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Preface

The properties and behaviour of particulate products, such as powder materials,
agglomerated or coated materials, fillers, active ingredients or pigments and natural
substances, like soils, sludge or aerosols, are significantly determined by interac-
tions between fine solid particles in granular matter. The production, handling and
transport processes of the solid products are also heavily influenced by the inter-
particle interactions. For the optimization of existing solid processes and devel-
opment of novel particulate products, the understanding and description of
physicochemical microprocesses, which take place during approaching, direct
contact and detachment of adhesive fine particles (from a few nanometers to
100 micrometers) are needed. Therefore, the description of macroscopic phenom-
ena and properties of particulate matter consisting of many particles needs a basic
understanding of the micromechanical and adhesive interactions of single particles
in contact. They can be characterized by stress—strain, force—displacement, torgue—
angle and potential-distance relationships for six degrees of freedom for the
translation and rotation of particles in contact. New scientific developments in the
field of simulations as well as measuring technique make it possible to understand
and describe these relationships in the form of contact or potential models. These
interaction models based on the physical parameters of individual particles can be
used in modern particle-based simulation methods, such as Discrete Element
Method or Molecular Dynamics, to provide an accurate prediction of the mor-
phology, microstructure, deformation and flow behaviour and distribution of the
properties of particulate systems in industrial processes.

The German Research Foundation (Deutsche Forschungsgemeinschaft, DFG)
has supported an international research program in the form of Priority Program
(SPP 1486) “Particles in Contact—Micro Mechanics, Micro Process Dynamics and
Particle Collective” from 2010 to 2017. This book summarizes the research results
of this joint research project obtained by 27 cooperating institutes from Germany,
Austria, The Netherlands and Switzerland. The coordinator of this program was
Prof. Jiirgen Tomas from the Otto von Guericke University Magdeburg (Germany).
This program was created and successfully carried out thanks to his innovative
ideas, his enthusiasm for powder technology that has brought the scientists from

vii
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different research areas together into this research project. Unfortunately, he passed
away too early. Since 2015, Prof. Sergiy Antonyuk from the Technische Universitét
Kaiserslautern has taken over the coordination of this program.

We want to thank DFG for the financial support, and specially Dr.-Ing. Bernd
Giernoth, Dr.-Ing. Georg Bechtold, Dr. Simon Jorres and Ms. Anja Kleeful3 for
their excellent coordination and support for the research activities of the SPP.

I am grateful to my Ph.D. students Vanessa Puderbach, Robert Hesse, Philipp
Losch, Dominik Weis, and Oleg Urazmetov, who caught misprints in the proofs of
this book.

Kaiserslautern, Germany Sergiy Antonyuk
December 2018
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Analysis of Adsorbates and Interfacial )
Forces at Metal Oxide Interfaces Sneet o
at Defined Environmental Conditions

A. G. Orive, C. Kunze, B. Torun, T. de los Arcos and G. Grundmeier

Introduction

Adhesion forces between ensembles of micro- and nanoparticles are central in pro-
cesses such as fluidization, agglomeration and sintering [1]. These effects find appli-
cations in an extensive range of technical fields that include the development of
pharmaceutical powders, paints, and solar cells [2, 3].

Contact forces between oxide nanoparticles are strongly dependent on the surface
chemistry, the presence of adsorbate layers and the environmental conditions [4].
High-energy oxide surfaces under ambient conditions spontaneously adsorb organic
molecules and water. This adsorption leads to reduced surface energies. While the
existence of atmospheric contaminations on oxide surfaces is routinely observed in
surface analytical studies, their surface concentration and composition is often not
perfectly controlled.

For most technological applications, assemblies of micro and nanoparticles will
be necessarily utilized under normal ambient experimental conditions. As a conse-
quence, the prevalence of water layers adsorbed onto the particle surfaces which are
in contact with humid air needs to be taken into account. Indeed, capillary forces
due to capillary condensation are particularly interesting since, when present, they
usually dominate the inter-particle adhesion interactions. Over the last few years,
both theoretical and experimental approaches have been carried out to propose a
unified model which might account for the relevance of contact forces between par-
ticles under humid conditions [5, 6]. In particular the high-energy surfaces of micro-
and nano-metal oxide particles experience the spontaneous adsorption of molecule
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adsorbates and water, which gives rise to a reduced surface energy. At this point,
it is worth noting that although the afore-mentioned molecular adsorptions due to
atmospheric exposure are well-known and easily identified by analytical techniques
in interfacial surface studies, their quantitative surface concentration and composi-
tion is often not stated or it is poorly characterized. In particular, nano-contact force
studies carried out at gas/solid interfaces, e.g. by means of atomic force microscopy
(AFM), are often performed upon rather ill-defined conditions.

The quantification of the contact forces occurring between micro- and nanoparti-
cles can be straightforwardly assessed by force spectroscopy measurements by means
of AFM [7]. In a seminal contribution, Harrison et al. [8] collected experimental and
theoretical results coming from 28 different approaches dealing with the assessment
of capillary forces in the nanoparticle regime. It was clearly stated that the impact
of capillary forces on particle interfacial adhesion depends on a nontrivial combi-
nation of the particle shape, size, deformability, adsorbate layers, surface roughness
and hydrophilicity [6, 9]. Indeed, Farshchi-Tabrizi et al. [7] showed that the con-
tact geometry has a critical influence on the humidity dependence of the adhesion
force. They addressed the contact forces occurring between regular AFM tips and
also the result of attaching particles to them and different solid samples, smooth and
rough surfaces. Interestingly, the dependence between adhesion forces and humidity
register for hydrophilic surfaces exhibited two distinct behaviors: a maximum or
an increasing linear growing behavior. A new numerical models considering both
surface roughness and cantilever shape that accurately estimates the quantification
of the meniscus force was successfully proposed.

Regarding the presence of molecule adsorbate layers, Gojzewski et al. [10] ele-
gantly introduced the measurement of the contact forces arising between the surfaces
of silicon nitride AFM cantilevers and self-assembled monolayers (SAM) on gold as
a function of relative humidity by means of dynamic force spectroscopy. Methylene-
and hydroxyl-terminated SAMs were used as model hydrophobic and hydrophilic
surfaces, respectively. The adhesion forces registered for the hydrophilic SAMs were
noticeably higher than those obtained for the hydrophobic ones, even at low humidity
values. The latter cannot be thus not only attributed to the formation of hydrogen
bridges between hydroxyl groups from the SAM and silanol functionalities of the
AFM tip, but also to the strength of the capillary forces.

Taking all the afore-mentioned facts into account, it is clear that AFM measure-
ments carried out under ultra-high vacuum or clean (pure) electrolytes offer the
advantage of working with a precisely defined interface chemistry. The aim of the
work presented here was to analyze (characterize) the impact of poorly defined ambi-
ent surface contamination such as water and organic molecule adsorbates by directly
removing them or replacing them by model adsorbates. In the following, TiO;, ZnO
and Al,O3 surfaces have been considered as model metal oxides with high surface
energy as promising candidates/platforms for fundamental adhesion force studies. In
particular, AFM-based methods such as nanoshaving (AFM scratching), UHV-based
nanocontact force studies and single molecule force spectroscopy were applied. In
addition, in situ FTIR surface spectroscopy was performed to analyze the behavior
of some molecule adsorbates under humid conditions.
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Materials and Methods

Materials and Surface Preparation

Materials and Chemicals

Rutile TiO, single crystals with crystallographic (100) and (110) orientations in the
size of 10 mm x 10 mm x 0.5 mm were obtained from Mateck GmbH (Juelich,
Germany) and CrysTec (Germany), respectively. Al,O3(11-20) single crystalline
substrates of 20 mm x 20 mm x 0.5 mm were also purchased from Mateck GmbH
(Juelich, Germany).

All chemicals were of p.a. grade (analytical reagent grade) and used without
any further purification. Nonadecanoic acid (97%) was purchased from Fluka.
Octadecylphosphonic acid (97%) and hexylphosphonic acid were obtained from
Alfa Aesar. a-Mercapto-w-amino PEG hydrochloride (HS-PEG-NH, x HCI, PEG-
MW: 10,000 Da), a-Hydroxy-w-mercapto PEG (HO-PEG-NHCO-CH,—CH,-SH,
PEG-MW: 10,000 Da), a-Methoxy-w-mercapto PEG (CH;O0-PEG-SH, PEG-MW:
10,000 Da) were acquired form Rapp Polymere GmbH. Absolute ethanol, used as
a solvent and for general cleaning purposes, was purchased from VWR Interna-
tional. Hydrofluoric acid (40%) was obtained from Merck KGa. Ultrapure water
was obtained from an Ultraclear TWF (SG Wasseraufbereitung, Barsbiittel, Ger-
many) system with a maximum electrical conductance of 0.055 uS cm~!. RCA-1
solution, i.e. 5:1:1; purified water, ammonia solution 30%, hydrogen peroxide 30%,
was used for both etching and cleaning purposes.

Preparation of Rutile TiO,(110) and (110) Single Crystalline Surfaces
[11,12]

In order to prepare surfaces stable under ambient conditions, TiO,(100) single crys-
talline surfaces were prepared from commercial TiO; rutile single crystals. The pro-
cedure followed consisted of a pre-cleaning step, where the TiO, crystals were soni-
cated in ultrapure water, followed by wet chemical etching, and finally an annealing
step according to the methodology developed by Nakamura et al. [13] and Yamamoto
et al. [14]. In order to avoid possible contamination of the crystals during the prepa-
ration, the etching was performed in a PTFE vessel. (100) and (110) oriented TiO,
crystals were etched in 20% HF solution for 20 min. After the etching process, the
crystals were intensively rinsed with ultrapure water and dried in a stream of pure
nitrogen gas. The crystals were then deposited into a tube furnace with Al,O; walls
and annealed at 680 °C for 48—72 h in ambient air. A slow heating and cooling rate of
3 °C/min (ramping time of 3.5 h) was selected in order to minimize both mechanical
stress in the crystal and in the furnace tube. The quality of the so-prepared TiO,(100)
and (110) single crystals was finally assessed by means of AFM and LEED. A non-
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conventional 1 x 3 superstructure was obtained in the LEED pattern registered for
the as-prepared TiO,(100) surfaces.

Preparation of Al,03(0001) and (11-20) Single Crystals [11]

In order to produce well-defined Al,03(0001) and Al,O3(11-20) single crystalline
surfaces, alkaline and acidic etching procedures were applied to the as-received com-
mercial substrates according to a well-established methodology published elsewhere
[11]. Briefly, the as-received substrates were immersed into RCA-1 (5:1:1; purified
water, ammonia solution 30%, hydrogen peroxide 30%) solution for 2 min at 70 °C
to remove organic contaminants. Then, they were subsequently immersed into a
phosphoric acid (85%) aqueous solution for 2 min, rinsed with ultra-pure water, and
dried with nitrogen. The as-treated crystals were then annealed under an ambient
atmosphere at 1450 °C for 36 h.

Additionally, in the case of Al;O3(11-20) the single crystals were again immersed
into phosphoric acid (85%, 2 min), rinsed with ultra-pure water, and dried with
nitrogen. The goal was to simulate the acidic treatment conventionally used in the
conditioning Al-alloy surfaces before being exposed to adhesive compounds. A rep-
resentative AFM image of such prepared surfaces is shown in Fig. 1.

Fig. 1 AFM topography
image of Al,O3(11-20)
single crystal cleaned with
RCA-1, etched with
concentrated phosphoric
acid, heat treated at 1450 °C,
and finally etched in
concentrated phosphoric
acid. Reprinted from [15]
with permission from
Elsevier

0.0 0.2 04 0.6 0.8 1.0
pm
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Adsorption of Organic Monolayers on TiO, and Al,O3 Single Crystalline
Surfaces [11]

In order to carry out fundamental studies about the interaction between carboxylic
acids with well-defined TiO, surfaces, nonadecanoic acid (NDCA) was selected
as a model system to characterize the adsorbate formation process onto TiO,(100)
single crystalline substrates [11]. In this regard, freshly prepared TiO; single crystals
were immersed into a 1 mM NDCA ethanolic solution for 12—-16 h. After that, the
as-modified substrates were rinsed in ethanol and dried in a nitrogen stream.

Additionally, with the aim to remove the scarcely defined carbon contaminations
due to atmospheric contamination, TiO,(110) substrates were chemically modified
by self-assembly (SA) with octadecylphosphonic acid (ODPA) molecule layer. In this
regard, freshly prepared and annealed TiO,(110) single crystals were immersed into a
1 mM ODPA ethanolic solution for 16 h. The as-modified substrates were thoroughly
rinsed in ethanol and dried in a nitrogen stream. This approach was carried out to
create a defect-free surface covered by a well-defined aliphatic adsorbate layer as
a reference surface to assess the impact of such aliphatic-based film on interfacial
contact forces [12].

ODPA and hexyl phosphonic acid (HPA)-based organic films onto Al,03(0001)
single crystal were prepared by self-assembly. The freshly chemically etched and
thermally annealed aluminum oxide substrates were immersed into 1 mM molecule
(ODPA or HPA)-containing ethanolic solution for 12 h. The as-modified crystals were
thoroughly rinsed with ultrapure ethanol, dried in nitrogen stream, and immediately
used.

AFM Instrumentation

UHV-AFM

UHV AFM imaging and Force-distance curve (F-D) spectroscopy were carried out
by using a VI-AFM XA (Oxford Instruments, Taunusstein, Germany) microscope
(Fig. 2). AFM images were collected in contact mode. CSC17 cantilevers (resonant
frequency of 13 kHz, spring constant of 0.18 N/m, and tip radius of 8§ nm) purchased
from Mikromasch (Bulgaria) were used. For AFM-based F-D spectroscopy mea-
surements, data obtained from 16 x 16-point grids over 2.0 x 2.0 um? areas were
collected at room temperature for statistical purposes. The AFM tip was approached
and retracted over the sample surface at 1 pm/s for a 500 nm tip-sample separation.
The cantilevers were calibrated according to their deflection sensitivity, obtained
from the slope of the repulsive regime, and the spring constant, which was obtained
by means of the thermal noise method [16].
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Fig. 2 Illustration of the UHV analytical setup allowing the measurement of surface chemistry and
contact forces. (1) preparation chamber; (2) analysis chamber; (3) AFM chamber; (4) gas and water
dosing system

Ambient Pressure AFM

AFM imaging was carried out by using a JPK Nanowizard Il Ultra (JPK Instruments
AG, Berlin, Germany) operating in air and at room temperature with a scan rate
of 1 Hz. The topographical features exhibited by pristine TiO,(100) single crystal
surfaces were characterized in contact mode in a window loading force range of
2-5 nN. In this case, DP17 silicon cantilevers (12 kHz, 0.17 N/m), purchased form
Mikromasch, were used. However, for the AFM characterization of NDCA-modified
TiO,(100) substrates, alternating contact mode (AC) was chosen. For the latter, an
amplitude corresponding to a 90% of the free-air amplitude was maintained constant
during the profiling. Both AC AFM imaging and nanoshaving experiences were car-
ried out using NSC15 AFM tips (320 kHz, 40 N/m), acquired from Mikromasch. In
the nanoshaving and nanografting processes, an organic molecule monolayer (typ-
ically prepared by self-assembly) is removed/altered as a consequence of AFM tip
ploughing. Essentially, when high enough loading forces are applied in a pure solvent
with the AFM tip, the latter is expected to scratch the modified surface and subse-
quently remove the organic film, unveiling thus the underlying substrate surface.
This procedure is known as nanoshaving. If this process is carried out when other
secondary molecules are also present in the solvent, then a fast chemisorption of the
latter onto the shaved area can be obtained, i.e. nanografting [17]. It is worth noting
that although the organic layer is removed as a consequence of AFM tip plough-
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ing, no noticeable damage on the single crystalline surfaces can be detected for the
loading force window range considered.

Single molecule force spectroscopy experiences on Al,O3(11-20) single crystals
were carried out using an MFP-3D-SA (Asylum Research) microscope equipped
with an anti-vibration system. A fluid cell (Fluid Cell Lite from Asylum Research)
was employed to obtain the corresponding force-distance curves in 10 mM NaClO4
aqueous solution at pH 6. In order to achieve good reproducibility, several hundred
force curves were recorded in each experiment. The rupture events were evaluated
with Igor-Pro software. Note that only a fraction (10-30%) of all curves showed
rupture events. In those cases, the force recorded at the rupture point was noted
and used to build an additional set of statistical data. A Gaussian fit was applied to
determine the mean force value.

Modification of AFM-Tips

TiO, Coated AFM-Tips

NSC19 AFM cantilevers (65 kHz, 0.5 N/m), acquired from Mikromasch, were
modified with 150 nm thick titanium coating by means of plasma-enhanced PVD.
A titanium target was sputtered by a DC plasma in pure Argon atmosphere at
0.2 x 107> mPa at a mean power of 2 kW and 300 V bias voltage. Under these
experimental conditions, a deposition rate of 14 nm/min was obtained. In order to
completely oxidize the titanium coating of the cantilevers, the latter modified AFM
tips were annealed in air at 600 °C for 16 h.

Macromolecular Modification of AFM Tips

Gold-coated silicon cantilevers HQ:CSC17 (13 kHz, 0.18 N/m), acquired from
Mikromasch, were cleaned according to a well-stablished procedure published else-
where [15]. Briefly, as-received cantilevers were immersed into an RCA-1 solution
for 2 min. at 70 °C in order to remove organic contaminants. After that, the tips were
rinsed with ultrapure water and subsequently dried in a nitrogen stream.

OH-Functionalization

The solvent cleaned gold-coated cantilevers were introduced into a 1 mM a-Hydroxy-
w-mercapto PEG-containing ultrapure water solution for t = 4 h.
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NH, x HCI-Functionalization

The solvent cleaned gold-coated cantilevers were introduced into a 1 mM
a-Mercapto-w-amino PEG hydrochloride-containing ultrapure water solution
fort=4nh.

OCHj;-Functionalization

The solvent cleaned gold-coated cantilevers were introduced into a | mM a-Methoxy-
w-mercapto PEG-containing ultrapure water solution for t = 4 h.

XPS Analysis

XPS measurements were performed in an Omicron ESCA* System (Omicron
NanoTechnology GmbH, Germany). The element spectra were recorded at pass
energies of 25 eV. A monochromated Al Ka (1486.3 eV) X-ray source with a spot
diameter of 600 pwm was used. The calibration of the spectra was done by using the
position of the C 1s core level peak of adventitious carbon (binding energy, BE =
285 eV) as a reference. For data evaluation, the CasaXPS software was used [18].

For the quantitative analysis of the surface chemistry of the prepared crystals,
angle-resolved XPS experiments were performed. XPS spectra were recorded at take-
off angles of the photoelectrons from 70° to 10° with respect to the surface plane. The
probing depth d can be calculated as a function of the take-off angle ® [19] according
to d = Asin®, where A is the inelastic mean free path of the photoelectrons.

LEED Instrumentation

Omicron Spectra LEED optics were employed at an incident angle close to 90° with
respect to the surface for LEED experiences. With the aim to obtain high-quality
LEED images, the beam energy was adjusted from 80 to 120 eV. The as-registered
LEED patterns of the corresponding surfaces were simulated and compared using
the software LEEDpat30.
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Results

Analysis of Disordered Molecular Adsorbates by Means
of Nanoshaving and XPS Analysis

The molecular adsorbate formation of alkanehydroxamic and carboxylic acids on
various metal oxides was investigated by Folkers et al. [20]. They observed the
formation of self-assembled hydroxamic monolayers, which they attributed to the
high complexation constant of the hydroxamic acids with metal ions as opposite
to carboxylic acids. Thus, in the case of carboxylic acids adsorbed onto amorphous
TiO, oxide films on Ti no self-assembly process was observed. The authors proposed
that this behaviour was mainly governed by the acid to neutral behavior of the TiO,
oxide film. Therefore, in this section we address the adsorption of model molecules
with the aim of getting a good understanding of particle-wall interactions in the
presence of a well-defined adsorbate under ambient conditions. Nonadecanoic acid
(NDCA) was chosen as a model molecule to simulate typical adsorbates present in
ambient atmosphere. The reasoning behind was that (i) the carboxylic acid group can
mimic the chemical functionalities of molecules present at atmospheric conditions,
(i) the well-defined composition of the aliphatic chain results in an intense carbon
signal in XPS experiments and (iii) it leads to a measurable height contrast in AFM
based nanoshaving investigations. NDCA monolayers were prepared on a TiO,(100)
single crystal by self-assembly from NDCA-containing ethanolic solutions [21].

Nanoshaving

The topographical features exhibited by adsorption of NDCA molecules onto
TiO,(100) single crystal surfaces were investigated by AFM operating in air in
AC mode [22]. By comparison to the smooth atomically flat terraces of pristine
TiO,(100), rounded nanostructured islands or domains decorating the terraces can be
observed, which are attributable to a sub-monolayer coverage of NDCA molecules.
The ploughing of a 500 x 500 nm? area with the AFM tip in contact mode with a
significant high value of loading force, leads to the removal of the adsorbed NDCA
molecules takes place (see Fig. 3).

