45)
and
(= 520, (49)
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where ¢(t) is the instantaneous phase angle, given by

©(t) = arctan (%) . (4.10)

In Fig. 4.3, we plot the zoomed-in data of y(¢) in Fig. 4.2(b) and its corresponding A(%)
and f(t). We define the maximum amplitude of oscillation Ayyqz to be the maximum point
of A(t) at t = t/, and the resonance frequency fpqz to be its corresponding instantaneous
frequency (fmaz = f(t')). In principle, the instantaneous frequency can also be obtained by
fitting the discrete y(t) data into sine functions. However, fitting the data is computationally
much more time-consuming than using the Hilbert transform. With the Hilbert transform,
we can efficiently obtain Ayqr &~ 52 pm at free ~ 93 Hz at t &~ 6.9 s for y(¢) in Fig. 4.2(b).

The equation of motion of the particle along the y-axis can be expressed as
mij + 2mpPy = Fay — mg + |q| Ey sin(wg (1)), (4.11)

where m is the particle mass, 2mpy is the air drag on the particle, mg is the force of
gravity, £y and wg(t) = 2m(at/2 + f;) are the amplitude and sweeping frequency of the AC
electric field across the levitated particle, « is the frequency sweeping rate, and f; is the
initial frequency of electric field. We computed m with the material density by measuring
the particle size with an optical microscope (Fig. 4.1(c)). [ was obtained by fitting the
attenuating amplitude of oscillation into an exponential decay as in Fig. 4.2(a). Ey was
simulated with COMSOL in consideration of the hole on the transducer surface and the

target plate. Eq. (4.5) can be expressed with a fitting parameter F, as

5 1 4
Fay = EWRBpU(%kSiH(%) = Fuosin(<2). (4.12)

With a given set of |¢| and Fjq, a simulated trajectory ys(¢) can be generated by numerically

solving Eq. (4.11). From ys(t), we can obtain the corresponding maximum amplitude of
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oscillation A, and the resonance frequency f},,. of the simulated trajectory with the
Hilbert transform. We used a Nelder-Mead simplex algorithm |114] as the multidimensional
optimization method with the parameters |g| and F,q to search for the minimum of squared
relative error between the simulated and the experimental results of Ay,q and frqz, which

is described by

/ 2 / 2

Amaz fmaz

From the fitting, a set of Az and finee from the experiment led to a single set of |¢| and
F,, and we made sure that & became less than 10~7 for each fitting. We hence obtained
the charge magnitude |¢| for the experiment. Based on Eq. (4.11), |q| scales as m/Ej.
As a result, the uncertainty of measured charge magnitude (A|g|) is smaller with a larger
applied Ep. During experiments we used AC electric fields with the range of 3.3 x 103 V/m
< Fy<1.6x 10°V /m, rendering the range of charge precision, in units of elementary charges
(e=1.6x10"1C), 1x10% e < Alg| < 6.5x 10% e. We prevented the particle from colliding
with the transducer or the target plate during the charge measurements when |q| is large by
choosing a small enough Ej. Figure 4.2(c) shows the fitted numerical solution compared to
Fig. 4.2(b), and as shown in Fig. 4.2(d), the model fits the experimental data of Ayaz fraz
well with all the same fitted |¢| and F,q but different . The smaller A;q0 fmaz for a larger
a is presumably due to a shorter time for the particle to be in/near resonance. The polarity
of the particle net charge was determined by applying a DC electric field pointing up or down
on the levitated particle, which moved to a higher or lower equilibrium point depending on
its polarity.

The samples we used were borosilicate glass particles (density pp = 2200 kg/ m?3, 204 + 8
pum in diameter, Cospheric) and borosilicate glass target plates (Catalog no. 12-542B cover
slide, 22 mm x 22 mm, 0.15 £ 0.02 mm thick, Fisher Scientific). Before the experiments,
the samples were cleaned in an ultrasonic bath of acetone, ethanol, and DI water for one
hour each, and dried in a vacuum chamber with an oil-free pump. To test the effect of

hydrophobicity of insulators on particle charging, we made originally hydrophilic borosilicate
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glass particles or glass plates hydrophobic by attaching nonpolar groups (—CHgs) onto the
glass surfaces via silanization (Fig. 4.4(a)). The silanization was done by immersing the
glass particles and cover slides in a solution of NaOH:H9O:ethanol = 1:2:2 by weight for one
hour, washing with ethanol, and drying at 60°C for 12 hours. The glass particles and plates
were then immersed in a solution of ethanol:(CHg)3SiCl (Sigma-Aldrich) = 10:1 by weight

for 8 hours, washed with ethanol, and dried in a desiccator.

4.3 Results and discussion

Charging of hydrophilic and hydrophobic particles

We plot examples of ¢ of a levitated particle colliding with a target plate versus the
number of collisions N in Fig. 4.4(b). For the cases of charging between similar surfaces
(hydrophilic glass vs. hydrophilic glass and hydrophobic glass vs. hydrophobic glass), the
charging is relatively small compared to the ones between dissimilar surfaces. For a hy-
drophilic glass particle colliding with a hydrophobic glass plate, the particle accumulated
significant positive charges (charging rate dg/dN ~ +6600 e/collision). Instead, a hydropho-
bic glass developed substantial negative charges by colliding with a hydrophilic glass plate
(dg/dN ~ —6400 e/collision). When the particle charge becomes as high as |¢| ~ 4 x 100
e, the attractive electrostatic force between the particle and the target plate is higher than
the acoustic force during levitation, so the particle becomes stuck to the target plate after
bouncing. Here we show that the charging behavior of glass material can be altered sig-
nificantly by changing the surface properties: after contact, the hydrophilic glass charges
positively and the hydrophobic glass charges negatively.

McCarty and Whitesides suggest that the contact charging between nonionic insulators
in general might be due to the transfer of OH™ ions in the adsorbed water on the surfaces
of insulators [11]. Experimental studies have shown that water adsorbed on solid surfaces
may not form a continuous film of water but individual water islands even for a hydrophilic

material like mica [151]. The sizes of the water islands are found to be from tens of nanome-
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Figure 4.4: Charge transfer between glass surfaces. (a) Glass surface silanized with
trimethylchlorosilane (CH3)3SiCl. The contact angles between a water drop and the glass
plate before and after silanization were 50 + 3° and 110 &+ 3°, respectively. (b) Examples
of particle charge ¢ vs. the number of particle-plate collisions (N) for a hydrophilic glass
particle vs. a hydrophobic glass plate (red), a hydrophobic glass particle vs. a hydrophilic
glass plate (blue), a hydrophilic glass particle vs. a hydrophilic glass plate (black), and a
hydrophobic glass particle vs. a hydrophobic glass plate (green). Note that in experiments
of red and blue curves, we used a lower amplitude of AC electric field (3.3 x 103 V/m) to
prevent the highly charged particles from colliding with the transducer or the target plate
surface during the field-driven oscillations, resulting in a higher statistical error of particle
charge measurements. (c) Possible mechanism of charge transfer between a wet patch on a
surface and a dry patch on another surface. (d)&(e) Different trials of ¢ vs. N for (d) a
hydrophilic glass particle vs. a hydrophilic glass plate and (e) a hydrophobic glass particle
vs. a hydrophobic glass plate.
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ters to over a micron at 40% RH, and the coverage of water layer is ~50% at 40% RH and
not 100% complete even at 90% RH.