As a consequence of the nanoshaving process, pristine areas of TiO,(100) terraces
are uncovered. This is an indication that the NDCA adsorbate layer is easily removed
from the surface. By carrying out cross section profiles along both the outer NDCA
coated and the nanoshaved areas, a corrugation of 120 pm could be measured. The
latter value is noticeably lower than that expected for a tightly packed monolayer of
NDCA molecules arranged in a slightly tilted standing up configuration, since the
theoretical length of the NDCA molecules is in in the range of 2 nm. Consequently,
the formation of a disordered film together with a low fractional surface coverage
of NDCA molecules can be concluded from the analysis of the presented AFM
data. These results hint at a poor interaction between the anchoring carboxylate
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Fig. 3 Left hand side: Nanoshaving on an NDCA covered TiO2(100) surface shows the disordered
structure of the adsorbate layer, the scan size is 1 x 1 wm?2. Right hand side: cross section of the
area marked at the left. Reprinted from [22] with permission from Elsevier

groups and the TiO,(100) surface. The result is that NDCA molecules exhibiting
carboxylate functional/anchoring groups, reversible adsorbed at active TiO,(100)
adsorption sites, stay rather mobile due to relatively weak interactions.

XPS Analysis

The TiO, substrate was characterized by XPS before and after NDCA adsorption.
The results of measurements of the pristine TiO,(100) surface measured at different
take-off angles is shown in Table 1. Titanium, oxygen and carbon were found at the
surface. The atomic percentage of carbon increases when the photoelectron take-off
angle is decreased, which indicates that the carbon is associated to an adsorbate film
formed at the crystalline surface by exposure to air (adventitious carbon).

Most importantly, in comparison to the spectrum obtained for TiO,(100) single
crystals prepared in UHV conditions where the O 1s signal is exclusively originated
from O~2 species, [23] the high resolution O 1s AR-XP core level peaks exhibit a
profile with different components that can be assigned to the presence of hydrox-
ides, adsorbed water and carboxylic groups. Indeed, the increase in the O/Ti ratio
when the take-off angle is reduced hints at an oxygen enrichment of the surface
supported by the surface Ro_;/O>~ and Ro_,/O?~ contributions [11], indicating a

T;";!gl lf)‘(‘)rfacefc"mp"sm(’“ Angle (°) | O 1s (at—%) | Ti2p 32 C Is (at—%)

of Ti0,(100) surface as at5302eV | (at—%) at at 285 eV

measured by XPS at varying 458.8 eV

take-off angles with respect to .

the surface plane (from [11]) 70 63.2£0.5 279+ 0.5 89+0.5
40 62.5+0.5 247+ 0.5 128 £ 0.5
20 61.3+£0.5 19.0 £ 0.5 19.7+0.5
10 512+£0.5 13.8+0.5 35.0+0.5




Analysis of Adsorbates and Interfacial Forces at Metal ...

Table 2 Surface composition
of the NDCA covered
TiO,(100) crystal as
measured by XPS at varying
take-off angles with respect to
the surface plane (from [11])

Fig. 4 C 1s spectrum of
NDCA covered TiO; crystal
at varying take-off angles.
For ease of comparison, the
spectra were normalized and
shifted vertically. The
vertical dashed lines mark
the positions of the different
components of the C 1s peak.
Reprinted from [11] with
permission from Elsevier
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458.8 eV
70 541405 22.6+0.5
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hydroxide-terminated surface. Consequently, it could be concluded that a layer of
surface hydroxides is ubiquitously present on the TiO,(100) single crystals prepared

under ambient conditions.

The adsorption of NDCA on TiO, could also be proven by XPS by the significantly
increased carbon concentration in comparison to that exhibited by the bare TiO,(100)

substrate (see Table 2).

An extensive XPS analysis of the NDCA-coated TiO, crystals exhibited a C 1s
signal with a peak width of 1.25 eV of the C—C component at a takeoff angle of 10°

as depicted in Fig. 4.
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Fig. 5 O Is spectra of the
NDCA covered TiO,(100)
surface measured at the same
take-off angles as in Fig. 4.
For ease of comparison, the L 4
spectra were normalized and

shifted vertically. Reprinted

from [11] with permission

from Elsevier
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The as-prepared NDCA adsorbate film exhibits the characteristic C 1s spectrum
expected for a long chain carboxylic acid, as can be seen in Fig. 4. The registered
ratio of C-C/COQO is close to 16—18 range, which corresponds to the expected stoi-
chiometry of NDCA. Thus, the undefined original layer of adventitious carbon has
been replaced in this case by a well-defined layer of NDCA molecules, most likely
due to the stabilizing effect of intermolecular long aliphatic chain van der Waals
interactions.

Additionally, the detailed assessment of the components present in the O 1s sig-
nal, displayed in Fig. 5, together with the corresponding atomic fraction shown in
Table 3, allows to conclude that the underlying TiO,(100) single crystalline surface
still exhibits the same OH:0>~ ratio as the pristine crystalline surface (Table 1). A
slightly reduced value of the O/Ti ratio is seen in this case, which is attributed to the
displacement of adsorbed water molecules by NDCA.

XPS characterization reinforces the observation that NDCA molecules chemisorb
porly onto the TiO,(100) single crystalline surfaces due to weak interactions occur-
ring between the hydroxyl-stabilized TiO, surface and anchoring carboxylate groups.
Indeed, taking into account the presented data, no condensation between the latter
and hydroxyl groups present in the substrate surfaces can be detected. Consequently,
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Table 3 Detailed Angle | Ox/Ti | O/Ti |OH/O |(H,0,

composition of the O 1s o COOH)Y/O2~
element spectra of the NDCA ) QOH)
covered surface at varying 70 24 2.0 0.16 0.05
take-off angles (from [11]) 40 2.8 2.1 0.24 0.08

20 3.0 2.0 0.32 0.16

10 33 1.8 0.60 0.24

the ubiquitous presence of these hydroxyl groups, together with water adsorbate lay-
ers, on the TiO, surface (prepared in ambient conditions) is tentatively proposed to
be responsible for the formation of the poorly packed and disordered NDCA layer
initially observed by AFM and XPS and lately supported by AFM nanoshaving. This
argument is additionally supported by Henderson et al. who reported the dissocia-
tion of water molecules on TiO,(100) surfaces to give rise to two hydroxide groups
adsorbed onto the surface: the first one to Ti** adsorption sites, whilst the second
one would be bound at bridging O~ [24]. It has also been proposed that the adsorp-
tion of volatile molecules could also take place by forming Ti—O bonds [25]. The
latter, together with the above-mentioned hydroxide groups and the water adlayers,
would strongly inhibit the anchoring of carboxylate groups to this TiO,(100) surface
prepared in ambient conditions.

Conclusions

A new methodology for the preparation of rutile TiO,(100) crystalline surfaces
in water and oxygen partial pressures at high temperature is reported. Apart
from small amounts of carbon-based contamination bearing carboxylate moieties
(i.e. organocarboxilate adsorbates coming from the laboratory atmosphere), angle-
resolved XPS shows the presence of a hydroxyl layer terminating the single crystal
surface. Hydroxyl groups are proposed to chemisorb preferentially at defects present
on the TiO,(100) surface lowering thus the surface energy.

The adsorption of NDCA molecules onto the as-prepared bare TiO,(100) sur-
faces results in the displacement of the adventitious carbon layer typically present
at surfaces exposed to air and resulted in a noticeable rise in the contact angle from
18 £3°t045 £ 3°[12]. The combination of angle-resolved-XPS and AFM nanoshav-
ing allows to conclude that a disordered adsorbate layer of NDCA molecules essen-
tially lying flat on the substrate terraces is formed (as opposed to the formation of
a self-assembled monolayer). Consequently, nanoshaving has been shown to be a
reliable method for the fundamental characterization of adsorbate layers. In the par-
ticular case of NDCA-coated TiO,(100) substrates, nanoshaving unveiled disordered
organic layer exhibiting a fractional surface coverage consistent with a submonolayer.

The presence of terminating hydroxyl groups, together with water adlayers, on
the as-prepared TiO,(100) crystalline surface strongly inhibits the formation of
well-defined tightly packed and ordered NDCA monolayers. Consequently, weak
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interactions between the anchoring carboxylate groups and the hydroxyl-stabilized
TiO,(100) terraces, namely hydrogen bridging, are proposed to be responsible for
the observed behaviour.

Nanoshaving and Nanografting of ODPA Monolayers
on Al,O3 Surfaces [22]

The combination of nanografting and nanoshaving techniques can be considered
a valuable tool to assess the quality of self-assembled monolayers. The charac-
terization of a vast variety of spontaneously adsorbed molecules on noble metals
has been carried out by means of AFM-based nanografting over the last few years
[26-28]. In particular, the impact exerted by different distal functional groups and
chain lengths on frictional coefficients has been assessed by nanografting. In addi-
tion, the differential adsorption of thiol molecules by means of either nanografting
or self-assembly has been compared [27, 28]. Most importantly, it has been stated
that as a consequence of the reduced spatial confinement, fewer pinholes and defects
can be obtained in the grafted patches in comparison to those obtained in the outer
self-assembled molecule layer regions [28]. In this regard, nanografting appears as
a very reliable and useful technique for the characterization and modelling of the
molecular adsorption and self-assembly processes at the nanoscale. Indeed, when
the spontaneous chemisorption of certain molecules exhibiting enhanced affinities
for specific surfaces is considered (for instance aliphatic thiols on gold), then the
suitability of using in situ-AFM measurements for the monitoring of the monolayer
assembly decreases. In the following, nanografting and nanoshaving processes have
been carried out to characterize the adsorption of phosphonate-terminated aliphatic
molecules onto Al,03(0001) single crystals. The study was supplemented with XPS
measurements of the surfaces.

High-resolution AFM images registered in both contact and AC mode for the
bare Al,Oj3 single crystals measured in ambient conditions are displayed in Fig. 6.
The solvent-cleaned substrates exhibited a relatively smooth surface which turned
into characteristic atomically flat terraces after etching and thermal annealing. Sim-
ilar results to these presented in this chapter have been reported elsewhere [29, 30].
These terraces are in the range of ~1 pm wide. However, the methodology employed
for the preparation of this multistep terraced morphology brought about some inho-
mogeneities, even when analogue Al,O3(0001) substrates were submitted to identical
experimental conditions. These particular results can be summarized as follows: (i)
typical morphological features, involving multistep ~1 wm-wide atomically flat ter-
races, were obtained for all the samples measured, as can be seen in the topographical
AFM images depicted in Fig. 6a, c, e; however, (ii) noticeable heterogeneities were
then unveiled by both friction (Fig. 6b, f), and phase contrast images (Fig. 6d).

These results can be tentatively interpreted as follows. When working in ambient
conditions, water adlayers adsorbed onto the surface are expected to modify signifi-



Analysis of Adsorbates and Interfacial Forces at Metal ... 15

my

00 05 10 15 20 25 3.0 00 05 10 15 20 25 30

Fig. 6 AFM images showing morphological differences and heterogeneities on Al,03(0001) sur-
faces. a and ¢ Topography images of typical atomically flat terraces. b Friction and d phase images
reveal different terminations on the same terrace. e and f Similarly prepared single crystals showing
domains (e topography image; f friction image). The measurements were performed under ambient
conditions. Reprinted from [22] with permission from Elsevier
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cantly the tip-to-surface interaction contact forces. In this context, although the height
differences, which can be obtained from topographical AFM images by performing
cross section profiles, are in the range of ~100 pm, noticeable phase and friction
contrast showing well-defined domains can be observed in Fig. 6b, d, f. The latter
could then be attributed to the presence of water adsorbate layers on the crystalline
surfaces. Interestingly, large rounded and elongated domains seem to coexist with
smaller and amorphous islands (see Fig. 6e). Consequently, the presence of these
domains definitely accounts for a differential friction behaviour which is eventually
indicative of a different surface termination. However, AFM experiments carried out
in UHV at 140 °C showed the persistence of these friction-contrast domains even
at high temperature, i.e. presumably in the absence of physisorbed water [22]. The
origin of the heterogeneities revealed by phase and friction contrast AFM imaging
is unclear. In the following, fot the sake of simplification, the morphologies shown
in Fig. 6b and d will be identified as fype 1, whilst those displayed in Fig. 6f will be
named fype 2. It is worth noting that previous studies carried out onto Al;O3(0001)
single crystals in UHV conditions pointed out to two distinct surface terminations,
i.e. Al and O [31]. Additionally, AFM-based studies, also performed in UHV, have
demonstrated a hexagonal conformation for two layers of Al atoms for these crys-
talline facets [32]. However, in contrast to the surfaces obtained in UHV conditions,
single crystalline Al;O3(0001) substrates prepared in ambient experimental condi-
tions exhibit a differential surface composition since they are exposed to both oxygen
activity and water adlayers. Indeed, it has been widely stated that hydroxide-coated
alumina crystalline surfaces are the most stable configurations under ambient con-
ditions since hydroxylation is expected to decrease the surface energy of aluminium
oxide [33]. Thus, in the absence of water, Al and O surface terminations would be
expected. However, aluminium oxide surfaces are expected to suffer hydroxylation
in water-containing ambient condition as published elsewhere [29]. In fact, the exis-
tence of hydroxyl-stabilized Al,O3(0001) terraces in the alumina substrates etched
and annealed in ambient (water containing) conditions has been proved by XPS,
shown in Fig. 7.

Once the adsorption of octadecylphosphonic acid (ODPA) molecules (from
ethanol) on the as-treated Al,03(0001) terraces (after etching and annealing in ambi-
ent conditions) has taken place, AFM nanoshaving was performed onto the ODPA-
modified alumina single crystal. In this context, AFM imaging carried out onto the
latter modified substrate and displayed in Fig. 8a shows the formation of a very
homogeneous and closely packed ODPA layer. A representative cross section profile
taken in the AFM image depicted in Fig. 8a point at two terraces, indicated with stars,
exhibiting a rougher surface, in contrast with the other much smoother surrounding
terraces. This fact has been tentatively attributed to weak interactions between the
phosphonate anchoring groups and the Al,O3(0001) terraces giving rise to a dis-
ordered and poorly bound ODPA layer. Conversely, a stronger interaction with the
Al,03(0001) surface together with the formation of a compact and tightly packed
ODPA film on the smoother terraces is proposed.

Taking this fact into account, for the following an ODPA-modified Al,03(0001)
substrate exhibiting the afore-mentioned two types of organic films (disordered and
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Fig. 7 XPS measurements of the O 1s region of the Al,03(0001) single crystal at a 70° and b 20°
take-off angle. The spectra were fitted with two components assigned to oxide (at lower binding
energy) and hydroxide species (at higher binding energy positions). A clear increase of the hydroxide
contribution was found for the spectrum acquired with a lower take-off angle, indicating that the
hydroxide lies on top of the surface. Reprinted from [22] with permission from Elsevier

compactly packed) is considered, as can be seen in the white rectangle area indicated
in Fig. 8b. By applying with the AFM tip a high enough loading force in contact mode
to the ODPA-modified aluminum oxide single crystal, the organic layer is completely
removed unveiling thus the underlying substrate surface, i.e. nanoshaving, see the
ploughed squared area in Fig. 8c. The as-detached ODPA molecules rapidly diffuses
to the bulk ethanolic solution and no readsorption is detected at all. Cross section
profiles carried out through the “shaved” and surrounding areas in the same terrace
allows to accurately quantify the thickness of the ODPA layer. Thus, the as-measured
thicknesses in both differentiated regions (1 and 2 as identified in Fig. 8b) reaches
a value of ~2.0 nm which is quite close to the theoretical length calculated for the
ODPA molecule. The latter is therefore indicative of ODPA monolayer film formation
in a slightly tilted standing-up configuration in the two different areas shown in
Fig. 8b. Most importantly, after successive AFM scanning on the same area, only
ODPA molecules strongly adsorbed on the ordered and well-packed domains on the
Al,03(0001) terraces remain adsorbed, while those weakly adsorbed in disordered
ODPA regions are subsequently removed as can be observed in Fig. 8d. This result
hints at the fact that ODPA molecules can presumably bind strongly to just one single
type of surface termination. Conversely, physisorption is most likely to occur on the
other crystalline surface termination.

Nanografting experiments have been carried out on hexylphosphonic acid (HPA)-
modified Al,03(0001) single crystals by using longer aliphatic chain ODPA
molecules. More stable self-assembled monolayers can be obtained for phosphonate-
terminated molecules incorporating longer aliphatic chain due to the enhanced inter-
molecular van der Waals interactions. After nanoshaving the squared area displayed
in Fig. 9a of an HPA-modified Al;03(0001) in a 1 mM ODPA-containing ethanolic
solution, the grafting of ODPA molecules in the “shaved” area, where HPA molecules
have been desorbed by AFM ploughing, has taken place. The latter can be justified
in terms of the brighter squared area corresponding to higher regions observed in
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Fig. 8 a AFM topography of ex-situ adsorbed ODPA on Al,03(0001). Topography b before and
¢ after nanoshaving on an area containing two different surface terminations. d Same crystal after
two AFM scans. ODPA stays stable only on one type of surface termination. The measurements
were performed in ethanol. Reprinted from [22] with permission from Elsevier
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Fig. 9 Nanografting on Al,O3 single-crystal surfaces. a Topography and b friction images after
nanografting in the presence of ethanolic ODPA solution on the HPA-covered (0001) surface.
Reprinted from [22] with permission from Elsevier

Fig. 9a. Since both molecules, i.e. HPA and ODPA, are CH3-terminated, no remark-
able differences could be found in the AFM friction image (see Fig. 9b). Cross
section profiles performed through the squared and surrounding areas exhibit a pos-
itive height difference of 0.8 nm which is slightly lower but reasonably consistent
with the difference between the theoretical lengths of HPA and ODPA [22].

The results of the afore-mentioned experiments accounts for the systematic char-
acterization of the adsorption processes and self-assembly kinetics of phosphonate-
terminated aliphatic molecules on model aluminum oxide crystalline surfaces. The
preparation (chemical etching and thermal annealing) of Al,03(0001) single crys-
talline surfaces upon exposure to ambient conditions brought about surface hetero-
geneities corresponding to a differential surface termination. The latter determines
the nature of the bonding interaction between the adsorbed molecule and the alu-
minum oxide surface and, consequently, both the ordering and density of the pack-
ing arrangement into a film, as reliably demonstrated by nanoshaving. Additionally,
nanografting has been shown to be a useful and reliable technique for studying
both adsorption and self-assembly kinetics of phosphonate-based moieties at the
liquid/metal oxide interface.

Investigation of TiO,-TiO,-Contact Forces Under UHV
Conditions

Contact forces between micro- and nanoparticles can be accurately estimated by force
spectroscopy measurements using an atomic force microscope (AFM). As previously
stated, under ambient conditions particle-to-particle interactions are significantly
influenced by the formation of capillary forces. Indeed, Farshchi-Tabrizi et al. [7]
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showed that the contact geometry exerts a significant influence on the dependence
between relative humidity and adhesion forces. Additionally, the superficial chemical
composition of TiO, can be modified by water adlayers and by exposure to UV-light,
which may result in remarkable modifications of adhesion behavior [34]. However,
under ultrahigh vacuum conditions (UHV) experimental conditions, capillary bridges
do not form and particle-particle contact force interactions can be then evaluated for
well-defined surface chemistries. To the best of our knowledge only a few works
based on the study of contact forces via an UHV AFM have been reported so far
[35].

TiO; single crystalline surfaces provide an excellent platform as a model system
for studying adhesion phenomena due to their well-defined atomic surface struc-
ture. Within this section, the contact forces between a TiO,-coated AFM tip and a
rutile TiO,(110) single crystalline surface in different chemical states were inves-
tigated under UHV-conditions in order to address particle-wall interactions under
well-defined experimental conditions [12]. Additionally, particle-wall contact forces
were measured between TiO,-coated AFM tips and TiO,(110) single crystal modi-
fied with an octadecylphosphonic acid (ODPA) monolayer. The coating with ODPA
provided a defect-free reference system, and also prevented from ulterior additional
uncontrolled adsorption by exposure to air, due to the low surface energy of the
ODPA-coated TiO,(110).

Both the surface chemistry of the TiO, films grown on the AFM cantilevers and
TiO,(110) single crystalline surfaces were modified in situ by argon ion bombard-
ment at low energy, water dosing at 3 x 10~° Pa, and an annealing step at 200 °C.
These treatments led to measurable differences in the density of Ti(IlI) defect states
by XPS (note that the transfer between the AFM setup and the XPS measurement
position were done without breaking UHV conditions). The measured contact forces
could be correlated to the surface defect density. The results are discussed as function
of electronic structure changes and their influence on the Hamaker constant.