Based on this, we suggest a possible scenario for the charge transfer between nonionic
insulators with different hydrophobicity due to different amounts of adsorbed water. This
is sketched in Fig. 4.4(c). When an adsorbed water island (wet patch) on one surface
contacts an area without water molecules (dry patch) on another surface, an OH™ ion will be
transferred and adsorbed onto the dry patch. This scenario is based on molecular-dynamics
simulations [31], which showed that OH™ ions tend to be localized at solid-water interfaces.
Therefore, there can be more OH™ ions than HT ions accumulating on the originally dry
surface, leading to net negative charge transfer after separation. Recent experimental results
have shown that solid materials tend to get negative charges after contacting water |132],
supporting the idea of OH™ adsorption at the solid-water interfaces. For hydrophilic nonionic
insulators, water molecules are adsorbed from the atmospheric moisture due to the formation
of strong hydrogen bonds |[152]. On the other hand, although hydrophobic insulators can still
adsorb water due to ubiquitous dispersion forces [152}153|, the forces are much smaller than
the hydrogen bonds, which can lead to larger dry areas on its surface. The net charge transfer
may hence be determined by the different coverage of water islands between two contacting
surfaces. The water predominantly from the hydrophilic insulator may be the source of OH™
ions and leave negative charges on the surface of hydrophobic insulator after separation.
Another factor of charge transfer may be that the hydrophobic insulator can have a higher
affinity for OH™ ions, leading to higher OH™ ions adsorption on the hydrophobic surface
compared to the hydrophilic one. This explanation is based on electrokinetic studies, where
it is shown that the zeta potential is generally more negative with increasing hydrophobicity
[130,/154}/155]. It is probably because the adsorption of OH™ ions at the solid-water interface
is competing with the adsorption of water molecules.

Figure 4.4(d) shows different trials of charge transfer measurements for a hydrophilic

glass particle colliding with a hydrophilic glass plate. We observed both directions of charge
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transfer, and the particles charged up in a linear way. The charging rate ranges from dg/dN =
—460 to 897 e/collision. The non-zero charging rate may result from slightly different surface
properties between surfaces of particles and target plates. Although the materials are both
borosilicate glass, they are not strictly identical due to different manufacturers. There could
also be some differences between each glass particle and glass plate, resulting in both positive
and negative charging rates observed. However, as shown in Fig. 4.4(e), the charging
rate is much smaller for a hydrophobic particle colliding with a hydrophobic glass plate
(dgq/dN ranges from —26 to 80 e/collision), which is probably because the same kind of
nonpolar groups is attached to the surfaces of glass particles and target plates, minimizing
the differences in surface properties. An additional reason is that the transferable ions can
be less on the hydrophobic surfaces, rendering the smaller charge transfer.

In situ contact charging measurements of other groups have shown that charge on surfaces
should eventually saturate after many contacts when the transferable charges are depleted or
exhibit rapid discharge events when the charge per unit surface area is high enough [1627,49].
However, the result in Fig. 4.4 that no sign of charge saturation is observed up to |¢| = 4 x 106
e suggests that ¢ is in a linear regime where the charge transfer is not affected by the charging
history of the particle. It is likely that the number of transferable charges is much larger
than the number of charges that have been transferred. Plus, in our experiments of acoustic
levitation, some oscillational instability caused by time delays on the response of the acoustic
forces to the particle motion could occur and make the particle rotate continuously |156].
Therefore, different spots on the particle could contact the target plate each time. With a
maximum contact area (A.) during particle collisions of ~20 ym? in our experiments (see
Appendix D) and a total particle surface area of ~1.3x 10° um?, we estimate that the average
number of collisions per individual patch is still small (~0.15) even at 1000 collisions. The
highly linear ¢(N') dependence we found in all cases thus demonstrates that any wet and dry
patches must have been much smaller than 20 ,umz, so that the particle surfaces appeared

homogeneous when averaged over the contact area.
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Figure 4.5: Examples of charge q on (a) a hydrophilic glass particle and (b) a hydrophobic
glass particle levitated in nitrogen gas at 40% RH vs. time ¢t. The gaps of charge measure-
ments in t are the time required for saving high-speed video files.

29



To see the effect of the ambient nitrogen gas on the charge ¢ of the particles, we levi-
tated hydrophilic and hydrophobic glass particles and repeatedly measured ¢ without any
collisions for ~25 hours (for example, Fig. 4.5), larger than the amount of time spent in
our experiments of repeated particle collisions (typically less than 6 hours). No detectable

charge transfer between the ambient gas and the levitated particles was found.