XPS and UPS Investigation of the Surface

High-resolution Ti 2p spectra registered for a TiO,(110) single crystal before and
after the Ar* bombardment are displayed in Fig. 10a, b, respectively. It should be
noted at this point that the XPS characterization of TiO,-coated AFM cantilevers
and TiO,(110) single crystals showed no large differences between the two oxide
surfaces. Most importantly, after Ar" bombardment treatment, both types of TiO,
showed an increase of surface defect density, identifiable by the appearance of Ti(III)
states (around 20% of the original titanium changed to the Ti(III) oxidation state after
bombardment). This effect has been attributed to the transfer of one electron to Ti 3d
empty levels during the formation of surface defects created by Art bombardment
[36].

The Ti 2p core level spectra displayed in Fig. 10b corresponds to the successive
surface treatment experienced by the TiO, single crystal, namely Ar* bombardment,
water dosing at 3 x 107 Pa, and annealing at 200 °C. The as-registered spectra
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Fig. 10 a Ti 2p core level spectra of the TiO,(110) substrate before and after Ar* cleaning. b Ti
2p core level spectra of the TiO,(110) substrate after Ar* cleaned surface, after water dosing at 3
x 107 Pa for 30 min and after annealing the sample to 473 K for 30 min. For comparison the Ti
2p core level spectrum of an ODPA adsorbed monolayer onto TiO; bare crystal which reflects a
defect-free surface is also shown. Reprinted from [12] with permission from Elsevier

exhibit a decrease in Ti(IIT) component after water dosing, indicating thus a reduced
defect density in the TiO,(110) surface (drop in the intensity of the peak shoulder at
457.2 eV). The subsequent annealing of TiO,(110) led to a further decrease of Ti(II)
surface defects as shown in Fig. 10b. For comparison purposes, the ODPA-modified
TiO,(110) surface was also analyzed as a Ti(III) defect-free reference. From these
results, a saturation of surface defects by means of a reaction with H,O and thermal
annealing could be concluded.

Changes in the valence orbitals occurring during the different treatments were
observed by UPS (Hel, 21.2 eV). UPS spectra registered for the TiO,(110) substrates
after the successive surface treatments, i.e. Art bombardment, water dosing, and
thermal annealing, are displayed in Fig. 11a. For comparison, the defect-free ODPA-
modified TiO,(110) surface has been included as well. The main contribution can
be attributed to O 2p band exhibiting a main peak located at 5.5 eV with shoulders
located at 7 and 11 eV [37]. Most importantly, the peak at 0.9 V corresponds to Ti 3d
transitions. The normalized area of the latter is straightforwardly associated with the
presence of defects in the surface-near region [38]. As expected, the profile of the
UPS spectrum points out that the ODPA-modified TiO, surface is essentially free of
Ti(IIT) defects. Interestingly, in comparison to the results obtained for the TiO,(110)
substrates treated with Ar* ion bombardment, the samples after water dosing shows a
significant decrease in the intensity of the Ti 3d transition. The latter clearly indicates
that water exposure noticeably reduces the surface defect density. Additionally, after
thermal annealing at 200 °C, the intensity of the Ti 3d transition is further reduced,
confirming thus that an additional surface repair step is occurring.
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Fig. 11 a UPS data of the TiO,(110) substrate surfaces after different step procedure. b Histograms
of contact forces for different surface chemistries of the TiO,—TiO; nanocontact. Both figures (a,
b) are reprinted from [12] with permission from Elsevier

UHYV AFM Force-Distance Spectroscopy

The histograms with the contact force values extracted from the AFM force-distance
curves measurements are presented in Fig. 11b. The TiO,(110) surface after Ar*
bombardment displays a broad distribution and also exhibits the highest adhesion
force values. Therefore, these high values can be attributed to the as-obtained defec-
tive TiO,(110) surface state. In this case, the strong contact forces measured between
these two TiO, surfaces can be justified in terms of the occupied Ti 3d' orbital con-
figurations that provide electrons for the formation of additional bonds. Yong et al.
[39] thoroughly characterized in a seminal contribution contact forces between TiO;-
based surfaces by means of molecular dynamics simulations. The authors concluded
that the subsequent deformation of TiO, in the contact area gives rise to defects that
would bring about supplementary bonds, together with enhanced adhesion forces. In
our approach, TiO, defective surfaces are created by means of the cleaning process,
namely Ar" ion bombardment. Consequently, an analogue mechanism of interaction
can be expected. According to DFT modeling, an electron gradient between the sur-
face and the bulk can be expected due to the electron excess originated in the oxygen
vacancies delocalized through the surface [40]. Thus, as a consequence of the strong
gradient in electron density due to the arising TiO, defects, the Hamaker constant is
increased. The registered broad distribution of the contact force histogram, Fig. 11b,
hints at a chemically inhomogeneous defect-rich TiO, surface. The latter would be
related to the presence of multiple defects in the interaction contact area. After the
water dosing treatment, a noticeable narrower histogram together with remarkable
lower adhesion force values could be measured as well. This effect has been tenta-
tively attributed to the decrease of the surface defect density which has already been
shown by XPS and UPS, see Figs. 10b and 11a. As previously stated, after thermal
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annealing of the TiO,(110) single crystalline surface, the defect density is further
decreased. This effect would be accompanied by a narrower contact force value dis-
tribution which would definitely hint at a more homogeneous surface composition.
Finally, the ODPA-modified TiO,(110) surface exhibits the smallest adhesion force
and the narrowest histogram. This effect is mainly originated from the variations in
the surface chemistry, which changes from pure TiO, to an aliphatic carbon.

Estimation of Interaction Forces Based on Hamaker Constants

Based on the current literature, the non-retarded Hamaker constant A;; expected for
the interaction TiO,/vacuum/TiO; should be normally in the range of 150 x 1072 J
[41]. Likewise, for the interaction of (hydro)carbon chains, i.e. CxHy/vacuum/CxHy,
the Hamaker constant A, has been estimated to be around 28 x 10~2! J[42]. Accord-
ing to the equation:

Ap ~ A - Apn

allows to obtain a combined Hamaker constant, A, for the TiO,/vacuum/C,Hs,
system of 65 x 107! J. This result reduces the interaction force by a factor of ~2
in comparison to those values registered for the TiO,-modified AFM cantilever in
contact with the TiO,(110) single crystalline surface. The latter would be definitely
in very good agreement with the measured adhesion forces when the AFM results
obtained for TiO,(110) substrates after the healing of defects (water dosing and ther-
mal annealing) are compared with those registered for the monolayer-coated surface.
Therefore, it can be concluded that the rise in the interaction adhesion forces detected
for the defect-rich, i.e. Ti(Ill)-rich, surfaces can be explained by the enhanced donor
and electron density in the conduction band of TiO,.

Analysis of Acid-Base Properties of Single Crystalline Al,03
Surfaces

Single-Molecule Force Spectroscopy (SMFS) appears as a valuable tool to accurately
characterize the complex de-adhesion processes occurring between macromolecules
and metal oxide interfaces in a corrosive environment induced by well-defined exter-
nal forces upon a precise control of the fundamental dynamics of desorption pro-
cesses. This technique is essentially based on the analytical analysis of the force-
distance curves which can be obtained from the result of the approach-retraction
cycles of a polymer-modified AFM cantilever over a specific substrate.

In the following, a systematic investigation on the interaction forces occurring
between aluminum oxide substrates and aliphatic amino, hydroxyl and ether group-
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Table 4 High resolution AR-XPS data of the measurements of the Al,O3 annealed and etched
surface [46] (Table from [15])

Take-off angle/® | Peak Chemical state Position/eV at.% Conc.
20 Cls Cc-C 284.8 11.4
20 Cls Cc-0 286.8 1.1
20 Cls C=0 288.9 0.8
20 O 1s 0>~ 530.7 39.5
20 O ls O-H, OR 532.0 8.8
20 Al 2p AP 74.0 38.4
75 Cls Cc-C 284.8 52
75 Cls Cc-0 286.0 1.0
75 Cls C=0 289.0 0.5
75 O 1s 0>~ 531.2 46.4
75 O ls O-H, OR 532.5 7.7
75 Al 2p AP+ 73.9 39.2

terminated surfaces has been carried out by means of SMFS in an electrolyte envi-
ronment at pH 6 [43]. These force-distance curve-based studies were based on the
variation of the terminal group of a polyethylene glycol-based polymer, which was
covalently bound via thiol chemistry to the gold-coated AFM tip. The chemical
characterization of both substrates and modified AFM cantilevers as well as the
acid-base interactions due to hydroxyl and amino groups was carried out by XPS
[44, 45]. The experimental approach presented herein consisted of measuring force-
distance curves originated form the approach-retract cycles of a PEG-NH,, —OH and
—OCHj; functionalized atomic force microscope (AFM) tip over the non-polar single
crystalline Al,O3(11-20) surface. Interestingly, non-equilibrium peel-off desorp-
tion forces which point out to acid-base interactions occurring between the electron
donating hydroxyl and amino groups with the Al-ions present in the oxide surface.
Desorption forces in the range of 100-200 pN could be measured for the NH,,
OH/A1,05(11-20) combinations.

Non-polar Al,O3(11-20) single crystalline surfaces have been chosen since those
crystallographic planes exhibit more accessible Al ions at the oxide interface which
allows for the formation of strong interfacial bonds with electron donating hydroxyl
and amine groups present at the modified AFM cantilevers. Al,O3(11-20) single
crystals were prepared by acidic and alkaline etching according to the procedure
stablished in the experimental section. By means of AFM imaging it could be shown
that the surface of the as-treated aluminum oxide single crystal surfaces consisted
of atomically flat terraces which were ~600 nm wide. An optimum clean surface
is definitely obtained after the final acidic etching process as has been shown by
AR-XPS. The surface compositions at two different take-off angles (20° and 75°)
are displayed in Table 4.
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From the high-resolution XP spectra it could be unambiguously concluded that
the Al,O3(11-20) is not covered with a hydroxyl monolayer and, consequently Al-
atoms should be accessible for the interaction with electron donating groups —NH,
and —OH. The latter is based on the measured OH/O ratio of 15:100.

SMFS Measurements

As previously stated, the functionalized AFM tips consisted of a PEG spacer cova-
lently attached to the tip via thiol-gold chemistry. Thus, the terminating functional
groups, namely —OH, —-NH,, and —OCH3;, would get in contact with the crystalline
aluminum oxide surface during the approach-retract cycles of the AFM cantilever. As
a consequence of hindrance effects, it is assumed that the density of PEG molecules
attached to the surface should be considerably lower than that exhibited by the result
of a self-assembled monolayer formed onto a smooth substrate.

Representative force-distance curves registered for the Al,O3(11-20) surface with
the modified cantilevers exhibiting different terminating functional groups have been
displayed in Fig. 12. As expected, the bare Au-coated cantilever exhibited one-
single featureless unspecific desorption event as can be seen in Fig. 12a. Interest-
ingly, when the PEG linker is used, the latter acts as a polymer spacer and, con-
sequently, non-specific interactions, due to the gold-coated AFM tip surface, are
significantly decreased. Indeed, the plot depicted in Fig. 12b obtained by using the
—OCHj3;-modified AFM cantilever does not exhibit any specific interaction with the
Al,O3(11-20) single crystalline surface. What it is more, an entropic repulsion can
be detected in the approach regime. A typical force-curve registered for the amine-
modified AFM tip has been displayed in Fig. 12c. The latter exhibits several non-
equilibrium rupture force events indicating that terminating molecules are adsorbed
at specific sites on the surface due to strong interactions (most likely coordina-
tive bonding) [47, 48]. Interestingly, OH-terminated AFM cantilevers exhibited ana-
logue results with the presence of multiple rupture force events. Consequently, both
electron-donating NH, and OH-functionalized PEG gave rise to non-equilibrium
rupture force events associated with specific interactions, Fig. 12c¢, d, in contrast to
the plane profile registered for the force-distance curve measured for the —OCHj3
groups, see Fig. 12b.

The enhanced performance shown for both NH, and OH groups in terms of
adhesion force interactions has been tentatively attributed to the fact that the lat-
ter terminating moieties can definitely behave as Lewis bases interacting thus with
Lewis acidic groups present in the Al,O3(11-20) single crystalline surface. These
acidic groups in the aluminum oxide surface have their origin in surface Al ions not
coordinated by ending oxygen atoms.

The afore-mentioned adhesion results unambiguously indicate that interfacial
water adlayers present at Al;O3(11-20) surfaces can be removed by the -NH, and
—OH organic Lewis bases present in the modified AFM cantilevers bringing about to
coordinative bonds between the latter and the aluminum oxide crystalline. Dashed
lines in Fig. 12¢, d correspond to the fitting based on worm-like chain model (WLC)
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Fig. 12 a-d Force distance curves obtained with a Au coated cantilever, b CH3O-PEG modified
cantilever, ¢ NH>-PEG modified cantilever and d OH-PEG-modified cantilever (red: approach-
curve, blue: retraction curve, dotted line: fitting according to the WLC model). Reprinted from [15]
with permission from Elsevier
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[48]. This analysis allows to obtain the contour length (Lc) of the tethered PEG
molecule. The latter turned out to be is 70 nm. The measured contour length is con-
sistent with the PEG spacer used in the present study. The corresponding force values
were then recorded at the rupture point. Accordingly, a thorough set of statistical data
was collected for every modified AFM tip. A Gaussian fit was then applied to the
adhesion force value distribution, presented in Fig. 13 as histograms, in order to
establish the mean force value.

The averaged measured forces (also displayed in Fig. 13) and the calculated
desorption energies are presented in Table 5. These results show consistently lower
adhesion forces for the ending hydroxyl moieties in comparison to the amino groups.

The reported trend is assigned to the well-known strong interaction between the
lone electron pair of the amino group with metal cations, namely Al** accessible
in the Al,O3(11-20) surface. Additionally, it could be stated that the adsorption
of amino groups at neutral pH would involve a deprotonation of the amino group
according to:
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Table 5 Adhesion forces

Peak maxi
PEG-NH, and PEG-OH eak maximum

versus Al,Oj3 (table from Force (pN) Error (pN)
[15D) —OH 123.7 4.8
—NH; 172.4 4.7

AL Os|Al---OH, + NHf — PEG — ALO;|Al---NH, — PEG + H;0%

The reported pKy-value of the amino group is proposed to support this statement.
Accordingly, the amino groups in the electrolyte medium would be protonated at
pH = 6. Thus, the observed acid-base interaction can then be explained in terms of the
deprotonation of the terminating amino moieties occurring during their adsorption.

Conclusions

AFM and XPS-based studies allowed for the correlation of surface chemistry and
nano-contact forces as well as molecular forces. It has been stated that for semi-
conducting TiO, the adhesion properties of oxide properties are characterized by
the defective structure and the electronic properties. In this case, UHV-based AFM
studies in combination with ion beam modification allows for the analysis of high
energy surfaces under clean conditions.

Nevertheless, monomolecular films with thicknesses of less than two nanometers
lead to a diminishing impact of the underlying oxide film. Additionally, the strong
binding of hydroxyls and water adlayers on the TiO, surface leads to rather weak
adsorption of organic adsorbates such as carboxylic acids. On the contrary, Al,O3
surfaces show enhanced acid-base interactions due to the AI** ion-centers acting
as Lewis acids. This property has been analyzed for the adsorption of organophos-
phonate monolayers as well as amino and hydroxyl-terminated macromolecules. In
this case, it can be assumed the molecular monolayers are chemisorbed and rather
immobile. Nanoshaving of pre-adsorbed organic monolayers proved to be a versatile
tool for the assessment of the adsorbate thickness and the adsorption rate. Based on
these results, this technique could also serve as a reliable tool to study the mobility
of adsorbates at elevated temperatures in the near future. Single molecule force spec-
troscopy could also be used as a complementary methodology for the quantification
of atomic defects at oxide surfaces.

In general, the afore-mentioned studies show that the formation of molecular
organic adsorbates on oxide surface is an important factor that has to be necessarily
considered for the better understanding of the interfacial contact-force interactions
occurring when particles are in contact.
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Density (kg m™3)

Stress (Pa)

Ao @>6 Z-<'@<Z<»qw-*~c:w=r-n-hc.g

H.-J. Schmid () - M. Dérmann
Particle Technology Group, University of Paderborn, Paderborn, Germany
e-mail: hans-joachim.schmid@upb.de

G. Grundmeier - A. G. Orive - T. de los Arcos - B. Torun
Technical and Macromolecular Chemistry Group, University of Paderborn, Paderborn, Germany
e-mail: g.grundmeier @tc.upb.de

© Springer Nature Switzerland AG 2019 31
S. Antonyuk (ed.), Particles in Contact,
https://doi.org/10.1007/978-3-030-15899-6_2


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-15899-6_2&domain=pdf
mailto:hans-joachim.schmid@upb.de
mailto:g.grundmeier@tc.upb.de
https://doi.org/10.1007/978-3-030-15899-6_2

32
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C Capillary
eff  Effective

K Kelvin

max Maximum

min Minimum

mod Modified

P Pressure related

Pl  Plate

S Saturation

S Surface tension related

Sp  Sphere

Abbreviations

BET Determination of specific surface area according to Brunauer, Emmett,

and Teller

FE-SEM Field emission scanning electron microscopy

FTIR Fourier transform infrared (spectroscopy)

MD Molecular dynamics

ODS Octadecyltriethoxysiloxane

oDT 1-octadecanthiol

PE-CVD Plasma enhanced chemical vapour deposition

PM-IRRAS Photoelastic-modulated Fourier transform infrared absorption spec-
troscopy

QCM Quartz crystal microbalance

QCM-D QCM with dissipation monitoring

RH Relative humidity

SEM Scanning electron microscopy

DEM Discrete Element Modeling

Introduction

The adhesion forces between particles are crucial for the handling of powders and
bulk solids as they can change the flowability considerably [1-4]. On the one hand
these adhesion forces can be desirable, for example in case of granulation, but on the
other hand they can be undesirable, e.g. when a freely flowing powder is required. The
theory of the principal interacting forces, which in most cases are based on electro-
static, van der Waals and capillary bridge forces, and the force distance relationships
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been reviewed by Israelachvili in his well-known monograph on “Intermolecular and
Surface Forces” [5].

The measurement of interaction forces between microscopic particles attracted
much attention in the last years and was reviewed by Butt and Kappl [6]. Butt and co-
workers also studied the contact mechanics of TiO, microparticles in atmospheres of
defined humidity and distinguished the contribution of capillary forces from van der
Waals interactions [7]. However, only very little attention had been paid on particle
interactions on the nanoscale. Therefore, this work has two major aims:

1. Understanding capillary bridge formation and resulting interparticle forces for
nanoscaled particles.

2. Understanding the interaction of surface chemistry, water adsorption and conse-
quently the formation of capillary bridges due to humidity.

Therefore, the studies presented here consider the influence of surface chemistry
on the water adsorption isotherms and capillary bridge formation in particle ensem-
bles. Such particle-particle interactions determine the macroscopic flow behavior.
To bridge the gap between the interface chemistry of particles and the flow behavior
under ambient conditions, a multi-scale approach is proposed as depicted in Fig. 1.
Experiments will be performed ranging from the individual particle level (AFM)
and small particle ensembles (QCM-D/FTIR) over to macroscopic powders (shear
tester). In this context, the combined in situ QCM-D/FTIR experiments will bridge
the gap between experiments on an individual particle level and macroscopic shear
test. Since the surface chemistry is of outmost importance for such a fundamental
study, particle preparation and especially surface modification on site is mandatory.

Specific variation of surface chemistry by means of adsorption of functional
organic molecules will facilitate the correlation of macroscopic particle behavior
like water adsorption isotherms and flow properties to nanoscopic effects like the
presence and structure of adsorbate layers as well as the formation of capillary
bridges.

An important aspect of the approach is the detailed experimental analysis and
simulation of water adsorbate films and capillary bridges including the formation
of rather ice-like or liquid like layers as a function of the surface chemistry of the
particles.

In addition, the experimental data obtained by this multi-scale approach will be
directly transferred to corresponding simulations facilitating the development of a
model allowing for the prediction of inter-particle forces as a function of surface
chemistry and environmental factors.



34 H.-J. Schmid et al.

influence of
surface chemistry and ambient
conditions on nanoscaled particle interactions

simulation of:

water structure & capillary bridge

contact forces : .
capillary bridges rupture
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single particles bulk

QCM/FTIR

particle layers

particle surface modification

Fig. 1 Structure of the scientific approach bridging the gap between individual contact formation
and the behavior of particle ensembles

Experimental Investigations on Water Adsorption
and Capillary Bridge Formation

Ambient Water Adsorption on Oxide Surfaces Covered
with Organic Monolayers as Studied by In Situ PM-IRRAS

As oxide surfaces are characterised by high surface energies, they spontaneously
adsorb organic contaminations from ambient atmospheres [8]. Thereby, relevant
adsorbates formed under such conditions are dominated by the interdependence
between water adsorption and the adsorbed molecules. Grundmeier et al. have previ-
ously studied model contamination layers on TiO, based on the controlled adsorption
of organic acids [9]. However, the aim of the here presented studies is to analyze the
interplay between the structure of model organic adsorbates and the adsorption of
water from humid atmospheres on reference oxide surfaces. In this case, nanocrys-
talline ZnO films on a reflecting Au substrate were used. The latter allowed for the
analysis of adsorption processes by means of monolayer sensitive FTIR reflection
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absorption spectroscopy under grazing incidence. Experimental details can be found
in [10].