Particle charging in acidic/basic atmospheres

If the contact charging is indeed due to OH™ ions, then changing the ambient atmosphere
should alter the amount of ions dissolved in the adsorbed water layers and thus influence the
amount of charge transfer per collision. To test this, we changed the ambient atmosphere by
introducing acidic or basic vapors to the experimental chamber. These vapors were prepared
by bubbling nitrogen gas into 1 M aqueous solutions of acetic acid and ammonia, respectively.
The atmosphere in the chamber was stabilized for two hours before each experiment.

In Fig. 4.6, we plot the charging rate of a hydrophobic particle colliding with a hydrophilic
glass target plate as a function of relative humidity in acidic, basic, and neutral environments.
All the hydrophobic particles charged negatively after contacting hydrophilic target plates
over the range of RH studied (10-50% RH). The negative charging rate of the particle in a
basic atmosphere is enhanced compared to a neutral atmosphere, while it is suppressed in
an acidic atmosphere. This makes sense in light of electrokinetic studies, which showed that
OH™ and H™ ions have a much stronger affinity than other electrolyte ions for hydrophobic
surfaces [32,/128,/130,(154], whereas acetate and ammonium ions behave indifferent [157-
159]. Thus, the enhancement and suppression of the charging rate in the basic and acidic
environments can be attributed to different numbers of OH™ ions dissolved in the adsorbed
water, which are the ions predominantly transferred from a hydrophilic to a hydrophobic
surface during contact.

Our experiments could only go to RH values around 50%. Controlled levitation-collision

sequences become difficult to perform with larger humidity due to the increasingly strong
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Figure 4.6: Charging rate (dg/dN) for a hydrophobic glass particle colliding with a hy-

drophilic glass target plate vs. relative humidity in acidic (red triangle), neutral (green
circle), and basic (blue square) atmospheres.
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capillary forces between particle and target plate. While the data in Fig. 4.6 stays relatively
flat up to 50% RH, larger humidity eventually will let charge leak away by increasing the
conductivity. Previous studies showed, however, that charging of hydrophobic particles does
not decrease until 60% RH is reached [1604|161].

Besides the impurity ions from the ambient atmosphere, it cannot be excluded that ions
from substrates are involved as well. For example, glass materials contacting water are known
to leach out ions through the ion exchange between the alkali ion from the glass and the HT
ion in [162-164]. This effect may lead to a decrease in HT ions and thus an increase of the
pH of water [164]. Hence, charging may be enhanced due to a larger number of OH™ ions
in the adsorbed water. However, further investigation of the ion leaching in the adsorbed
water on grass surfaces is needed to obtain the charge transfer contribution of the impurity

ions from substrates.

Particle charging controlled by electric fields

Based on the scenario that ions in adsorbed water can lead to contact charging, applying
an external electric field to the contacting surfaces can change the distribution of ions thus
the amount of charge transferred. In our setup we can explore this straightforwardly by
applying a DC electric field during particle collisions. Figure 4.7(a) shows ¢ of a hydrophilic
glass particle colliding with a hydrophilic glass target plate in a DC electric field E = +8x10°
V/m pointing up (to the particle) or down (to the target plate) as a function of N. The
particle started negatively charged, and became less negative when colliding in an electric
field pointing up. Then ¢ went through zero and became more positive. The direction of
charge transfer for a particle was not affected by its own net charge polarity. Yet, sharp
transitions of charging rate were observed after changing the direction of the electric field.
The particle charged negatively when the electric field pointed down, and it charged positively
again when the direction of the electric field was up. Other groups have also observed particle

charging induced by electric fields [56,/165], but the kinetics of how a single particle gets
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Figure 4.7: Field-induced particle charging. (a). Charge (¢) on a hydrophilic glass particle
colliding with a hydrophilic glass target plate in an electric field pointing up or down (E =
+8x10° V/m) as a function of the number of collisions. (b)-(e) Possible charging mechanism
of two surfaces contacting in an electric field. (f)&(g) Charging rate in an electric field
minus the charging rate in no electric field vs. the electric field (E) for (f) a hydrophilic
glass particle colliding with a hydrophilic glass target plate and for (g) a hydrophobic glass
particle colliding with a hydrophobic glass target plate. Insets show particle charge (q) vs.
the number of collisions (N) with an electric field (E = —8 x 10° V/m) or without any field
for the cases of (f) a hydrophilic glass particle against a hydrophilic glass target plate and
(g) a hydrophobic glass particle against a hydrophobic glass target plate.
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charged repeatedly due to an electric field has not been demonstrated. Here we clearly show
that the direction of charge transfer can be controlled by electric fields. The detection limit is
from the difficulty of detecting A qz and finqr With the existence of small particle oscillation
with an amplitude of ~3 um in acoustic levitation. In these experiments, the acceleration
of a particle in an electric field is controlled to be less than ~0.7 m/ s2 by stopping the test
before the acceleration is too large. The mazimum acceleration will cause ~3% change of
impact velocity (Viy,, = v/2gh ~ 0.11 m/s when no electric field is applied) and ~3% change
of the maximum contact area during a collision A. (~20 pm?).

We can explain the observed field-induced charging by considering the migration of ions
due to the external electric field when, during particle collisions, the two contacting surfaces
are brought into contact. For contact between two wet patches, no net charge transfer
happens without a field; however, with an applied field, ions of different polarity migrate
across the interface in different directions, inducing a field-controlled net transfer of charge
after separation, as illustrated in Fig. 4.7(b)-(e). Similarly, when a wet and a dry patch
collide (see Fig. 4.4(c)), the applied field drives OH™ ions in the wet patch either towards or
away from the interface with the dry patch and thus controls the amount of charge transfer.
For the contact between two dry patches, no ions will be transferred.

As before when E = 0 during collisions, no obvious sign of saturation of the particle
charge is seen in Fig. 4.7(a). This again is because of particle rotation, so that, at least
up to the collision numbers N tracked in our experiments, different spots of the particle
hit the target plate. Therefore, for each collision new patches are brought into contact and
contribute to the field-induced charge transfer. In addition, if we assume uniform charge
distribution on the particle, the electric field (1/47wep)(q/R?) due to the charge buildup is
no larger than 8 x 10 V/m for the data in Fig. 4.7(a). This is two orders of magnitude
smaller than the external applied electric field E = 8 x 10° V/m. Therefore, the built-up
particle charge is unlikely to affect the collisional charging, and the external electric field

still dominates the charge transfer.
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Figure 4.7(f) shows the charging rate of a hydrophilic glass particle colliding with a
hydrophilic glass target plate driven by the electric field (dg/dN)g — (dq/dN)qy versus E,
where (dq/dN) g is the charging rate for a particle colliding in a DC field and (dq/dN)g is the
charging rate for the same particle and target plate without the field. A linear relationship
between (dq/dN)g — (dg/dN )y and E is observed, and the slope of the linear fit is 1.25 x
1073 £ 8 x 107 (e/collision)/(V /m).

We simulated the charge transfer due to polarization of the water bridge between a glass
particle and a glass plate in an external electric field with COMSOL. As shown in Fig.
4.8(a), the simulation contains a 204 pum diameter glass particle and a 150 pym thick glass
plate with dielectric constant x = 4.6 for borosilicate glass [166], connected by a water bridge
(k = 80.1 at 20°C [167]). The water bridge is approximated as a cylinder with base area
of 20 pm? and height H. The glass particle, the water bridge, and the glass plate are in
between a grounded conductive surface with a cylindrical hole (800 pm in diameter, 125 ym
deep) and a conductive surface with a constant potential of 1000 V. The distance between
the ceiling of the hole and the glass plate is 1.2 mm, giving an average external electric field
E = 8x10° V/m. The surface bound charge of water at the solid-water interface (Q) can be
obtained by integrating the normal component of the polarization (P) in the water bridge
over the solid-water interface (Q = [P -ndS). The thickness of the water bridge between
the glass surfaces is assumed to be on the order of a few nanometers as the thickness of the
water layer adsorbed on a hydrophilic surface is ~1 nm at 40% RH [152]. However, in the
simulation, the water bridge is too thin to construct a proper mesh when H is smaller than
0.1 pm. In Fig. 4.8(c) we plot the simulation result of @ as a function of H, which can
be fitted well by an exponential recovery curve = aj(1 — exp(—H/a2)) + a3 with fitting
parameters a1, ag, and a3. This curve is attenuated to ~3.08 x 103 e when H is smaller than
0.1 pum, which is of the same order of magnitude as the experimental value of field-induced
charge transfer (~1 x 10% e) for the same DC electric field applied (E = 8 x 105 V/m).