The interfacial stability of 1-octadecanthiol (ODT) and octadecyltriethoxysilox-
ane (ODS) monolayers on polycrystalline zinc oxide thin films in presence of high
water activities, i.e. 80% of relative humidity (RH), in comparison to low water
activities (0% RH) were investigated by means of in situ Fourier transform infrared
reflection absorption spectroscopy (PM-IRRAS) [11]. The assumption is that ODS
binds covalently to the ZnO surface via S—Zn bonds while organosilanes form water-
sensitive hydrogen bonds between Si—OH groups and surface hydroxyls.

The measurements were then performed at 0% RH, after exposure to 80% RH, and
after coming back to 0% RH. The PM-IRRAS spectra of the ZnO surface modified
with ODT (displayed in Fig. 2a, b) indicated no formation of water layers after expo-
sure to 80% RH and thus a great stability at high water activities. The peak position
of the symmetric and asymmetric methylene stretching modes of the aliphatic chain
at 2920 and 2850 cm~! are characteristic for all-trans configuration of methylene
groups and a high level of molecular ordering [12]. In comparison, the peak posi-
tions for the asymmetric and symmetric methylene contributions appeared at 2925
and 2855 cm~! in the PM-IRRAS spectra registered for the ODS-modified ZnO sur-
face (Fig. 2¢). Such peak positions indicate a certain disorder in the film [12]. The
PM-IRRAS spectrum measured at 0% RH on the ODS-modified ZnO surface showed
in the fingerprint region (Fig. 2d) a large peak at 1154 cm™! exhibiting a little hump
at 1100 cm~!. These signals are attributed to the longitudinal (LO) and transverse
optical (TO) modes of the asymmetric Si—-O-Si stretching vibration confirming thus
the successful modification of the substrate with a cross-linked siloxane network
[13-17]. Moreover, a noticeable increase of the v(OH) and 3(H,O) signals at high
water activities (80% RH) assigned to simultaneous adsorption of water molecule
adlayers and an enhanced surface hydroxylation can be observed in the PM-IRRAS
spectrum depicted in Fig. 2d. The extended tail of the H, O-related stretching vibration
peak toward lower wavenumbers is indicative of firmly bound and ordered ice-like
water species [10]. These signals can then be mostly attributed to either trapped
water molecules between ODS molecule chains or accessible non-blocked active
adsorption sites on the ZnO surface as can be seen in Fig. 2f. This tight confinement
of water molecules would be responsible for the observed ordering. A broaden-
ing of the asymmetric stretching vibration bands corresponding to Si—O-Si groups
together with a displacement to lower wavenumbers (Fig. 2d), namely 1100 cm™!,
can be observed. While the TO contribution is markedly increased, the LO compo-
nent has mostly disappeared. Interestingly, the significant changes occurred when the
system was exposed to 80% RH, i.e. the adsorption of water molecule adlayers, an
enhanced surface hydroxylation, the Si—O-Si peak shifting, and the decrease in the
methylene stretching intensities, turned out be fully reversible, as can be observed
in Fig. 2d when the RH is reversed to 0%. This reversible process can be justified
on the basis of the adsorption of a compact and cross-linked siloxane network via
either hydrogen bonding and/or exhibiting just a few covalent bonding points with
the ZnO-based pristine surface (Fig. 2e).
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Fig. 2 a-g In situ PM-IRRAS spectra of ODT (a-b) and ODS (c—d) modified surfaces at 0% RH.
after exposure to 80% RH and after coming back to dry conditions. Proposed mechanisms of water
induced changes at the alkyl polysiloxane film/ZnO interface (e—g). Reprinted with permission from
[11]

The studied zinc oxide films are semiconducting in nature, however, provide
Lewis acid centers as well. It could be shown for this oxide, that the adsorption
of adsorbates is affected by the simultaneous adsorption of water from ambient
atmospheres. While organothiols act as Lewis bases leading to adsorbates that are not
affected by water adsorption, organosilanols lead to adsorbates that are dominantly
bound via hydrogen bonding. In this case the water adsorption produces changes in
the adsorbate structure. The crosslinked film which is only partially coordinated to
the surfaces is mechanically stressed due to the adsorption of water in the nanoscopic
free volumes at the oxide/film interface. Overall, the presented results indicate that
the structure of an organic adsorbate and the formation of water is highly interrelated.
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Functionalization of particles based on organosilane chemistry is thereby strongly
affected by the surrounding water activity.

Combined In Situ FTIR Reflection Absorption/QCM Studies
on Smooth SiO;-Surfaces and SiO;-Particle Layers

Quartz crystal microbalance (QCM) measurements as well as FTIR spectroscopy
allow for the in situ analysis of water adsorbate formation under ambient conditions
with monolayer sensitivity [18]. FTIR spectroscopy in the mid-infrared region is
sensitive to the coordination of the water molecules and enables to distinguish liquid-
like and ice-like structures [19].

QCM studies including dissipation analysis (QCM-D) moreover provide infor-
mation on the viscoelastic properties of the adsorbed film [20]. The hypothesis of our
studies was that the transition from ice-like ultra-thin adsorbates to rather liquid-like
capillary bridges can be monitored by both techniques as a function of the relative
humidity and the surface chemistry of the oxides. For the variation of the surface
energy, even perfluorinated organosilane monolayers will be adsorbed on model
oxide substrates [21].

In the here presented studies, water adsorption was analyzed on two different
substrates: smooth silica-like plasma polymer films and such silica-like plasma films
coated with SiO, particle layers. Figure 3 illustrates the corresponding sample design:

The QCM-D data presented in Fig. 4a shows the evolution of frequency as a
function of humidity. As a consequence of the mass change associated with adsorbed
water, a noticeable shifting to smaller frequencies is observed. It should be noted
that an appreciable increase on the effective surface area is expected due to the
modification of the silica-like plasma polymer film with the SiO, particle layer as
shown in Fig. 3.

Consequently, with the aim to quantitatively compare the water uptake taking
place onto the SiO, particle layer with that registered for the smooth silica-like
plasma polymer, this enhancement in the effective surface area must be necessarily
considered. By taking into account simple geometric considerations described in
detail in [21] this surface roughness factor can be calculated.

Then, with the aim to normalize the registered QCM-D data with the effective
surface area, all the frequency shifts have been divided by a surface increase factor,

A A A A a A
Au Au Au
Au Au Au

Fig. 3 Schematic of sample preparation procedure. After cleaning, the samples were coated with
a thin SiO; film by means of PE-CVD. Subsequently, the sample was coated with SiO; particles
with a diameter of about 250 nm (in analogy to [10])
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Fig. 4 QCM-D measurement (a) of a smooth SiO; plasma polymer coated crystal (black) and
the particle layer coated sample (red). Frequency shifts were divided by the order n of overtone
observed and the surface increase factor ). The surface increase factor for the correction was found
to be 5.3 based on the SEM and BET data. Adsorption isotherm (b) of water on the SiO, like plasma
polymer (black) and SiO, particle covered sample (red). Although the isotherm has been derived
from the area corrected QCM-D data the total amount of water uptake is significantly higher than
on the reference sample. This indicates that additional water is absorbed forming capillaries in the
contact regions (Reprinted with permission from [11]—Published by the PCCP Owner Societies.)

\, calculated according to [10]. Before carrying out the QCM-D measurements, the
Si0; nanoparticle-surface coverage has been determined by FE-SEM measurements.
For the experiments presented here, a surface coverage of 1.1 monolayer could be
estimated. By also considering the BET registered of SiO; particles, a surface increase
factor of A = 5.3 has been measured.

The water uptake exhibited by the SiO, particle layer is noticeably higher than
that registered for the smooth plasma polymer film, as can be deduced from the
comparison of the corrected frequency shifts displayed in Fig. 4a. This additional
adsorbed water is expected to be involved in the formation of capillary bridges in
contact areas between particles and particle-to-substrate. The QCM-D data depicted
in Fig. 4a allows us to obtain a water adsorption isotherm. For statistical purposes
the frequency shift values corresponding to every relative humidity plateau step in
Fig. 4a were averaged. These mean values have been subsequently plotted versus
RH and displayed in Fig. 4b.

Three different regimes can be distinguished in the water-adsorption isotherm of
Fig. 4b for the SiO, nanoparticle-modified substrate. For the segment up to 20%
of RH a pronounced slope is observed. As can be observed in Fig. 4b a significant
amount of the total water layer has already been adsorbed at this point. A highly
favored water adsorption can then be concluded on this hydrophilic surface. The
second section, from 20 to 80% RH, exhibits however a smoother transient pointing
out to an almost saturated surface. For RH > 80% a steep slope is again observed
which can be attributed to the formation of water-adsorbed multilayers together with
capillary condensation taking place on the SiO, nanoparticle layer. As a control
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reference, the smooth plasma polymer substrate shows a smooth slope for water
uptake which spreads out almost linearly over the whole RH range.

The dissipation data collected for both surfaces have been displayed in Fig. Sa.
An almost linear increase in dissipation has been registered for the SiO, particle
layer until a maximum in dissipation has been reached for the segment of 60—-80%
RH. An analogue effect has been reported by Dybwad [22] and Du [23]. Indeed,
it has been proposed that contact forces taking place between particles and the res-
onator increases as a consequence of the occurrence of capillaries. This maximum
in dissipation should be subsequently related to an evolution from elastic to inertial
loading. A similar mechanism is tentatively proposed to further explain our dissipa-
tion results. Accordingly, capillaries would be mostly originated in a range of RH
between 60 and 80% giving rise thus to a change in the substrate-to-particle con-
tact stiffness. The high figures registered for water uptake at large RH (e.g. >80%)
can be related to capillary growth due to the ongoing condensation. As a matter of
comparison, the smooth plasma polymer surface does not show any maximum, but
a reasonable linear increase in dissipation. Consequently, dramatic modifications of
the mechanical properties dependent on RH can be ruled out in this case.

By means of an experimental setup explained in further detail in [11], simultane-
ous collection of QCM-D data together with the corresponding FT-IR spectra as a
function of the RH have been carried out. A reference measurement using a densely
packed octadecanethiol (ODT) self-assembled monolayer (SAM) onto a gold-coated
quartz crystal has been employed for these FT-IR experiments. As a consequence
of its high hydrophobicity, very little amount of water can be adsorbed then on the
ODT SAM as verified by QCM-D. It has been found for the SiO, particle layer
an increase of the OH peak (~3300 cm™"), Fig. 5b, for growing RH corroborating
thus the QCM-D data which previously showed an enhanced water uptake on the
particle-modified substrate. Similarly to that observed in the QCM-D experiments,
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Fig. 5 Evolution of dissipation quantified by AT during the experiment (a). FT-IR data of the SiO»-
particle coated QCM-crystal (b). Presented spectra where measured simultaneously to the QCM-D
data. All spectra are referenced to an ODT SAM covered QCM-crystal measured under identical
conditions (Reprinted with permission from [11]—Published by the PCCP Owner Societies.)
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the intensity of the OH peak for the smooth plasma polymer surface is significantly
lower.

Most importantly, the FT-IR spectrum collected for the particle-modified substrate
at 0% RH exhibits a broad peak centered at ~3400 cm ™' related to “free” or “dangling”
OH groups of the surface silanols and/or of the adsorbed water monolayer [24, 25].
In addition, the presence of a characteristic hump at ~3700 cm~! can also be inferred
from Fig. 5b. This shoulder can be assigned to a single monolayer of water molecules
adsorbed at the silanol groups of the silica surface [26] and essentially vanishes
when the substrate is exposed to any RH > 0%. The subsequent adsorption of water
multilayers observed for high values of RH is related to the occurrence of the “ice-
like” peak at ~3200 cm~!. An even more detailed analysis of the water structures is
provided in [10].

The comparison of bare high energy SiO, surfaces and the same surface covered
with perfluorinated organosilane monolayers showed that the behaviour of particle
layers already at medium relative humidity is dominated by the contact regions of the
particles [21]. The gas-phase adsorption of organosilanes on particle layers revealed
that the contact regions remained adsorbate-free due to the confined dimensions of
the contact region which hindered the adsorption of the organosilanes [21].

In Situ AFM Studies of Contact Forces

The measurement of interaction contact forces between individual nanoscopic and
microscopic particles under ambient conditions, mainly based on atomic force
microscopy (AFM) methods, attracted a great deal of attention over the last few
years and were extensively reviewed [7].

In a very recent contribution by Ciacchi et al. a comprehensive study dealing with
the impact exerted by solvation, capillaries and dispersion forces on the interactions
taking place between TiO, particles of less than 10 nm [27] is reported. Both the
structure of adsorbed water layers and the surface roughness strongly influence the
RH dependent interparticle forces. However, the influence of UV-light exposure was
not considered in these studies. A new experimental setup was designed allowing for
simultaneous control of both relative humidity and UV irradiation during AFM imag-
ing and force distance spectroscopy. The cell (Fig. 6) features a sample compartment
which can be purged with gas of the desired composition and relative humidity.

Both the temperature and relative humidity are measured within the cell in direct
proximity to the specimen. Moreover, the particles deposited on a special UV-
transparent glass slide could be irradiated with UV light from underneath to clean
and activate the surface.

Nanosized colloidal probes were prepared by an annealing method similar to the
procedure proposed by Huttl et al. [29]. Briefly, as received Si based cantilevers were
initially cleaned by means of RCA-1 cleaning. Subsequently, cleaned probes were
annealed at 1150 °C for approximately 1 h under ambient atmosphere resulting in a
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Fig. 6 Schematic of the new experimental setup allowing for AFM imaging and force distance
spectroscopy under environmental control and UV irradiation [28]

Fig. 7 High resolution FE-SEM image of an annealed AFM tip featuring a diameter of 310 nm
[28]

blunt tip with spherical geometry and a typical diameter of ~300 nm as characterized
by high resolution FE-SEM (see Fig. 7).

In addition, atomic layer deposition was performed to cover the cone-like tips
and smooth plane silica substrates with an ultra-thin TiO,-like film (film thickness:
about 30 nm).

Both the plane substrate and the cantilever were annealed at 500 °C for 5 h in
order to trigger the crystallization process from the as received amorphous phase to an
anatase crystalline phase. The experiment consisted of force-distance spectroscopy
without as well as with UV-light exposure, each at various relative humidity values.
The as-obtained results are presented in Figs. 8 and 9 [28].

It was found that in the absence of UV-light the contact force increased imme-
diately in the presence of humidity in the system (Fig. 8-left, red box). In addition,
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a significant broadening of the histogram was noticed at 40% RH indicating many
different contact events. This behavior could be attributed to the formation of capil-
lary bridges with a broader size distribution. This is further supported by the fact that
the distribution narrowed considerably at higher relative humidity values (Fig. 9-left,
blue box) due to the fact that the critical radius predicted by the Kelvin equation again
surpassed the length scale of the surface roughness. As a result, instead of multiple
smaller capillaries, one single, much larger capillary with more uniform properties
was formed. Moreover, the studied contacts also exhibited the characteristic decrease
of the contact force at high water activities as predicted by the analytical solution.
Presented results are further supported by the fact that the experimentally derived
values of the contact force are found to feature the same order of magnitude as the
theoretical values as predicted by the analytical solution. However, the experimental
values are generally slightly lower than expected which again is attributed to the
roughness effectively reducing the overall force due to the lower effective contact
area.

Force histograms acquired in presence of UV-light were found to exhibit a nar-
rower distribution, as can be seen in Fig. 9-right. This can be explained with the
assumption that surface contaminations were oxidized and desorbed upon UV-light
exposure, leading to a more uniform surface chemistry. Moreover, water desorbs
from the surface during UV-light exposure. This leads to a diminishing contribution
of capillary bridges.

Consequently, the contact events tended to be much more similar resulting in a
significantly narrower force distribution. In addition, the histograms mean value was
slightly shifted toward higher values in the case of dry and very humid (80% RH)
conditions. The histogram at 40% lacked the many multi capillary events present in
the dataset without UV-light exposure. This finding is explained by the photooxidative
desorption of water and organic contaminations on TiO,-surface in the presence of
UV-light [30]. A similar, but less pronounced trend was also observed in the high
humidity region.

In summary, the here presented in situ AFM experiment allows for the analysis
of nanocontact forces under controlled ambient conditions. The strong influence of
the UV-light exposure on the capillary forces could be demonstrated.

Bulk Powder Flow

Shear experiments on commercially available TiO, nanoparticles (Aeroxide P25,
company of Evonik, Hanau) with a primary particle diameter of about 20 nm were
performed on a Jenike shear tester. The experiments were conducted inside a glove
box with controlled relative air humidity. Inside the glove box there is a humidity
sensor which measures the actual relative humidity and two feed streams of dry
and humid air, respectively, are controlled to obtain the target relative humidity. The
powder and all devices, which are needed for the experiments, are located inside the
glove box in order to maintain constant conditions throughout the experiments. A
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moisture equilibrium is established between the air in the glove box and the powder
by placement in a container with a porous bottom and an air flow passing through
the powder. After 10 h of humidification the moisture in the powder was found to be
in equilibrium with the air humidity. Therefore, this humidification procedure was
used in all experiments.

The experiments at a set relative humidity are reproducible, as it can be seen exem-
plarily in Fig. 10 for a relative humidity of 55%. The experiments were performed
three times at each shear level for three shear levels at one pre-shear stress. The
average pre-shear stress of all nine experiments is shown in Fig. 10 as a red square
with the standard deviation as error bar. The standard deviation is so small that it
cannot be seen. The shear stress for each experiment is shown as a blue diamond
and it can be seen that the measured stresses coincide very well, showing a good
reproducibility.

During the experiments, an increase of the bulk density of the powder could
be determined when it was used repeatedly, as it can be seen in Fig. 11a. Due to
the external forces during the shear experiments, the powder gets compacted and
the bulk density increases. This compaction cannot be reversed to obtain a defined
state of the powder with any mechanical method. Of course, this increase in bulk
density also influences the measured flow properties as presented in Fig. 11b. At the
beginning and at a very low relative humidity, the powder has a flowability index
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Fig. 10 Yield locus of TiO; nanoparticles at a relative humidity of 55%
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ff. of about 2-2.5, which corresponds to a strongly cohesive behavior [2]. This is
an expected result caused by the small particle size and the corresponding high
ratio between adhesion and gravitational forces. With higher relative humidity and
a higher number of performed experiments, the flowability decreases even more.
Primarily, the increasing relative humidity causes higher adhesion forces due to
capillary bridges. Unfortunately, this behavior is masked by the effect that the higher
bulk density causes a higher number of contact points between the particles and
therefore leads to a more cohesive behavior as well. The powder then shows a very
cohesive behavior with a flowability index of about 1.5. When the relative humidity is
decreased subsequently, the flowability index is more or less stagnating which reflects
the two—now compensating—effects of reduced capillary forces and increasing bulk
density, respectively. As only the effect of the humidity shall be examined conditioned
powder with a defined bulk density has to be used. The use of new material for each
experiment is not advisable due to ecological and economic reasons. Particularly it
cannot be ensured that powder properties (i.e. bulk density) are identical for each
experiment and therefore, reproducibility would be not sufficient either.

Follow-up shear experiments will be performed using a Schulze ring shear tester.
Due to the rotatory movement, the powder can be sheared as long as it is needed
to ensure stationary behavior. This is expected to result in a stationary bulk density
as well, which means that performing shear experiments will not lead to a further
compaction.

Simulation of Capillary Bridges

If particles are in contact and a liquid is present capillary bridges are formed at the
contact points between the particles and they induce an adhesion force which is, in
general, stronger than other adhesion forces, like van der Waals forces or electrostatic
forces. The liquid can either be added to the powder separately or alternatively cap-
illary condensation occurs when humidity of the air condenses into the gap between
particles and the liquid forms a meniscus there. In either case the meniscus induces
an adhesion force due to the pressure difference between liquid and gaseous phase
and due to the surface tension on the liquid-gas interface, respectively. Especially
for nanoscale particles capillary condensation is important.

Method

The method presented here allows numerical calculation of capillary bridges in
case of condensing conditions between two perfectly smooth, spherical particles
(Fig. 1a) or a spherical particle and a plate (Fig. 1b), respectively. Only rotationally-
symmetrical capillary bridges are considered and therefore, also the particles have to
be rotationally-symmetrical with respect to the rotation axis of the capillary bridge.