The smaller experimental value may result from the incomplete coverage of water islands in
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Figure 4.8: Finite-element simulation for the polarization of a water bridge between a glass
particle and a glass plate. (a) Schematics of the simulation. (b) Simulation of polarization
P surrounding a glass particle, a water bridge, and a glass plate. The simulation with a
0.1-pm thick water bridge is shown here. (d) Simulations of the surface bound charge of the
polarized water at the solid-water interface (@) as a function of the thickness of the water
bridge (H).
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the contact area. The polarization of water can thus account for the field-induced particle
charging between hydrophilic surfaces.

By contrast, for a hydrophobic glass particle colliding with a hydrophobic glass target
plate in a DC electric field, the slope of the linear fit of (dq/dN)g — (dg/dN)g vs. E is
measured as 2.8 x 1072 £3 x 1070 (e/collision)/(V/m) (Fig. 4.7(g)), much smaller than that
for the case of hydrophilic glasses. This result is in agreement with the scenario involving
polarization of water bridges: smaller amount of adsorbed water on the hydrophobic surfaces
gives rise to lower transfer of ions induced by electric fields [165]. It also highlights the
importance of the surface properties as opposed to the properties of the bulk materials in

the field-induced particle charging.

4.4 Proposed mechanism for size-dependent particle charging

The picture of individual water islands adsorbed on solid surfaces may also account for the
tribocharging in same-material grains considered in Chapter 2 and 3. When two particles
collide, nanoscale dry or wet areas on both surfaces are brought into contact, and OH™
ions can be transferred from a wet area on one surface to a dry area on another surface.
If different sizes of particles are involved, charge can be built up due to an asymmetry of
contact areas.

We conducted a Monte Carlo simulation for the charge transfer within a mixture of large
and small particles in equal number. We set the ratio of the sizes for large and small particles
to be 3:2. By taking water islands into consideration, we partition the surfaces of the large
and small particles into smaller patches with the same size. Each patch is assigned as either
a “dry” patch or a “wet” one. The probability for a patch to be wet is set to be 30% on both
large and small particles. In each routine, two patches on different particles are randomly
picked, regardless of the particle size, and brought into contact. When two patches collide,
if the transferable charges are not depleted, a fixed amount of negative charge (OH™ ions)

is transferred from a wet patch to a dry one. No charge transfer happens for other cases.
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Figure 4.9: Monte Carlo simulation of tribocharging in same-material grains due to OH™
transfer compared with experimental data. (a) Particle charge distribution result of a Monte
Carlo simulation, where large and small particles are mixed together in equal number and
transfer charge for many particle collisions. (b) Experimental result of particle charge dis-
tribution due to mixing large and small grains in equal number, which is the same as the
data presented in Fig. 3.6.
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Initially, all wet patches have the same amount of OH™ ions, and those ions can be depleted
after many collisions. The net charge ¢ is the sum of the patch charges on each particle.

Figure 4.9(a) shows the final state of the particle charge distribution when all the available
charges are depleted. It shows that larger particles tend to be positive, and smaller ones tend
to be negative. This result is due to the asymmetric transfer of OH™ ions for large and small
particles. If the surface density of wet patches is the same on all particles, larger particles
will have more total area of wet patches due to the larger surface area, so at first, they will
have more OH™ ions to transfer than smaller ones. Therefore, after all of the available OH™
ions are depleted, larger particles will tend to be more positive. Smaller particles will give
out less and collect more OH™ ions than larger particles, getting more negative after many
collisions.

The result in Fig. 4.9(a) resembles the charge distribution in charging experiments with
bidisperse particle sizes in Chapter 2 and 3 (Fig. 4.9(b) and Fig. 3.6). Here, we show that
the nanoscale dry/wet patches and the transfer of OH™ ions may explain the charging in

particles made of the same material.

4.5 Summary

We have developed a new particle charge measurement technique based on acoustic levita-
tion, which allows us to repeatedly measure the charge on a single sub-millimeter particle
and the charge transfer due to collisions with a target plate. We show that contact charging
of glass particles can be greatly affected just by changing the hydrophobicity of either glass
surface: hydrophilic surfaces accumulate positive charges, whereas hydrophobic surfaces ob-
tain negative charges, which can be explained by the transfer of OH™ ions between nonionic
insulators. The results that contact charging between a hydrophilic and a hydrophobic
surface is suppressed (enhanced) in an acidic (basic) atmosphere further support this mech-
anism. Moreover, we are able to control the charge transfer by applying an external electric

field during particle collisions. This charge transfer can be attributed to the separation of

69



aqueous ions in water bridges between surfaces due to the electric field. We show that the
field-induced particle charging is much larger for hydrophilic insulators than for hydropho-
bic ones, emphasizing the role of adsorbed water in contact charging of nonionic insulators.
We propose that water islands and aqueous ions can also account for the effect of charge

segregation in particles with bidisperse particle sizes.
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Chapter 5

Conclusions

This thesis focuses on the understanding of the electrostatic charging effects in microscopic
insulating grains. Tracking microscopic grains accelerated in a horizontal electric field, we
were able to measure the charges of individual grains directly (Chapter 2). We showed
that same-material tribocharging depends on particle size, with large grains becoming more
positively charged and small ones more negatively charged. Previous models assuming the
transfer of trapped electrons so far have not been validated. We demonstrated that the
density of trapped electrons, measured independently by a thermoluminescence technique,
is orders of magnitude too low to account for the amount of charge transferred. This result
showed that trapped electrons are not causing same-material tribocharging (at least in the
dielectric grain types studied here). It suggests that another negatively charged species, such
as ions, is responsible for the charge transfer.

Same-material tribocharging can result in important electrostatic interactions among
microscopic particles, but how these interactions contribute to particle aggregation has re-
mained elusive. Using free-fall, high-speed imaging, we directly observed how charged grains
can orbit around each other in attractive as well as repulsive Kepler-like trajectories (Chap-
ter 3). We demonstrated that charged particles can get trapped in their mutual electrostatic
potentials and form clusters via multiple bounces. These electrostatic potentials dominate
the binding energy of a cluster by several orders of magnitude and thus make clustering much
easier than without electrostatic forces. Moreover, by using a bipolar particle charge distri-
bution, we observed that particles form electrostatically stable “granular molecules”. Their
rearrangements are analogous to breakage and formation of bonds in chemical molecules.
Furthermore, we found configurations that are stable only with full consideration of higher-
order, many-body polarization effects. These polarization effects provide additional attrac-
tive forces and therefore promote aggregation.

Studying the contact charging of microscopic grains is challenging because it usually
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involves a great number of complex particle collisions. We developed a new method based
on acoustic levitation techniques, which allows us to repeatedly measure the charge transfer
of a single sub-millimeter particle colliding with a flat plate (Chapter 4). With this method,
we demonstrated that the contact charging is dependent on the hydrophobicity of particles
as well as the acidity or basicity of ambient gases. Moreover, we were able to control the
charge on a single particle by applying an external electric field during collisions. We found
that this electric field-induced particle charging is also hydrophobicity-dependent. These
results strongly support the idea of aqueous-ion transfer between dielectric surfaces.