46 H.-J. Schmid et al.

This assumption allows the two-dimensional modeling of the meniscus shape due to
the symmetry. The particles are described by the particle diameter D and the contact
angle O, the plate is described only by the contact angle ®. The distance between
the surfaces of the two objects is defined by the parameter d. All parameters can be
set independently from each other. As this model is based on condensing conditions,
the ratio of the actual vapor pressure p to the saturated vapor pressure over a planar
surface ps has to be considered, too. In the case of water as liquid phase and air as
continuous phase this ratio p/ps can be interpreted as relative humidity .

Early works on capillary bridges were done by Haines [31], Fisher [32], Orr [33]
by solving the corresponding elliptical integrals. This allowed the determination of
the forces of a capillary bridge. Schubert [34] calculated the forces for different
configurations regarding particle shape, particle size, distance, and contact angle
and represented his results in dimensionless diagrams. Hence, they can be used for
various particle sizes and fluids. In all cases the capillary forces were determined
depending on the bridge size, characterized by the so-called filling angle B (compare
Fig. 12). However, in the case of condensing conditions, the filling angle cannot be
determined directly from the existing relative humidity. Furthermore, the solutions
cannot be adapted to parameter configurations that were not covered by the authors.
However, these results are used to validate our simulation method for a variety of
parameter sets (cf. section “Comparison to Classical Theory”).

Other modeling approaches that are often used make assumptions regarding the
shape of the meniscus. The exact shape of the meniscus can be described as a nodoid
[33, 35, 36] but for an easier calculation the profile is often assumed to be a circle,
i.e. one curvature radius is constant at every point of the surface. This assumption

Fig. 12 Sketch of capillary
bridge between a two
spherical particles and b a
sphere and a smooth plate

plate

x
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was developed for micrometer sized particles, and therefore, one must check if it can
be used also for the determination of capillary bridges between nanoscale particles.

Pakarinen et al. [37] developed a method to calculate numerically the exact menis-
cus shape between an AFM tip and a planar surface based on the Young—Laplace
equation. As only contacts to planes are considered, it is not possible to determine
the forces between two particles which is of great interest to characterize bulk prop-
erties. This method will be extended here to determine the volume and the forces
of capillary bridges between arbitrary sphere—sphere or sphere—plate contacts with
regard to relative humidity.

Another approach is to calculate the energy-minimal surface of the liquid phase
and to determine the resulting force as the derivative of the energy [35]. With this
approach it is even possible to model nonsymmetrical bridges, but the volume has to
be prescribed and the capillary force cannot be determined dependent on the relative
humidity in thermodynamic equilibrium directly. Lambert et al. [38] showed that
both approaches, based on the Young—Laplace equation and the minimization of
energy, respectively, are equivalent.

Both aforementioned modeling approaches treat the capillary bridge as a contin-
uum. In contrast to this assumption it is also possible to use molecular dynamics
and calculate the interactions between all molecules [39, 40]. Here the molecular
properties of the materials have to be known in contrast to macroscopic properties in
continuum mechanical approaches. The computational costs are very high, so that
only very small particles with diameters up to about 10 nm can be described with rea-
sonable effort. Furthermore, this simulation method is not deterministic, so the results
show stochastic fluctuations, and they have to be evaluated statistically. Nevertheless,
section “Ultrasmall Particles” will show some comparison of MD simulations with
our continuum fluid model.

Our approach assumes a continuous fluid phase forming the liquid capillary bridge
by condensation. Therefore, the overall surface curvature is identical to the Kelvin
radius which can be calculated depending on the relative humidity by

\%
rg = _ VM (1)
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if following requirements are valid [41]: (1) the liquid phase is in thermodynamic
equilibrium with the gaseous phase and (2) gravity can be neglected. The second
requirement is valid for sufficiently small capillary bridges and consequently can be
assumed valid for nanoscaled particles in general [42]. Thermodynamic equilibrium
is assumed as only stationary capillary bridges are calculated in this model and the
transient state is not considered. The overall curvature radius (i.e. the Kelvin radius
rk) is determined by the two curvature radii ; and r, with
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The center of the curvature radius 7; is on the rotation axis of the capillary bridge,
because the capillary bridge is rotationally symmetrical. Furthermore, both radii are
perpendicular to the capillary bridge surface and they have opposite signs corre-
sponding to a convex and concave curvature, respectively.

As the surface of the meniscus is curved, the pressure inside the capillary may
be different from the pressure of the gaseous phase and the pressure difference, the
so-called Laplace pressure [5], can be calculated by

Ap=T 3)

rg

Usually the pressure inside the capillary is lower than the pressure in the gas
phase and hence an adhesion force is induced between the particles by the capillary
pressure force Fp. Another force component arises from the surface tension of the
liquid-gas interface with the surface tension force Fg being attractive in case the
wetting angle is smaller than 90°. These two forces sum up to the total capillary
force F¢. If the shape of the meniscus is known the capillary bridge force can be
calculated at every cross-section of the meniscus. The most straightforward method
however is to calculate the force at the neck of the capillary bridge by

Fc=Fp+ Fg = rzApn + 2rymcos (o) 4)

The radius r is the radius of the meniscus at this cross-section and « is the angle
the interface deviates from normal direction in this cross-section. The first term on
the right-hand side of Eq. (4) represents the capillary pressure force and the second
term represents the surface tension force, respectively.

In order to determine the exact bridge shape the meniscus is composed of many
discrete points that are iteratively determined and interpolated linearly: At the begin-
ning a filling angle B of the liquid bridge at the first particle is chosen and the first
point is set on the surface of the first particle, corresponding to this filling angle.
The slope of the meniscus in this point can be determined with the curvature of the
particle and the contact angle. If the slope is known the next point of the meniscus
can be calculated. In the next step, the slope in the new point has to be determined.
Therefore, the radius r; is computed as the perpendicular distance of the point to the
rotation axis and the radius r; is computed with Eq. (2) under consideration of the
Kelvin radius. The radius r; is connected to the curvature of the meniscus with

0]
n=t—— 5)

dx?

3/2

which allows the determination of the slope of the meniscus surface in this point.
Afterwards, the position of the next point can be determined. This procedure is
continued until either the second particle is reached or it is not possible to reach
the second particle anymore. In case of a contact or intersection of liquid bridge
and particle surface the contact angle between meniscus and particle is calculated
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at the contact point and compared to the desired contact angle given by the material
properties. If they agree within numerical precision the result is stored. If this is not
the case, the filling angle on the first particle will be varied and a new meniscus
is determined iteratively until there is an agreement between the simulated and the
desired contact angle. A schematic of the iteration sequence is shown in Fig. 13. The
grey lines show menisci calculated at incorrect filling angles and the black line is the
correct capillary bridge.

When the meniscus is determined, the forces and the volume of the capillary
bridge are calculated. As additional second convergence criteria force and volume
of an iteration step are compared to force and volume of the previous iteration step,
respectively. If any of the relative differences is greater than a chosen threshold
another iteration of the calculation will be performed.

Comparison to Classical Theory

As a first step the results provided by this simulation were validated with the exact
calculated results by Orr et al. [33], Schubert [34] and Pakarinen et al. [37].

Figure 14a shows the very good agreement between the simulation presented in
this paper and the calculation by Orr et al. for a sphere-plate configuration with
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Fig. 14 Comparison of the capillary force from the presented method with the results a by Orr
et al. [33] and b Schubert [34] and Pakarinen et al. [37] (Reprinted with permission from [43].)
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Fig. 15 Relative deviation of capillary forces obtained with circular approximation F'¢jrc.appr. and
the full shape simulation of this work Fmis_work, respectively. Two spheres of identical diameter D,
contact angle ® = 0° at distance a d = 0 nm and b d = 0.4 nm (Reprinted with permission from
[43])

deviations in all cases of less than 1%. A comparison with the results by Schubert
and by Pakarinen et al. for various sphere-sphere and sphere-plate configurations in
Fig. 14b shows deviations smaller than 5% which is a very good agreement consid-
ering reading accuracy from available graphical data. Consequently, the new method
shows very good agreement with classical, macroscopic solutions.

In order to reduce the calculation complexity several approximations and simpli-
fications are used frequently in literature. The most popular assumption is that the
profile of the capillary bridge can be described as a circle and hence the curvature
radius r| remains constant for every point of the meniscus profile. In that case the cap-
illary force can be calculated depending on the filling angle analytically. The forces
between two spherical particles were calculated with this approximation with equa-
tions given by Butt and Kappl [44] and compared to the solutions of this work. The
difference in the total capillary force between both methods is shown in Fig. 15. For
relatively big particles in direct contact, e.g. with a diameter of 500 nm or more, the
difference between both methods is small, in this case under 5%. This substantiates
again, that the circular approximation might well be used for macroscopic parti-
cles. However, if the particle size decreases or the distance increases only slightly
the difference grows especially at relative humidities near the minimum humidity
for capillary bridge formation. In these examples the deviations might become even
larger than 40%. It should be noted, that the approximation originally was developed
for capillary bridges between micron sized particles where one curvature radius is
much greater than the other one. In this case this assumption is reasonable. But for
nanoscale particles both curvature radii are at about the same order of magnitude.
Thus, it is not possible that both, the Kelvin radius and one curvature radius, can
be constant while the second curvature radius varies. The deviation increases with a
greater distance as the length of the capillary bridge increases and hence the differ-
ence between the real profile and an assumed circular profile is larger. Furthermore,
the capillary bridges calculated with this work can exist at a longer distance assuming
the same humidity, compared to using the circular approximation. The distance of
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0 nm was chosen because it is used very often if particles are in contact. The distance
of 0.4 nm is the classical distance for calculations of the van der Waals force and is
still extremely small and could be easily caused e.g. by a small roughness. Despite
the question, which is the correct minimum contact distance, Fig. 15 clearly shows
that the circular approximation should not be used for nanoscale particles.

Interparticle Capillary Forces for Capillary Bridges at Rest

For capillary bridges under condensing conditions of course relative humidity ¢ is one
of the most important parameters for the capillary force. This humidity determines the
curvature of the capillary bridge in thermodynamic equilibrium with the environment.
This curvature in turn determines the capillary pressure and therefore influences the
capillary forces as well as the liquid volume of the bridge. With increasing humidity,
the volume of the meniscus is continuously growing by successive condensation
of humidity to the capillary bridge. Furthermore, the Kelvin radius and hence the
surface radius of curvature and the bridge cross section are increasing as well.
Atincreasing humidity two counteractive effects must be considered: The increas-
ing radius of curvature will lead to a smaller capillary underpressure inside the bridge
leading to a decrease of the capillary force. However, this pressure is acting on an
increasing bridge cross section leading to a larger pressure force F', (comp. Eq. (4)).
Simultaneously the surface tension force F'g is increasing as well due to the increas-
ing perimeter of the capillary bridge. As shown in Fig. 16, this leads to an almost
constant overall capillary force between two particles in close contact, i.e. d = 0 nm.
However, only a marginal increase in the particle distance to d = 0.2 nm leads to

Fig. 16 Volume V (top) and 10’
capillary force F ¢ (bottom) 10° =
between two identical -!
particles of diameter 10° N
D =1 pm and a contact “g 10° .:
angle ® = 0°. Distance of T g 3
particles d = 0 nm and 1
0.2 nm respectively 10" 4 D=1pym ——d=0nm
(Reprinted with permission T L — 2 =|0° — g1 a0
from [45].) s 00 0.2 04 06 0.8 10
004 === =T
150 — ™
z i s
~1004 7
47
50 41
0 T I T I L I T I T
0.0 0.2 04 0.6 0.8 10
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Fig. 17 Dimensionless
capillary force between two
identical spherical particles
with different diameters D
(Reprinted with permission
from [45].)

a drastically decreasing capillary force for decreasing humidities. While the inter-
action force is reduced to about 1/5 compared to two particles in touch, the bridge
volume is almost unchanged. In case of the small distance the capillary force shows a
maximum at around 90% humidity. For even larger humidities the force is decreasing
again despite the increasing bridge volume due to the strongly decreasing capillary
pressure.

The size of particles is indeed a very important parameter. Figure 17 shows the
dimensionless capillary force between two identical spherical particles with respect
to particle size. From classical, microscopic theory, one would expect no influence
since the capillary force scales linearly with the particle diameter. However, it can
be clearly seen that for smaller particles there are substantial negative deviations, i.e.
decreasing dimensionless forces particularly at higher humidity levels. This can be
explained by the fact that in those cases the particle size and the Kelvin radius are of
the same order. Therefore, the filling angle at a given humidity is larger for smaller
particles leading to a further decrease of the capillary force.

Furthermore, in many cases a critical relative humidity must be exceeded in order
to form a stable capillary bridge in thermodynamic equilibrium. In Fig. 18 this
minimum humidity ¢,,;, is shown depending on particle size D for different distances
d and contact angles @. For particles in close contact (i.e. d = 0 nm) or at a distance
of d = 0.2 nm and a contact angle of ® = (0° there is no minimum humidity, i.e. a
capillary bridge is formed for all humidities larger than 0. In general, @, is rising
for increasing distance as well as for increasing contact angle. For particles larger
than D = 1 pwm the minimum humidity ¢,,;, appears to be independent of particle
size. However, for nanoscaled particles there is a considerable increase in ¢,,;, for
decreasing particle sizes.

In many cases, not only the forces between particles but also between particles
and walls are very important. For macroscopic particles the capillary force between
a particle and a wall is twice as large compared to the force between two identical
spheres. Figure 19 depicts the ratio of capillary force between a particle of size D
with a wall Fcg, pi and between two particles of size D Fcsp_op With respect to
humidity. While for particles of 100 nm only minor deviations to this macroscopic
theory occur, i.e. the force ratio is close to 2.0 for the whole range of humidities,
for particles of size D = 10 nm a completely different behavior can be observed.
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For small humidities it turns out that the capillary forces at the wall is up to 3 times
larger than between two spheres. However, at large humidity the capillary force is
even smaller than 2 times the force between spheres. This behavior can be explained
by the volume of the capillary bridge which is significantly larger for nanoscaled
particles in contact with a wall compared to a sphere-sphere contact. This leads
to stronger forces at small humidities due to significantly larger bridges and to a
decrease at high humidities due to the decreasing surface curvature.

In case of particles with different diameters D; and D, respectively, Fig. 20
shows the resulting capillary force with respect to relative humidity. For all curves
one particle diameter is fixed at D; = 100 nm while the second particle diameter is
allowed to change from D, = 10 nm to D, = 50 pm. All combinations of particle
sizes show a similar dependency on relative humidity. However, the absolute value
of the capillary force is quite different. In general, the capillary force depends on
both particle sizes with increasing capillary force with increasing one of both particle
sizes. From macroscopic theory an appropriate way to combine both particle sizes
as an effective particle is given by Eq. (6):

D, - D,

—— ()
D+ D, ©

Desy =
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Fig. 20 Capillary forces D/D - D =100 nm
between particles with 4042 50 d L o

different sizes (Reprinted —- 10 ©=0°
with permission from [45].) sy
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Fig. 21 Ratio of capillary
force between two spherical
particles of different
diameters D and D>,
calculated with the ‘effective

diameter’ approximation and =
the full simulation, §
respectively (Reprinted with L&:
permission from [45].) u_&

080 4= =05 D,=100mm !

-+ 02 d=04nm
07511 =0
L L) ' L I T I T I T
0.0 0.2 0.4 0.6 0.8 1.0
¢f-

For macroscopic particles two identical particles of size D,y are expected to
experience a similar capillary force as two particles of size D and D,. As shown by
Willet et al. [46], for millimeter sized spheres a deviation of typically less than 5%
and in all cases less than 20% can be achieved using the effective particle size as an
approximation. Figure 21 examines this approximation for nanoscaled particles. For
all combinations of particle sizes the effective diameter appears to be a good approx-
imation for small to moderate humidities. However, for very large humidities using
D, leads to a substantial under-estimation of the capillary forces with deviations up
to 20%.

Since the contact angle ©® between the solid particle surface and the wetting liquid
strongly influences the shape of the meniscus and therefore the capillary pressure
inside the bridge, it is expected that capillary bridge forces are decreasing with
increasing contact angle. As shown in Fig. 22, a scaling of the capillary force with
cos O is areasonable way to consolidate the results: For two spheres in close contact
with the contact angle varying between 0° (perfect wetting) to 60° (poor wetting) the
consolidated forces almost coincide in one ‘master curve’. For some distance between
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Fig. 22 Capillary force
scaled by cosine of contact
angle ® for two spheres with
diameter D = 100 nm, and
surface distance d = 0.0 nm

. z
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the particles the scaling with cos & works reasonably well for contact angles up to
30° (moderate wetting), whereas for larger contact angles even the scaled capillary
force is significantly smaller, i.e. the reduction of the capillary force is larger than
expected by the scaling with cos ©.

Finally, a systematic evaluation of the influence of the distance between two
particles is shown in Fig. 23. It is obvious that particularly at small humidities there
is a very strong influence of the distance with rapidly decreasing capillary forces
for only slightly increasing distances. However, at larger humidities small variations
of the distance—in this case only distances up to 0.5 nm were considered—have
only negligible influence on the capillary bridge forces. The strong influence of the
distance at small humidities can be explained by the strong curvature of the surface
which leads to rapidly shrinking capillary bridges if the distance of the particles is
increased. This implies as well that for a given distance below some threshold value
of the relative humidity ¢pi, no capillary bridge can be formed at all. Figure 24
shows this minimum relative humidity with respect to particle distance for different
particle sizes and contact angles. For the same reason as given above capillary bridges
between smaller particles are much more sensitive to changes in distance leading to
a significantly stronger increase in the threshold humidity ¢, required to form
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Fig. 24 Minimum relative 1.0
humidity @min required to 4 N g: 130 nm, @ =DOE
. . v =10nm, ® =0°
form any cap}llary brl.dg? 08 5 D=100nm, @ =230° v -
(Reprinted with permission 4 v D=10mm, @=30°
from [45].) 06 v
[ il v e
- o o
erg 0.4 - v v - ™
N v o o
0.2 ¥ 5 M
Y =
- v [m}
[ ]
oo4w w B

0.0 0.2 04 0.6 0.8 1.0
d/nm

a capillary bridge at all. Furthermore, a decrease of wettability, i.e. an increasing
contact angle, leads to a strong increase of the distance sensitivity as well.

Capillary Forces upon Bridge Rupture

An important aspect in handling of bulk particulate solids is the separation of two
particles that are connected by a capillary bridge. While separating the surfaces two
fundamental limiting cases are imaginable. On the one hand, the capillary bridge
stays in thermodynamic equilibrium with the surrounding air resulting in a constant
curvature of the meniscus corresponding to the actually given relative humidity.
However, for changing interparticle distances this would result in a variation of the
capillary bridge volume. On the other hand, the volume of the capillary bridge may
be assumed to stay constant and therefore a varying distance would result in curva-
ture changes. When the surfaces are separated slowly there is time that liquid can
evaporate or condense and the curvature might be considered constant. During faster
separation processes the kinetics of evaporation and condensation, respectively, may
become relevant up to very fast separation processes, where the second limiting case
applies with a constant bridge volume [44]. The rate of condensation and evaporation
of liquids is mainly determined by the diffusion of molecules to or from the inter-
face, respectively, although heat transfer of latent heat may have a minor influence as
well [45, 47]. Since capillary bridge volumes for nanoscaled particles are extremely
small, a rough estimation leads to typical times to achieve equilibrium of well below
1 ms. Therefore, it is expected that for typical powder handling processes the kinetics
of distance variation is slow enough in order to use the thermodynamic equilibrium
assumption. Figure 25 exemplarily shows the difference in capillary bridge forces
for both limiting cases. The simulations for constant volume have been performed
with the public domain software Surface Evolver [48] and for some points iteratively
using our method as presented above. It can be clearly seen, that for small distances
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the deviations are negligible. Examining the actual bridge volume for thermody-
namic equilibrium reveals that the volume stays almost constant for small distances
which explains the correspondence to simulations with prescribed constant volume.
However, the capillary bridge in equilibrium ruptures much earlier than for con-
stant bridge volume—in this case at around 7 nm compared to 30 nm. Furthermore,
there is a steeper decrease of the capillary bridge force in case of thermodynamic
equilibrium.

The dependence of capillary bridge force on distance for different particle sizes,
contact angles and relative humidities is shown in Fig. 26. The capillary force
decreases with increasing distance between the particles. It appears that the gradient
of the force is nearly constant over a wide range of distances. Only near the maximum
distance shortly before rupture of the capillary bridge there is some stronger decrease.
With a higher relative humidity, the slope of the force decreases. At a distance of
0 nm the force is highest at a low relative humidity and at an increasing distance this
changes to a higher force at higher humidity. The maximum distance is also higher
if the relative humidity is higher, which will be explained later in more detail. At
higher contact angles the force is lower because the volume of the capillary bridge is
also lower. However, the contact angle has obviously no significant influence on the
gradient of the force. Combining these two results, the maximum distance is smaller
for a higher contact angle. Only at very small particle sizes differences in the gradi-
ents due to the contact angle can be detected. Furthermore, the force scales nearly
linear with particle size for micrometer-sized particles, for nanoscaled particles the
force decreases more. The maximum distance of the capillary bridge increases for
bigger particles.