For future work, direct measurements of charge transfer during particle-particle collisions
might be possible by changing the shape of the potential wells in acoustic levitation, which
will help understand the roles played in particle contact charging by the contact area, the
kinetic energy, the surface geometries, and the materials of the grains play in particle con-
tact charging. It remains important to study whether ion transfer is dominating the charge
transfer between insulators in general, or whether the charging mechanisms are different for
oxides and polymers. To better understand the contribution of aqueous ions in charge trans-
fer, it will be interesting to systematically study the relationship between contact charging
and zeta-potential of surfaces, which can be characterized by electrokinetic measurements

or streaming current techniques.
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Appendix A

Air drag in the falling-camera apparatus

At low gas pressure, the drag force Fjy on a particle with diameter d moving at speed v can
be described by
Fyq = Fy(1 + K(a+ be~ /%)=L (A.1)

where Fy = 3mndv is the Stokes drag force, n = 1.8 x 107° Pa-s is the viscosity of air at
ambient pressure 100 kPa, a = 0.864, b = 0.290, ¢ = 1.25 are empirical constants [168|,
and K = 2)\/d is the Knudsen number, which is the ratio of the mean free path of the gas
molecules A to the particle radius d/2. For our falling-camera experiments in Chapter 2 and
3, we have d ~ 300um and at a pressure of ~ 2 mTorr inside the vacuum chamber the mean
free path is A ~ 2.6 cm. This gives K ~ 173 > 1, which already indicates that air drag is
negligible. The maximum vertical speed of the free-falling particles is vmax = V29H ~ 5.5
m/s, leading to a maximum Fy ~ 1 nN, much smaller than the electrostatic force on the
order of 20-50 nN and the particle weight mg =~ 40 nN. Thus, air drag can be neglected in

our experiments.
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Appendix B

Time sequences of charged grains in free fall
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Figure B.1: (a)-(c) Sequence of stills for the particle trajectories in Fig. 3.4 (b)-(d).
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Appendix C
Measuring effective coefficient of restitution from a nearly

head-on collision

Figure C.1 shows an essentially head-on collision in the falling-camera experiment that al-
lowed us to measure the effective coefficient of restitution e.g (the ratio of relative velocity
magnitude before and after a collision) of ZrOg grains. Before the collision, the target parti-
cle (Particle 1) moves slowly relative to the other nearby particles, and the incoming particle
(Particle 2) is approaching at high impact velocity (~ 1.4 m/s in the z-y plane). After
the collision, Particle 1 shoots off at high velocity while Particle 2 moves slowly, similar to
the behavior due to momentum transfer in a 2-particle Newton’s cradle. The incoming and
outgoing trajectories are approximately parallel (no more than ~ 5° off) in the x-y plane,
and we measure eqg to be about 0.94.

Out-of-plane (z-direction) motion could influence this determination of e.g. The 2-mm
depth of field of the lens (Nikon AF Micro-Nikkor ED 200mm f/4 D IF with f-number 32 and
focused distance 0.52 m) allows us to roughly estimate the z-direction velocities v, of the
slow particles. From the sharpness of the edge of the particles, we find that the out-of-plane
velocity v, of Particle 1 before the collision and Particle 2 after the collision cannot be larger
than 0.01 m/s, about 2 orders of magnitude less than the z-y components of the impacting

and leaving velocities. Therefore, the z-motion is too small to affect the above value for e .

5



time

Figure C.1: Successive image stills showing a nearly head-on collision. The time interval
between two frames is 1 ms. Fast (higher than 0.5 m/s) particles are elongated as lines in
the stills.
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Appendix D
Estimation of maximum contact area during a particle collision
The maximum contact area during a collision (A.) due to elastic-plastic deformation for a

particle being dropped onto a flat surface can be estimated with the Hertz contact theory

[1691[170]:

KAYD
AczwpﬂwD%/%i Vimp — 0.05 pp , (D.1)
p p

where D = 204 £ 8 pm, pp = 2200 kg/m3 and Y, = 190 MPa are diameter, density and
yield pressure of the borosilicate glass particle, respectively, supplied by the manufacturer,
Vimp = Vv2gh = 0.11 m/s is the impact velocity, h = 0.6 mm is the drop height, x =
(1 —11)?/E1 + (1 — v1)?/Ey is the elasticity parameter, v; = vy = 0.2 and E; = Ey = 67.5
GPa are Poisson’s ratio and Young’s modulus of borosilicate glass [166], and subscripts 1
and 2 denote the particle and the target plate, respectively. We obtain A, ~ 20 ,um2 for a

glass particle in our acoustic-levitation setup in Chapter 4.
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