The gradient of the force over the distance between two particles is called the
contact stiffness [50]. As the force is depending nearly linearly on the distance and
there is only a slight curvature in the force-distance curves the contact stiffness
of a capillary bridge can be assumed to be almost independent of the separation
distance. Therefore, a linear regression was done over all distances for capillary
bridges between particles with various diameters and contact angles at different
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Fig. 26 Distance dependency of capillary bridge forces for different particle sizes D, relative
humidities ¢ and contact angles ®, respectively (Reprinted with permission from [49].)

Fig. 27 Exemplary 25
comparison of simulated
capillary bridge forces and
linear regression in order to
determine the contact
stiffness (Reprinted with 15 -
permission from [49].) z
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relative humidities. For the regression the force at direct contact was fixed with the
value from the simulation and all distances were considered to determine the slope
of the regression curve. In Fig. 27 the original and the reconstructed force-distance
curves are compared for some exemplary cases. The excellent correspondence of the
linear fit function is clearly demonstrated.

The contact stiffness k” is finally determined from linear regression to the dimen-
sionless capillary bridge force:
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Bk

k*
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The determined contact stiffness k* for different particle sizes, contact angles and
relative humidities is shown in Fig. 28. In general, the absolute value of the contact
stiffness decreases for higher relative humidity. The contact angle obviously has only
a small influence on the contact stiffness as the values for different contact angles
are almost identical. For particles with diameters in the micrometer range the contact
stiffness does not change with particle size. At a particle diameter of 100 nm there
is a small increase in stiffness and for even smaller particles the influence of particle
size increases and the contact stiffness becomes higher.

The dependence of the contact stiffness on relative humidity can be described
very well with a logarithmic fit function. In Fig. 28 the fit function given by Eq. (8)
for a particle diameter of 10 um and a contact angle of 0° is shown.

1
K =2.931— - In(p) (8)
nm

Furthermore, the capillary bridge has a maximum distance of existence (cf. above).
At higher distances a capillary bridge between these particles cannot exist at the
respective relative humidity. In theoretical considerations for micronsized particles
the maximum bridge length Ay, (cf. Fig. 12) of particles before capillary bridge
rupture occurs can be assessed. It turns out that in these cases A, of a capillary
bridge in thermodynamic equilibrium is two times the Kelvin radius scaled with
the cosine of the contact angle [51-53]. Since bridge size 4 and particle separation
d are closely correlated, in order to compare the results of our simulations with
theoretical considerations, the bridge size 4 of the capillary bridge was calculated
from the simulation results quite easily. In Fig. 29 the maximum size £, of capillary
bridges between particles with various diameters are shown. With increasing relative
humidity, the maximum bridge size becomes higher as the Kelvin radius increases.
Furthermore, the maximum size agrees quite will with the theoretical maximum 2-rg.
However, the smaller the particles are the lower is the maximum size as the curvature
of the particle surface increases. Therefore, the achievable maximum height depends
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on the curvature of the particle and the curvature of the capillary bridge. Furthermore,
it turns out that the influence of the contact angle can be described very well with
the cosine of the angle as it was proposed before [53].

Ultrasmall Particles

All simulations presented in this work are based on the continuum assumption of
the liquid bridge. However, it is not obvious that this assumption is still acceptable
for particles in the ultrafine particle size regime, i.e. particle sizes in the range of
several nm. On the other hand, Molecular Dynamics (MD) simulations provide a
physical model for phenomena at very small length scales. However, MD is quite
limited in achievable particle sizes due to a very high computational effort. Therefore,
results from MD simulations of Laube et al. [54] have been compared to continuum
simulations of the capillary bridge for two spherical particles of Dy = 4 nm. In the
MD simulations the fluid properties have been adjusted to give macroscopic values
for the surface tension of yy = 52.3 N/m and for the contact angle of ®, = 10°.
Figure 30 shows that the continuum simulation using the original parameters for
y0, ©, Dy (dotted line) results in about 3 times smaller capillary bridge forces
compared to MD simulations (point cloud). Furthermore, the slope of the force-
distance curve is slightly different. However, due to a closed water absorption layer on
the particles the effective contact angle which turns out from MD simulations is close
to 0°. Furthermore, from MD simulations one can deduce the actual surface tension.
Although the force field had been chosen in order to give good agreement with the
macroscopic surface tension, in case of the capillary bridge it turns out that the surface
tension is affected by the high curvature of the surface. Therefore, a modified value
of the surface tension at the actual surface curvature taken from MD simulations has
to be used. Finally, the closed water adsorption layer on top of the particles leads
to an effective increase of the radius of each particle of about 0.3 nm. Changing
the contact angle and the surface tension appropriately leads to some increase in
the bridge forces. Although the force from continuum simulations is still about two
times smaller compared to the MD simulations the slope of the curve with respect to
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Fig. 30 Comparison of Molecular Dynamics simulations with continuum model of this work for
particles of Do =4 nm, ®g = 10°, yo = 52.3 N/m at ¢ = 40.2%. Continuum simulations done with
various modifications of particle size (due to adsorption layer), contact angle and surface tension
in order to comply with MD simulations (Reprinted with permission from [45].)

distance now agrees quite well with MD simulations. If the effective particle diameter
of D = 4.6 nm—i.e. including a 0.3 nm adsorption layer—is used in the continuum
simulations, a considerable increase in the capillary bridge forces can be observed.
If all three effects are considered in the capillary bridge simulations an excellent
agreement between MD and continuum simulations is obtained. Yet it should be
emphasized, that these modifications are not based on an arbitrary parameter fitting
but only on physically sound adjustments which can be reasoned to become effective
for such ultrasmall particles.

Summary and Conclusions

This chapter describes experimental and theoretical studies of water surface adsorp-
tion and the formation of capillary bridges between nanoscaled particles. First,
experimental studies of water adsorption depending on surface chemistry using PM-
IRRAS and QCM-D FTIR are described. It is shown that only small changes in
surface chemistry either by adsorption of monolayer or by UV-irradiation lead to
substantial changes in both total amount of adsorbed humidity and structure of the
adsorbed molecules. Using QCM it was even possible to quantitatively measure the
substantial amount of water adsorbing into capillary bridges between nanoscaled
particles. Furthermore, the contact force between nanoscaled spherical TiO, parti-
cles has been investigated using AFM. In this case a strong dependence on humidity
and surface chemistry can be ob served as well. Particularly for low humidities even
extremely small roughness leads to a formation of multiple very small bridges instead
of one capillary bridge. Therefore, a wide distribution of contact forces is obtained.
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Due to the photocatalytic effect, the formation of capillary bridges is strongly sup-
pressed upon UV irradiation. Measurements of the bulk powder flow behavior clearly
show a reduced flowability due to capillary condensation, although the quantitative
measurement is biased by a growing compaction of the powder during the measure-
ments.

Second, simulations of capillary bridges of nanoscaled particles have been inves-
tigated in detail. It is clearly demonstrated, that for nanoscaled particles classical
approximations do not work well and that capillary forces behave quite different due
to the curvature of the particles which might be in the range of the curvature of the
capillary bridge. In contrast to microscopic particles a very strong dependency on
particle distance can be observed since capillary bridges between nanoscaled parti-
cles formed by condensation are extremely small. This explains the wide variation of
contact forces found in the AFM measurements in case of capillary bridge formation.
Furthermore, the maximum separation of particles until the capillary bridge ruptures
decreases with decreasing particle size and increasing contact angle. A comparison
with Molecular Dynamics simulations revealed that the continuum approach may
still be applied for particle sizes down to a few nanometers to calculate the capillary
bridges. However, in that case changes of surface tension due to the surface curva-
ture, changes in contact angle due to an adsorbed layer of water and particularly an
enlargement of the particle size due to the adsorption layer (even if it is as small as
0.3 nm) must be taken into account in order to get a quantitative prediction of the
capillary forces.

Finally, in order to include these results in DEM simulations of humid powder
flow, a force-distance relationship based on a stiffness approach has been formulated.
It appears that the stiffness is only weakly affected by particle size and contact angle.
However, the maximum separation until bridge rupture occurs is strongly depending
on both, particle size and contact angle.
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Introduction

Cost, quality and productivity in comminution processes are all dependent on distri-
bution of consumed energy. In an inefficient process, the consumed energy leads not
to particle size reduction but to heat dissipation and temperature rise in the grinding
equipment. Excessive energy consumption by reduced grinding efficiency increases
energy costs and demands the grinding equipment. Especially a particle bed grinding
is an inefficient process and has great potential to achieve high efficiency.

The relationship between the forces acting on the particle bed and the deformation
behavior is the main influencing variable regarding to comminution. The modelling
of the stress behaviour based on compaction models used a number of simplifications
and lead, nonetheless, to very complex solutions [1, 2]. In this context, it remains
to develop any experimental technique, which can be used to increase the grinding
efficiency.

At the one hand, the stressing of the dry particle beds leads to energy absorption
due to micro processes caused by compaction [3]:

e energy loss due to friction between the particles and the wall of stressing chamber,

e energy loss due to irreversible structural changes of particles (plastic deformation
work, generation of micro cracks),

e energy loss caused by the wear of the confinements of the particle,

e cnergy loss due to thermoplastic effects, sound wave propagation and oscillation
of elastically deformed fragments.

At the other hand the energy absorption leads to breakage i.e. size reduction of
particles. The ratio between the energies applied to compaction and to size reduc-
tion is about 10-50. However, it is difficult to estimate the stored energy without any
real time information about micro processes occurring during stressing events. Espe-
cially it is actual for impact stressing determination. However, it becomes possible
to optimize the comminution by monitoring the crack building in particles. Based
on correlation between intensity of microwave emission and rates of cracks building
one can estimate the rate of size reduction i.e. efficiency of commination.

There are a number of fracture analysis methods based on fracto-emission [6—16],
which usually appears during crack formation in materials. This fracto-emission
includes the emission of electrons, ions, free radicals, electromagnetic and acoustic
waves. Regarding to application, electromagnetic and acoustic emission are most
interesting. This type of emissions are used to monitor crack generation in massive
specimens of different materials, such as rocks, wood, metal, ceramic and carbon-
fibre/epoxy composites [4—17].

The electromagnetic emission (EME) exhibits over a broad frequency range—
from radio wave and microwave up to X-ray [9, 10, 13, 14]. The intensity of the
EME depends on the tested material and on the crack sizes. With increasing crack
size, the intensity of the EME increases. However, a special type of capacitance
sensor was used to detect an extremely low EME signal from the composite material
‘extren’ [8]. Capacitance sensors are well-suited for studying the EME from small-
sized specimens in laboratory experiments.
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The level of fracture-EME is usually comparable to the electromagnetic noise of
the environment. Because of this, the practical application of poor, i.e., not enhanced,
microwave emission for fracture monitoring of large grinding machinery components
is problematically. However, it was observed that the stressing of Lead zirconium
titanate Pb[Zr,Ti;_x]O3 (PZT) caused by impact of a sharp tungsten pin on the sur-
face of the PZT-ceramic produced sequences of high intensive microwave impulses.
The amplitude of an EME-impulse is proportional to the amplitude of discharge
current impulse i.e. charge that is induced by crack generation. In terms of impulse
generation, the PZT domain is Hertzian dipole with charge that is proportional to
the amplitude of impulse. Due to intensive charge generation by crack generation in
PZT and other materials, the EME emission from this material becomes detectable
by a horn antenna [5, 8, 18, 19].

Processes responsible for EME such as particle deformation, breakage at the
contact between the particles, friction, creating of new contacts are caused due to
mechanical loading i.e. stressing of particle beds. The basic physical micro-processes,
which correspond to these processes, are different. The characteristic duration of
these micro processes is in the micro and nanosecond range. It was necessary to
develop a new method to record these processes with a corresponding temporal
resolution.

The numerous breakage processes take place in the particle contacts by impact
stressing of particle beds. The electrons emitted during the breakage are accelerated
in the electrical field of newly created charged PZT surface. By the collision with
air molecules, which penetrate into the cracks from the atmosphere, the molecules
become ionized, accelerated and micro electrical discharge occurs.

Numerous micro gas discharges occur during compression of particle beds and
strong friction between the particles takes place. The micro gas discharges generate
microwave impulses in a wide-band frequency range with a characteristic duration
of few nanoseconds.

Emission of PZT-Ceramic by Impact Stressing with a Sharp
Tungsten Indenter

PZT Preparation

The PZT ceramic was formed by pressing process. In the first step, commercial PZT
powder (Arburg GmbH) with a mean grain size of 1-5 pm and 91.5 vol.% was
mixed with main binder Licomont EK 583 (Clariant International Ltd.)—6.0 vol.%
by use of a dual screw extruder. In the second step, Polyethylene glycol 35000 (PEG
35000)—1.5 vol.% was mixed with a special resin 1.0 vol.% at the feedstock and
pressed. After pressing process, the specimen has undergone the deboning process
with temperature profile, recommended by the manufacturer. In the third step, the
specimens were sintered at 450 °C for 40 h. Before polarization, the both seeds of
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specimen ware coved with silver of about 100 wm thickness. The polarization of
specimen occurs by direct voltage with maximum amplitudes of 4.5 kV for 120 s.

Domain Switching in Ferroelectric as Source of Microwave
Emission

According to Herzian dipole model, the full energy of microwave emitted from the
dipole in all directions per unit time, i.e., the intensity of electromagnetic emission,
is given by [20]

2. p?

lj = ——
d 3-80~C3

(D

where p, €y and c are the dipole moment, the vacuum permittivity and the speed of
light. In terms of this model the revolution, polarization or depolarization of dipole
causes the emission of electromagnetic waves. By the depolarization the second
derivative of the dipole moment can be estimated as

. _dg

p @)

2
td P

where t4, is the depolarization time and d is distance vector between electrical charges
q and —q in dipole. The Eq. (3) is valid for dipole with size d that can be neglected
compared with size of receiver and distance between dipole (transmitter) and receiver.
This condition can be realized by domain breakage or switching in ferroelectric.

The generation of microwave by stressing of PZT-particles occurs due to reorienta-
tion and depolarization of domains. The movement of domains lead the formation of
micro crack with charged walls, see Fig. 1. An electron tunneling through an energy
barrier takes place from inside of PZT into between of cracks walls [4, 12—-14]. Itisa
very fast process with characteristic times of few picosecond. The emission current
depends on the external electric field and structure of materiel but not of temperature.
The Fowler—Nordheim equation [21] represents the emission current

I =a-F* exp(~bgp**/B - F) 3)

Fig. 1 The charging of micro cracks walls occurs due to reorientation of PZT domains
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where I, ¢ and § are the emission current, the work function and the field enhancement
factor, respectively.

F is usually taken as F = § V/a, where V is the applied potential and a the
distance between cathode and anode. The initial charge configuration between cracks
walls changes due to field emission. That leads to the creation of dipole moment
and generation of microwaves. Electron tunneling does not occur for low applied
voltages and current becomes exhibited after reaching the threshold voltage, which
depends on the type of emitter. For example, conventional metal-emitting surfaces
have threshold fields of ~100 V/um [22]. These values are comparable with field
fluctuations, which appear by stressing of PZT ceramics [23].

Experimental Set Up

The measurement set-up (Fig. 2) allowed simultaneous measurement of force, elec-
tric impulses and microwave emissions during mechanical impact on PZT. A tung-
sten pin (1) with a conical 60 um/30° edging induced the mechanical impact on the
PZT. The PZT-specimen (2) was positioned under the pin on a precision table (3).
Movement of precision table can change the position of indenter on ceramic surface.

The data acquisition was carried out by means of a four channel oscilloscope “Pico
6403” (4) with a bandwidth of 350 MHz and a sampling rate up to 5 giga-samples
per second. After the polarization, the conducting layer of the upper surface was
removed from surface of ceramic to achieve direct contact between PZT-surface and
pin. The upper surface of specimen was used as source of microwave emission. The

1

v

Fig. 2 Experimental set up
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remaining metalized layer of specimen was connected to first channel of oscilloscope
directly and was used as force sensor. In this way, it was possible to detect the applied
mechanical force on the surface of specimen during the contact between specimen
and pen. The direct connection between specimen and oscilloscope avoided the time
delay caused by application of amplifier or other electronic circuits between signal
source and receiving devices.

To measure the current impulses, which appear between the conical ending of
tungsten indenter and the electrical ground, the indenter was connected to 50 €2
input of the second channel of oscilloscope. During the contact between the indenter
and specimen the electric circuit was closed and current impulses were detected.

The detection of the microwave signal was realized by third channel of oscillo-
scope. A spiral antenna (5) with a receiving bandwidth from 4 to 18 GHz was fixed
on a distance of 0.05 m from the specimen. This spiral antenna allowed the detection
of microwaves from dipoles i.e. domains with random orientation. The amplification
of signal took place by means of a broadband microwave amplifier 83017A (6). This
type of amplifiers with 26.5 GHz bandwidth exhibit a gain of 25 dB. The coaxial
diode 8473C (7) with negative polarity output converted the amplified high frequency
signals to video signals. A rise time of 8—12 ns and a fall time of approximately 200 ns
are typical for this type of diode. Detectable video signals with temporal resolution
of about 10 ns were obtained.

The fourth channel was used to acquire a low frequency microwave signal. A
WLAN-antenna (8) with carrier frequency of 2.3 GHz was mounted in a distance
of 0.07 m from the specimen and connected to the 50 2 alternating current input of
oscilloscope.

Micro Discharge as Source of Microwave Emission from PZT

During the compression of PZT a potential difference induced in the PZT appeared.
That led to generation of voltage, with amplitude that was proportional to impact
force. Figure 3 shows a typical sequence of force impulses caused by repeated col-
lisions of pen with specimen.

After first impact on the PZT-ceramic, the pin sprang back and repeated its impact
with reduced velocity v. One can see, that the signal conceits of positive and negative
components. The duration of positive signal was around 320 s, see Fig. 4. This time
corresponds to contact time between pin and specimen. It was measured by means
of voltage applied to pin and remained metallically layer on the PZT-surface.

One can conclude that the high amplitude positive signal corresponds to mechan-
ical compression of ceramic by pin and the negative decompression signal appeared
after rebounding of the pin. Typical for these impulses is the amplitude modulation
by ceramic oscillations with characteristic period of about 30 ps. This time corre-
sponds to the time of sound wave propagation through the pin from the contact point
to the end of pin and back. The oscillations are reproducible and the form of sig-
nal did not change by repeated impact. That means that time needed to achieve the



Microwave Emission During the Impact Compaction of Particle Bed 73

20

15+

-
o
T

ot; v

Signal in V
(6)]

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Time tins

Fig. 3 Sequence of voltage impulses caused by repeated impact of pin

0.5 T . .

o

o
3
;

Signal amplitude in V

A5} ]
20— 1
25 : : ~
0 500 1000 1500 2000

Time tin ps

Fig. 4 Voltage applied to pen and remained metallically layer on the PZT-surface. Contact time
corresponds to duration of negative impulse

maximum of signal does not dependent on collision number. For the description of
ceramic behavior under impact stressing sensor signal it is necessary to describe the
correlation between maximum of voltage impulse and mechanical impulse of pen

p =mv “4)
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where m is the mass (150 mg) and v is the velocity of the pin. The velocity was
calculated from the time interval t between two impulses by

801
= 5
vi= 5)
The linear relationship
p = kvmax (6)

between the maximum voltage of sensor vy,,x and pin impulse p is shown in Fig. 5.
The linear fitting of data was carried out with a coefficient of correlation R =0.96. No
saturation of signal was observed. That means that the deformation of specimen can
be considered as elastic. In this case, the plastic deformation occurs only inside thin
contact area between pin and surface of ceramic. In terms of elastic deformation, the
impact generates an acoustic wave inside of specimen that is proportional to applied
force and propagates with sound velocity. As result, the impact force behavior inside
contact point becomes detectable by means of signal obtained from metalized surface
of specimen that is located at distance of 10 mm to contact point. That means that
the metalized surface of specimen can be used as force sensor.

It is important to consider the correlation between the impact force and genera-
tion of high frequency microwave impulses (HFMI), see Fig. 6. The intensive HFMI
appear in the initial and finale phase of contact and corresponds to maximal change
of contact surface during compression and decompression of indenter. The impulse
amplitude caused by decompression is higher in comparison to the impulse ampli-
tude during the initial compression phase. However, the impulse frequency is higher
during the initial phase. The same behavior was observed for LFMI, see Fig. 7. Simi-
lar to HFMI the LFMI appear in the initial and final phase of contact and the impulse
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amplitude increases during the final phase of contact. Based on this difference in
amplitude, it becomes reasonable to assume that there are two different mechanisms
of microwave emission. The first one occurs by compression and second one by
decompression of PZT. During the compression of PZT at initial contact phase, field
emission occurs from pin to positive charged sites on the PZT. This is enough for
successful acceleration of ions and creation of micro gas discharges, which lead to
generation of microwave impulses in a frequency range of few GHz. It is a very short
process with duration in sub-nanosecond range [24].

The emission of electrons in air leads to generation of ions, which become accel-
erated in the electric field between two charged sites. Taking the tungsten-emitting
threshold fields of ~100 V/pwm [22] and site potential of about few kV into account
one can estimate the distance between indenter surface and charged sites as few tens
of micrometers.
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The ferroemission is a result of spontaneous switching of domains caused by
stress relaxation by decompression of PZT. In difference to field emission, ferroe-
mission occurs in opposite direction i.e. from negative charged sites on PZT surface
to indenter. That means that the sign of current impulses will be changed by transition
from compression to decompression, see Fig. 8.

Because of the polarity of signals is changed by transition from compression to
decompression stressing phase, one can used the amplitude distributions of HFMI or
LFMI to calculate the contact time. By use of sensitive sensors, it becomes possible
to obtain force behavior during the contact of solids from HFMI/LFMI signals. In this
context, the HFMI impulses can be used to characterize the free impact of metallic
particle on ceramic surface. For example, the contact time can be used to calculate
the particle size by Herzian impact of spherical particle. Additionally, the amplitudes
of impulses force allows the calculation of the particle velocity.

The generation of LFMI occurs by incoming of indenter to the positive charged
site. In this case, the negative charge induces on the indenter. After discharge that
occurs by means of field- or ferroemission, the induced charge remains uncompen-
sated and the indenter becomes charged. The discharge of indenter occurs by means
of currents flow from indenter to ground. These currents i.e. current impulses are
responsible for generation of LFMLI. In this case, the indenter serves as transmitter of
LFMI. Without contact between indenter and ground, the LFMI becomes negligible.

It should be noted that very short microwave impulses are not directly detectable
as real-time signal. It is possible to detect microwave emission only as a form of
response of the used devices as part of fast microwave impulse.

The microwave impulse irradiation occurs in subnanosecond time scale. This
duration is shorter than the rise time of the coaxial detector and oscilloscope used
in this study. However, the amplitude of initial microwave is sufficient to generate
a detectable response signal. The amplitude of response signal is proportional to
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microwave amplitude. Taking this fact into account, it is reasonable to use signal
amplitudes to characterize the microwave emission.

Figure 9 represents the linear relationships between the amplitudes current
impulse and LFMI. The both type of impulses appears simultaneously and exhibit
the similar distribution, see Fig. 10.

In terms of this, the pen indenter can be conceded as a transmitter with a size,
comparable with the size of receiver (WLAN antenna). The electric field that is
responsible for charge (signal) induction on the WLAN antenna can be calculated
according to Eq. (2).

The received LFMI signal is proportional to electric field i.e. to induced charge q.
On the other hand, the discharge time remains the same during measurement. Here,
the amplitude of current impulse is proportional to charge q and, consequently, to
amplitude of LFMI, too.
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Conclusions

Test of microwave emission caused by impact of a sharp tungsten indenter on the
surface of PZT, was carried out. It was found that the microwave impulses appears
during the plastic deformation of PZT surface and formation of micro cracks. The
impulse amplitude is proportional to deformation rate i.e. charge generated on surface
or walls of micro cracks. Thus it becomes possible to monitor the deformation and
breakage inside of particles. Based on the technique of microwave monitoring, it
becomes possible to develop a wireless stress sensor with high temporal and spatial
resolution for impact measurements.

Microwave Response on Particular Bed Stressing

Materials and Methods

The initial PZT ceramic specimens had the form of circular rings. In the first prepa-
ration step the rings were cleaned using a short acetone bath. In the second step, the
PZT rings were ground to powder in a disk mill. The different sized PZT particles
were produced and separated in a sieve stack with different sieve openings. The grain
boundaries d of the sieve opening were as follows: 500 pm >d > 315 pm, 315 pm
>d>225 pm, 225 pm >d > 100 pm and d < 100 pm.

The first test particles were spherical glass particles with density of 2500 kg/m?,
E-Modulus of 73 GPA and d3 99 = 7.8 pm. These glass particles, called soda lime
glass microspheres (float glass), were produced by Cospheric Innovations Microtech-
nology. The mechanical properties of glass and PZT particles are listed in Table 1.
It can be assumed that the hardness of the glass spheres exceeds the hardness of the
PZT particles tenfold.

Table 1 Properties of glass and PZT-particles
Glass

E-Modulus: 73 GPA

Density: o : 2500 kg/m?®

spherical,
smooth,
d390=7,8 pm

PZT
E-Modulus: 60 GPA

Density ¢ : 7800 kg/m? 4 irregularly shaped,
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Experimental Set Up

It is necessary to find out the conditions for a reproducible and adequate electro-
magnetic radiation of the PZT. For this purpose, a plexiglass pipe (Fig. 11) was
placed over a basis made of hardened steel, which represented the measurement cell.
Because of the transparent wall of pipe, it was possible to film and observe the com-
pression processes directly. At first, the stressing chamber was filled up to 3 mm high
with PZT particles, compressed and then filled with 15 mm glass powder. Before
start of impact stressing, glass and PZT particles were compressed with force of
about 10 N. The compression step was necessary to avoid whole layer shifting and
destruction. It avoided also mixing of glass and PZT-particles. The movement of air
that remains in uncompressed particle bed causes this effect. The weight of tested
particles was measured before the impact compression in order to obtain a specific
weight at certain height and to ensure an approximately similar compression rate in
the experiments.

A pressure sensor with a measuring range of up to 50 kN and a high sensitivity of
—4.1 pC/N from HBM was located on the ram cylinder, see Fig. 12. The operating
principle of this sensor based on the crystal structure of a semiconductor (Si). The
crystal structure of semiconductor was influenced by compression and the specific
resistance of the element changes strongly. A resistance displacement sensor was
mounted at the ram cylinder (Fig. 3) with 0.5% accuracy. This sensor is characterized
by its high sensitivity and temporal resolution. Due to this, it is ideally suited for
displacement registration during impact compression within the measuring cell.

Figure 13 represent the whole experimental setup. The falling weight (1) with
a mass of 1118 g slid over a linear guide (2) from the falling heights 120, 150 and
180 mm on the particle bed. A linear guide make it possible to avoid possible slipping
and twisting effects that could adversely affect the measurement. The displacement
sensor (3) was fixed to the ram cylinder. At the metal plate (4) locates the stressing

Fig. 11 Stressing chamber;
1-plexiglass pipe, 2-glass
particles, 3-hart metal basis,
4-PZT particles
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Fig. 12 Stressing chamber; 1-plexiglas pipe, 2-glass particles, 3-piston, 4-PZT particles

Fig. 13 Stressing equipment; 1-falling weight, 2-linear guidance, 3-displacement sensor, 4-metallic
plate, 5-stressing chamber, 6-piston, 7-force sensor, 8-oscilloscope, 9-antenna

chamber (5) with the piston rod (6). The diameter of rod is 9.75 mm. The force
sensor (7) was fixed to the ram cylinder. The electromagnetic signal generated by
stressing of PZT particles during compaction was detected by antenna (8). The signal
i.e. microwave data accusation occurs by channel A of oscilloscope (9).

The force and the displacement of the particle beds during compression were
recorded using channels B and C. Here, the time signal on the channel A was used
as trigger signal. The measuring scale was used in two ways; firstly for orientation
during the initial filling of stressing chamber and, secondary, for acquisition of the
approximate displacement during impact compression.

The test experiments have shown that the particle size of approximately 500 pm
and a filling height of approximately 3 mm corresponded to the highest amplitude
of the microwave pulses. In terms of this, it was assumed that during the mechanical
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stress, the best conditions for microcracks at the contact points between the particles
and deformation of particles were present. The characteristic duration of the physical
micro processes was in the micro and nano-seconds range.

Deformation Behavior of Particle Bed by Impact Stressing

In order to study the compaction process precisely, a high-speed camera (Fig. 14)
was placed in front of the stressing cell. The high-speed EoSens CL MC1362 camera
was produced by Tokina Macro. Due to the technology of the CMOS chip, it is better
to minimize the image height to increase the frame rates per second. Thus, the image
height was adjusted to obtain a maximum number of recordable images. The images
were acquired with a resolution of 320 x 516 pixel and a recording speed of 2704
frames per second (time interval of 365 ws). In the settings of camera parameters,
the resolution and the recording speed depend on each other directly.

The stressing cell was filled with PZT and glass powder for recording. An approx-
imately 2 mm thick layer of glass particles colored with blue ink was incorporated
in the middle of glass layer to obtain the reference points. The end of the stamp was
marked by means of blue color ink, too. It was assumed, that there is no friction
between the punch and the vessel wall of the measuring cell. The recorded images
show that the previously described initial compression of particle bed was success-
ful and the marked layer moves without mixing with others particles. One can see
the upper layer shift versus middle layer (color marked). This shift was achieved

Fig. 14 High-speed camera
EoSens CL MC1362
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Fig. 15 Images of (b)
particulate bed obtained by
high-speed camera EoSens
CL MC1362
(d)

Fig. 16 The upper/middle 28
shift dependence
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by means of analyses of images obtained at different times. The upper/middle shift

dependence is linear. That means that wall friction is low and their contribution to
resistance force by impact stressing can be neglected (Figs. 15, 16 and 17).
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Fig. 17 The shift of particle [
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Static and Dynamic Resistance of Particle Bed

Under applied impact loading, the particle bed moves and its compression take place.
Due to regular spherical form and smooth surface of tested glass particles, it can be
assumed, that the contribution of van der Waals surface adhesion in the static friction
was dominant. To start the movement the applied force have to be overcome particle
adhesion within the bed.

This means that the force and displacement are no time-synchronous and the start
of bed movement occurs with delay regarding to applied force. Figure 18 shows the
force and bed displacement as function of time. For the purpose of better characteri-
zation of the temporally behavior of the measured quantities the signals of force and
displacement sensors are presented in normalized form. The falling height in this
case was 120 mm.

Thered, yellow and green rectangles in the figure mark the regions of static, mixing
and dynamic friction. Approximately 2.6 ms after starting force signal appearance,
the movement of particle bed begins. One can see that the movement of bed started
after reaching the first locale force maximum. During static friction an elastic and
plastic deformation of particles occurs [25-28]. The form of particles changed not
considerably due to high E-module of glass particles. The shift of particle layers
was not detectable with applied displacement sensor. The magnitude of resisting
force increases due to particle deformation until it reaches the threshold value. The
bed consolidation started after reaching the threshold force with increasing packing
density and relative movement of particles.

In this moment the reorientation and depolarization of domains in PZT ceramic
was caused by reduction of mechanical stress at individual contact points. Because of
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Fig. 18 Signals of force and displacement sensors as a function of time. Falling high is 120 mm

Fig. 19 Microwave
emission by impact stressing
of particle bed
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this, the generation of voltage differences took place. An electron emission occurred
between the differently charged PZT particles generated at individual highly charged
sites. Thereafter, the surrounding gas was ionized, and subsequent impact ionizations
generated micro gas discharges, which resulted in impulsive microwave emission.
Figure 19 shows an electromagnetic pulse that corresponds to the force and dis-
placement curves shown in Fig. 18. The first impulse (1) that overlapped many small
fracture processes started at time of the first locale maximum of resistance force i.e.
at the beginning of the bed consolidation.
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Fig. 20 Signals of force, displacement and microwave sensors as function of time. Falling height
is 180 mm

The maximum of microwave impulse (2) corresponds to maximum force. In this
time, the displacement changed with high speed and the maximum of breakage rates
reached. The subsequent pulses (3) show the stress relaxation in bed. They exhibit
only a small deflection in relation to the main load phase. The subsequent pulses (3)
show the stress relaxation in bed. They exhibit only a small deflection in relation to the
main load phase. The maximum of microwave impulse (2) corresponds to maximum
force. In this time, the displacement changed with high speed and maximum breakage
rates reached.

Similar behavior of microwave impulse was observed during high energy impact
for falling heights of 180 mm, see Fig. 20 However, increase of falling height i.e.
applied energy changes the stressing behavior of particle bed. The first local maxi-
mum of resistance force disappears and displacement started with low delay of about
0.2 ms regarding to force. The microwave emission started not simultaneously with
displacement but with delay of about 0.8 ms. Similar to low energy impact, the max-
imum of microwave impulse corresponds the maximum of applied force. Based on
results shown in Figs. 18 and 19, it becomes reasonable to assume that the consoli-
dation of beds started with microwave emission. Indeed, the intensity of microwave
emission by particle deformation is very low and not detectable. However, it becomes
detectable by relative movement of particles.
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Conclusion

It was shown that microwave-based method is applicable for characterization break-
age processes by impact stressing of particle beds. The experiments confirm that the
movement of particles by bed consolidation is detectable. The microwave emission
started with consolidation of particles i.e. by formation of micro cracks. The time
interval where the particle deformation occurs can be obtained by means of com-
bination of force, displacement and microwave sensors. Based on this, the impact
energy stored in plastic deformation can be calculated from force-displacement curve.
Indeed, the intensity of the microwave emission by particle deformation is very low
and is not detectable.

Moreover, in the first part of this paper it was shown that the integrated intensity
of microwave emission is proportional to charge generated by particle breakage i.e.
to newly created surface of particles. The microwave energy varies depending on
stressing conditions. In this way, one can optimize the stressing parameters: layer
thickness, particle size, velocity and energy of impact to reduce the energy consum-
mation by grinding in particle bed.
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Introduction

The mechanical properties of particles depend on a variety of parameters, includ-
ing their size, polydispersity, surface modification and surrounding medium [1]. To
investigate the formation of particular aggregates, we focused on small particles,
whereas for the investigation of the rotational motion of individual particles and
their neighbors, micrometer sized particles are well-suitable [2].

Different forces and mechanisms determine the static and kinetic properties of
particles and their aggregates [3]. Typically, particles experience an attractive van
der Waals force [4]. Van der Waals forces can be minimized or even excluded if the
particles are dispersed in a medium of identical refractive index [5]. Now, cohesive
interactions can dominate aggregation. Depending on the polydispersity, particles
can form crystals, although most common are amorphous structures [6]. Particles
can also be stabilized by sintering the particles together or by coating particles with
a thin shell, resulting in the formation of porous colloidal networks. The porosity
of the colloidal networks can vary greatly and even be as low as a few percent
[7]. As a consequence, the shear stress is not equally distributed over the entire
surface area, like in the case of a flat surface. The real contact area between a porous
colloidal network and an abradant is greatly reduced. Therefore, the stress acting on
the topmost particles is much higher than the stress acting on a flat surface instead.
Once a critical stress is exceeded, individual colloids can break off. This reduces the
surface roughness and can change the chemical composition of the topmost surface
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[8]. Therefore, the mechanical durability results from the interplay of several minute
details: Beside of the porosity of the network, elasticity, hardness and thickness of the
coating are essential. The interplay of these factors leads to surfaces spanning a broad
range in terms of mechanical durability. Unfortunately, this hinders the adoption of
a unique and generalized testing procedure to evaluate the mechanical strength and
durability of porous colloidal networks. To investigate their mechanical properties,
different qualitative methods are commonly used, including sandpaper abrasion, sand
abrasion, tape peeling, pencil scratching [9], as discussed in section “Fabrication,
Characterization and Applications of Porous Colloidal Networks”. Qualitative tests
have the advantage that they are generally cheap and quick. The drawback is that they
do not offer detailed insights into the mechanical properties of samples. Quantitative
measurements include atomic force microscopy (AFM) [4, 10] and nanoindentation
[11]. Unfortunately, these measurements are typically challenging because of the
low mechanical strength of porous colloidal networks. To understand the advantages
and challenges of different strategies, we discuss the mechanical properties of highly
porous surfaces using pencil scratching, atomic force microscopy, the colloidal probe
method [12, 13], and nanoindentation.

While in the second part of this chapter we analyzed rigid networks of particles,
in section “Dynamic Microscopic Investigations with Single Particle Resolution” we
are focusing on particle agglomerates which are only physically linked and can react
to external stimulus such as shear. The goal of the second part is to discuss possibilities
of observing single particle motion by laser scanning confocal microscopy. To resolve
the motion of single particles with high special resolution, the particle size should
be in the sub-micrometer range or even larger. Therefore, granular matter is used.
Granular matter covers a whole range of common materials, from fine sands, soil,
table salt or sugar up to material systems with larger particles size like charcoal or
iron ore.

Handling granular matter at industrial scale is a complex topic, as there is no
universal understanding of the processes during the motion of granular matter under
external mechanical stress. Transport with band conveyors or down chutes involves
inertia driven motion, shear, compression, fluidization and related stress modes. Par-
ticle size, size distribution, densities, surface morphology, surface roughness and
the surrounding fluid phase all influence flow and stresses. At small length scales,
inter-particular forces have to be considered. One important mechanism for inter-
particular forces are liquid bridges between the particles. Liquid bridges give rise to
capillary forces, which can be dominant in the pum regime.

In order to correlate the interactions between individual particles and the macro-
scopic behavior of granular matter, various steps on different time and length scales
are necessary [1]. The challenges in three-dimensional systems include the exact
knowledge of movement and deformation of the particles, the visualization of the
force lines and the determination of the rolling and sliding friction coefficients.

Despite the enormous number of papers published in the field, only few exper-
iments are able to resolve processes like shear in granular matter at single particle
level for small, hard particles [14-21]. Even fewer groups [17-21] are working with
wet granular matter and at single particle resolution. Correct calibration of DEM
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simulations is still an issue, especially for systems including liquid bridges [22]. To
our knowledge, if at all, only very few experimental datasets of such systems with
sufficient quality are available. We aim to provide such datasets for hard sphere sys-
tems and for wet systems. Our chosen method (confocal imaging) will provide base
data, while detailed analyses and chemistry will fill in the missing data.

With a combination of piezo-mechanical nano manipulators and confocal
microscopy, the trajectories of each particle can be tracked during mechanical defor-
mation. Additionally, it is possible to determine their rotational motion. How do the
particles and particle agglomerates deform under shear or compression? Are relative
movements of the particles dominated by rolling or sliding? Results will be compared
with other macroscopic measurements (e.g. on shear rates) and simulations.

Fabrication, Characterization and Applications of Porous
Colloidal Networks

The poor mechanical stability of highly porous colloidal networks limits their use
for industrial applications. Particles easily break off as soon as a critical stress is
exceeded [8, 9, 23, 24]. Therefore, a better understanding of the mechanical stability
of nanoporous colloidal networks is desirable. However, measuring and comparing
mechanical quantities is not trivial. Significant differences in surface roughness,
thickness, bulk material, and mechanical stability exist, which hinders the adoption
of a single generalized testing procedure. To investigate the mechanical properties,
different qualitative methods are used [9]. Qualitative tests have the advantage that
they are generally cheap and quick. The drawback is that they do not offer detailed
insights into the mechanical properties of samples. It is also difficult to compare
samples of similar mechanical stability.

Quantitative measurements include atomic force microscopy (AFM) [4, 10] and
nanoindentation [11]. Unfortunately, these measurements are typically challenging
because of the low mechanical strength and the high porosity of the layer. To neglect
contributions of the substrate to the measured forces, the penetration depth should
not exceed 10% of the film thickness [25, 26]. In case of high surface roughness,
the size ratio of the indenter to the surface features influences the results. After an
introduction in the preparation of our strategy to fabricate porous colloidal networks,
we discuss the advantages and challenges of different strategies of different measure-
ment strategies, including pencil scratching, atomic force microscopy, the colloidal
probe method [12, 13], and nanoindentation.
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Fabrication of Soot Templated Networks

A simple and versatile technique to fabricate highly porous surface of nanoparticles
is based on the collection of carbon soot from a paraffin candle [27-29]. The surface
to be coated, in our case a glass slide or silicon wafer, is held in the flame of the candle
(Fig. 1). Investigation of the surface by scanning electron microscopy reveals that
the collected soot layer is composed of carbon beads with diameters of 30-50 nm,
forming a fractal-like network (Fig. 1). The thickness can be tuned by the sooting
period [28]. The structure is fragile because the network formed out of particle
chains are held together by Van der Waals forces. Even a water droplet, rolling over
the surface carries soot particles away. To increase the mechanical stability of the
soot network, it was stabilized by coating the particles with a silica shell making
use of chemical vapor deposition (CVD) of tetracthoxysilane [30]. Therefore, the
soot-coated substrates were placed in a desiccator together with two open glass
vessels containing about 2 ml of tetraethoxysilane and aqueous ammonia solution,
respectively. Chemical vapor deposition of tetraethoxysilane was carried out for
1-3 days, Fig. 1. Similar to a Stober reaction [31], silica is formed by hydrolysis and
condensation of tetraethoxysilane catalyzed by ammonia [32]. The shell thickness
increases with the duration of chemical vapor deposition. After 24 h the particles
are coated by a 25 + 10 nm thick silica shell. The shell thickness increases to
approximately 110 nm after three days of chemical vapor deposition [9].

To investigate the effect of temperature on the mechanical properties of the porous
network, the samples were annealed at a temperature of up to 1150 °C. During
annealing, the carbon cores thermally degraded and carbon diffused through the
silica shell. Annealing the carbon/silica network at temperatures above 500 °C in
air results in a network formed out of hollow silica shells, Fig. 2. Annealing goes in
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Fig. 1 (left) Sketch of preparing a porous network based on the collection of candle soot. Depo-
sition of silica by chemical vapor deposition (CVD) of tetraethoxysilane. Combustion of carbon at
different temperatures. Hydrophobization with a fluorosilane (PFOTS). Inset: Summary of reaction
parameters, i.e. sintering temperature Tsintering, time of exposure to chemical vapor deposition of
silica tcyp in days and the respective silica shell thickness measured by ellipsometry on a silicon
wafer coated under identical conditions. Right: SEM image of a templated silica network. After
chemical vapor deposition of tetracthoxysilane for 24 h, the sample was annealed at 600 °C



Formation, Deformation, Rolling and Sliding of Particles ... 93

Fig.2 TEM image of a
soot-templated silica surface
exposed to 72 h CVD
annealed at 600 °C

void space
" from combusted

hand with a decrease of the shell thickness. However, the shells remained intact, and
the layer kept its roughness and network texture, Fig. 2. The silica shell started to
sinter when annealing the soot layer at temperatures above approximately 1100 °C
[9, 33]. This is reflected in a smoothening of the silica strings and a decrease of the
thickness of the coating.

Soot-templated surfaces have the nice property that their wetting properties can
be widely tuned by changing the chemical properties of the surface. Whereas the just
prepared soot network shows super-water-repellent properties [29], it becomes super-
hydrophilic after coating the soot with silica. After fluorination, the soot templated
network shows super-water and super-oil repellent properties [27]. This implies that
a deposited water and oil droplet roll off if the surface is tilted by less than 10°. Both
water and oil droplets partially rest on the fluorinated network and partially on air,
which is entrapped within the network.

Hydrophobization of the soot-templeated network is based on the reaction
between the Si—Cl groups on the silane molecule and —OH groups on the silica
surface:

Cl SiR; + HOR' — R’OSiR; + HCI

In our case R’ represents the silicon oxide surface and R the fluoralkyl chain. After
the reaction silica surface is covered by the semi-fluorinated silane which lowers the
surface energy of the surface. Chlorosilanes can also react with water (R’ = H), so it
is favorable to carry out the reaction in aprotic solvents, in an inert gas atmosphere
or under reduced pressure. For example, the surfaces to be coated were put in a
desiccator for approximately 1 h together with an open glass vessel containing about
0.1 ml of the semi-fluorinated silane and the pressure was reduced to 0.150 bar [27].
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Mechanical Characterization

Pencil Scratching

To quantify the mechanical strength of the soot templated network on a macroscopic
scale, we scratched the surfaces with a pencil [9]. Pencil scratch test is a common
and quick test in industry. 6 B pencil was moved over the surface at an angle of 45°
while applying a load of approximately 10~2 kg. This corresponds to a pressure P of
approximately P = % ~ % ~ 10° Nm2, assuming a contact diameter
of 1 mm. To characterize the damage, the optical and electron microscopy images
of the left trace were compared. Under these conditions, the width and depth of the

damage stripe decreased with increasing sintering temperature.

Nanoscale Mechanical Test Using the Atomic Force Microscope

By scaling down the size of the impacting tip, details about the breaking mechanism
of such soot-templated surfaces can be revealed. Using an atomic force microscope
(AFM, JPK Nanowizard3) with tips as small as r;, ~ 10 nm, mechanical properties
at the nanoscale were investigated The tip radius is much smaller than the character-
istic size of the silica protrusions and the average distance between silica protrusions
(about 1 pm).

After the tip made contact with the network, force jumps of up to 10 nN show up
in the approach curve and of 2-5 nN in the retract curve (Fig. 3). The small jumps
in the approach part are likely caused by the force required to move or deform a
single string (Fig. 3b). The larger jumps are likely caused by breaking single necks.
Attractive surfaces forces keep broken pieces in contact with the tip or with the
porous layer.
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Fig. 3 aForce-displacement curve of a soot-templated silica surface. The soot was exposed for 24 h
to chemical vapor deposition of tetraethoxysilane and after that annealed at 600 °C. b Schematic
indentation of a soot-templated surface by an AFM tip. The probe radius is about 10 nm and thus
much smaller than the typical size of silica protrusions. Reprinted with permission from [28]
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Atascale of 100 nm, the relevant surface forces are Van der Waals forces, capillary
forces, and electrostatic forces [34]. Capillary forces can arise because the silica-
coated soot particles are hydrophilic. Water can condense into the necks and the
gap between two pieces, forming a meniscus. Breaking can charge up the pieces,
resulting in electrostatic attraction of the pieces. Note, gravitational forces can be
neglected because of the small length scales.

The force jumps observed during retraction are most likely caused by rearrange-
ments of single pieces or their agglomerates. The last jump corresponds to the detach-
ment of the tip from the topmost protrusion [35]. Assuming that the jump is deter-
mined by van der Waals interactions, the force would be F' = Ayr;p/ 6D? ~ 4nN,
which is in the same order of magnitude as the measured peak heights. Here,
Ay =~ 6 x 10720 is the Hamaker constant and D ~ 0.16 nm the distance at contact
[36].

In summary, the advantage of AFM is that it provides local information. How-

ever, it cannot discern independently whether a peak result from breaking or from
deformation of the network, i.e. the underlying process cannot be assigned.
Colloidal probe:
To obtain information on the elastic and plastic modulus of the network, larger
areas need to be probed. This can be done by replacing the sharp AFM tip with
a microsphere (colloidal probe technique) [9]. Again, force-distance curves were
recorded. To have a well-defined reference point, the silica sphere, having a radius
of 24 wm, approached the surface until a force of 300 nN was reached. After that,
the colloidal probe was indented into the network by another 2 pm. To avoid an
influence of the substrate, the initial thickness of the soot layer exceeded 20 pwm.
Because the measured force results from an average over many individual events
(Fig. 4), the force curves are much smoother than those measured by AFM.

From force curves we extracted different parameters, which characterize the sta-
bility of the porous layer: (i) the effective elastic modulus Egg, (ii) the maximum
indentation force Finax, (ii1) the work of plastic deformation Wy,ic and (iv) the effec-
tive work of adhesion W yghesive- The elastic modulus quantifies the elastic energy that
is stored in the network upon compression. E.g is obtained from the slope of the onset
of the retract curve (Fig. 4a). Fy.x is a measure of the hardness of the network, i.e.
the force that needs to be applied to reach a certain compression. The work of plastic
deformation is a measure of the energy required to break chains. It is given by the
area between the force curve with the x-axis (displacement) on approach (Fig. 4b):
Wolasiic = f o(i F,dz. Here, d is the final position of the colloidal probe and z is
a coordinate normal to the surface. The work of adhesion gives the energy that is
needed to break physical contacts upon retract. It is given by the area of the force
with the x-axis upon retracting (Fig. 4¢): Wagnesive = — fdoo F.dz. F,and F, are the
forces on approach and retraction, respectively.

Figure 5 shows the averaged quantities. E¢ and Fy,,x show very similar behavior.
Both increase with increasing sintering temperature and shell thickness. In agreement
with electron microscopy images, the silica shell becomes more compact at the
higher sintering temperature. In agreement with data on silica shells prepared by
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Fig. 4 Mechanical
properties extracted from
typical force-displacement
curves: a effective elastic
modulus Eeff, b work of
plastic deformation Wiylastic
and c effective work of
adhesion, Wgnesive-
Reprinted with permission
from [28]
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the Stober method, the elastic modulus increases strongly for temperatures above
800 °C. An increase of the shell thickness by a factor of approximately three (1 day
CVD compared to three days of CVD) caused an increase of E.¢ by more than
a factor of five. Fy,x increased by a factor (400-900 nN) for samples exposed to
24 h CVD to samples exposed to 72 h CVD and sintered at 1000 °C (Fig. 5b).
With increasing hardness of the network, the plastic work of adhesion decreased
strongly for temperatures above 800 °C (Fig. 5¢). Both Wiyt and W ghesive decreased
with increasing shell thickness (Fig. 5d). Samples sintered at 1150 °C could not
be measured with the colloidal probe technique, because Fy,x exceeded the force

measurement range.
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Fig. 5 Mechanical properties of soot-templated surfaces. The black, red and blue data points rep-
resent surfaces exposed to 24 h, 48 h and 72 h of CVD, respectively. Coated soot and soot-templated
silica surfaces sintered at 600 °C, 800 °C, 1000 °C were investigated, respectively. a Effective elastic
modulus Eegr. b Maximum force Fiyax. ¢ Plastic work Woagiic. d Effective adhesive work Wadnesive -
The errors are the standard deviations of the respective values obtained from different force curves
at different positions on multiple samples. Reprinted with permission from [28]

Nanoindentation

To gain insight into the mechanical properties of networks sintered at 1150 °C,
nanoindentation was used (MFP Nanolndenter, Asylum Research) [9]. Unfortu-
nately, nanoindentation and the colloidal probe technique suffered overlap, because
the nanoindenter requires a minimum elastic modulus of 10 MPa. A typical force-
displacement curve for a network exposed to 72 h CVD is given in Fig. 6. The
approach part (black) shows a few jumps in the order of a few up to 40 wN. The
jumps hint that part of the network collapsed. Again, the effective elastic modulus
increased with increasing shell thickness (Fig. 6b).

In conclusion, because of the large range of length scales and forces, different
methods need to be used to characterize the mechanical properties of porous net-
works. Pencil scratching provides a first idea of the mechanical robustness of a
network. The yield force of single chains can be measured by AFM. However, due
to the irregular arrangement of the chains, the height and position of the peaks vary
from scan to scan. To gain effective values for the elastic modulus, the colloidal
probe technique is well suited, assuming that the modulus does not exceed 1 MPa.
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Fig. 6 Nanoindentation of superamphiphobic surfaces sintered at 1150 °C with a conical diamond
tip. a Typical force-displacement curve of a surface exposed to 72 h CVD indented for 500 nm.
Black curve: approach, red curve: retraction b Egg of surfaces exposed to 24, 48, and 72 h CVD.
Reprinted with permission from [28]

A requirement is that the radius of the colloidal probe must be much larger than
the spacing of neighboring chains and the thickness of the coating needs to exceed
10 times the indentation depth. Harder networks can be investigated by nanoinden-
tation. Thicker shells lead to higher effective elastic moduli as do higher sintering
temperatures.

Adhesion Test

Soot-templated surfaces have the nice property that their wetting properties can be
widely tuned by changing the chemical properties of the surface. After fluorination,
the soot templated network shows super-water and super-oil repellent properties [27].
To be able to understand the interactions between the fluorinated porous networks
with water, we measured the adhesion force using the colloidal probe technique [37].
Even better would have been to use a water droplet as the colloidal probe and a soot-
templated surface as the substrate. Such a procedure, however faces the problem that
water evaporates on the time scale of the measurement. Therefore, we “inverted” the
experiment: we used super-water-repellent microspheres as the colloidal probe and
measured the adhesion towards water (Fig. 7). To prepare the colloidal probe, we
coated 40 pm sized glass sphere with a few pwm thick layer of soot, deposited silica
and fluorinated the silica surface.

Figure 8a shows a typical force-distance curve (Nanowizard 3, JPK). After the
coated sphere jumped (“zero distance”) into contact, the force increased almost
linearly. The slope of the linear part of the force curve is dominated by the deformation
of the interface between water and the sphere [38, 39]. The small peaks during
advancing and retraction reflect the discontinuous movement of the contact line over
the porous network. The adhesion force can be determined from the retraction part,
i.e. it is the force just before the water-sphere meniscus ruptured, Fig. 8a. For small
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Superamph.

Fig. 7 Scanning electron microscope image of a microsphere coated with a porous network of
fluorinated nanoparticles. a The microspheres were sintered or glued at the end of tipless, rectangular
silicon cantilevers (2 pm thickness, 130 pm or 250 pwm length) by using a micromanipulator and
two-component epoxy glue. b Schematic of a coated microsphere in contact with water. The top
particle creates the overhang that prevents the water from penetrating into the hydrophobic soot
templated layer. Adapted from [37]
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Fig. 8 a Two typical force-versus-distance curves for a microsphere coated with a porous network
of nanoparticles (R = 18.7 yum) interacting with a water drop (volume of 130 p1). Repulsive forces
are positive, attractive forces negative. F,g4), is the adhesion force and Fy, the load, i.e. the maximal
applied force. The top curve, which was recorded with a lower load, was shifted vertically by 90
nN for better visibility. The tiny increase of the force just before the sphere jumped into contact is
caused by electrostatic repulsion. b Adhesion force versus load for five experiments with different
microspheres interacting with water. The continuous line is a guide to the eye. The dashed vertical
line separates two regimes. Adapted from [37]

sphere where buoyancy and gravity can be neglected, the adhesion force is given by
Foun = 2nyRcos2% [40, 41], where y is the surface tension of water, R the radius
of the coated microsphere and ® is the Young contact angle. For the derivation of
Fan, itis assumed that the contact line is free to move over the surface of the particle
while the contact angle remains constant.

Surprisingly, the adhesion force depends on the applied load. For loads below
50 nN, the adhesion force increases steeply with increasing load. This steep part is
followed up by a shallow slope. The steep regime reflects the sensitive dependence
of the force on the number of contacts between the fluorinated silica coated soot
particles and the water interface. The force per nanoparticle can be estimated as 8
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nN, assuming a particle radius of r = 60nm and a local contact angle of 115°.
This implies that up to 20 coated soot particles contribute to the adhesion force.
For higher loads, the motion of the contact line over the rough surface needs to be
considered explicitly. Now, even more particles contribute to the force. If the contact
line advances, for the force the cos needs to be replaced by a sinus (® — 180° —0):
Fos g = 2y rsin®S [42].

For a sufficiently large circumference (27 Rsinf), the number of nanoparticles
per unit length k can be assumed to be constant. This yields for the load: F; =
4m2y«rRsi n2(22, assuming that the contact line slides to a position given by f if a
load Fy is applied. When the contact line recedes, all contacts along the circumference
need to rupture, giving for the adhesion force: F; = 4mw2y«r Rcosz% = tan’fﬁ
Indeed, the adhesion force increases with the applied load for a rough surface made
out of hydrophobic nanoparticles.

Applications

The special wetting properties of fluorinated soot-templated surfaces make them
ideally suitable as substrates for the synthesis of mesoporous supraparticles [43].
Supraparticles are porous particles having a diameter of a few hundred micrometers
consisting of smaller particles. Supraparticles can be prepared by placing a drop
of an aqueous suspension of (here 0.1 vol.% of 21 nm sized TiO, NP particles,
P25 Degussa Evonik) on a soot-templated surface. The suspension forms a high
contact angle with the surface, greatly reducing the adhesion force between the
substrate and the suspension drop. While the water evaporates, the nanoparticle
dispersion keeps its high contact angle with the substrate (Fig. 9). During drying,
the TiO, nanoparticles assemble by capillary forces. After the water has evaporated,
almost spherical mesoporous supraparticles remained on the surface. The particles
could be easily removed from the surface because of the low contact area with the
fluorinated soot-templated surface. The mesoporous supraparticles did not fall apart
after redispersion in a solvent if no strong external mechanical force was applied. The
strategy is not limited to fabricate mesoporous TiO, supraparticles [43]. Depending
on the application, the type of nanoparticle can be varied. Characteristic for this
strategy is that almost spherical particles can be synthesized without the use of any
emulsifiers or stabilizer [44].

Dynamic Microscopic Investigations with Single Particle
Resolution

While in section “Fabrication, Characterization and Applications of Porous Colloidal
Networks” we analyzed rigid networks of particles, here we are more interested in
particle agglomerates which are only physically linked and can react to external
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Fig. 9 Drop of an aqueous nanoparticle dispersion on a fluorinated soot-templated surface. a A
schematic illustration of mesoporous supraparticle formation on the soot-templated surface. Due to
the high liquid repellency, the shape of the evaporating drop remains spherical throughout the pro-
cess. b SEM image of the highly porous structure of the soot-templated surface prepared (scale bar:
10 pm). ¢ Interface between the drop and soot-templated surface imaged by confocal microscopy.
Water (red) was fluorescently labeled with the Alexa488 dye for illustration. Reflection (gray) shows
the porous surface and the drop—air interface (scale bar: 50 um). The inset is a side view of the drop
of the nanoparticle dispersion. Reprinted with permission from [43]

stimuli such as shear. The goal of this part is to discuss possibilities of observing
3D single particle motion in fine granular powders. For a detailed understanding of
the underlying physics of flowing powders, we aim at the observation of all particle
trajectories in the observation volume while a mechanical deformation is applied
to the powder. We will end with a first comparison of observed particle motion to
simulations.

Experimental Considerations

To obtain detailed information on the internal deformation of particulate systems,
we use confocal microscopy. Among 3D imaging methods that are able to image
dense particulate systems confocal microscopy has the best chance for imaging (at
least slow) dynamics because of its resolution. Following an approach developed
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earlier by various authors [14, 45-53], we use fluorescently labeled particles that
are embedded in an index matching carrier fluid. This allows, for example, studying
the properties of the system in thermal equilibrium, the influence of weak attractive
forces, and the colloidal glass transition.

For the work presented here, confocal microscopy [52, 54, 55] was identified as the
best-suited method for quasi-dynamic investigations of particulate systems that allow
for tracking of the motion of (almost all) particles in the observation volume. Using
confocal microscopy allows for tracking many particles with a high accuracy in their
particle positions [45, 46, 52, 53, 56, 57]. However, confocal microscopy also sets
some limitation to the sample system. The most severe limitation being the matching
of the refractive index of the particles and the carrier fluid. This excludes gases as
carrier fluids. To develop a good model system for fine granular powders which is
suitable for confocal microscopy, a couple of additional modifications have to be
done to the sample system used in the colloidal studies discussed above: Typical fine
powders are neither monodisperse spheres, nor are they subjected to thermal motion.
Before describing the used model system, we briefly explain the general strategy for
this approach.

Particles of fine granular powders are still large enough so that thermal motion
can be neglected. A quantitative measure for the importance of thermal motion is the
ratio of the characteristic time scales for Brownian diffusion 75 and sedimentation tg
of the particles. These time scales can be estimated by 15 = Rlz, /Dandtgy = R, /vs,
with the particle radius R, the particle diffusion constant D = (kgT)/ (6717)R ,,),
and the sedimentation velocity vy = 2A0g R, /9. Here kp is the Boltzmann constant,
T the absolute temperature, 1 the viscosity, Ao the density difference between the
particles and the carrier fluid, and g the acceleration due to gravity. The ratio

B 4 R?,
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is often called the Peclet number. The larger Pe is, the faster sedimentation is relative
to thermal motion, i.e., the more sedimentation is dominating and the more thermal
motion can be neglected. Additionally, the comparison to cohesive forces between
the particles is relevant. As we will show below, the cohesive forces can be changed
over a wide range.

Fine Polydisperse Granular Particles for Confocal Microscopy

The 3D observation of particles in confocal microscopy is best realized using fluo-
rescent particles. We have chosen commercial spherical particles (Kromasil 100 Sil,
average diameter 7 pm, Akzo Nobel, Sweden, purchased from MZ-Analysentechnik
GmbH, Germany) that have nanopores which can easily be used to load the particles
with fluorescent dye [57]. These particles consist of silica and allow for a covalent
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binding of the fluorescent dye using the chemistry described previously by other
authors [58, 59]. This results in homogeneously dyed particles that can easily be
observed in confocal microscopes [57]. The size of the particles is a compromise
between competing requirements. Large particles are needed for a good imaging of
the particles and their internal structure (section “Rotation of Spherical Particles™)
and a high Peclet number. On the other hand, a relevant cohesion is easier to real-
ize with small particles. The purchased particles are close to spherical with a small
roughness and a certain polydispersity. These properties are preserved during the
covalent attachment of the fluorescent dye.

Using silica-based particles has the advantage of a broad flexibility of possible
surface modifications. After synthesis the particles are hydrophilic and can be eas-
ily dispersed in aqueous environments. For the adjustment of the refractive index,
sodium thiocyanate (NaSCN) was dissolved in the water. This leads to a rather
high ionic strength of the solutions that efficiently screens all electrostatic inter-
actions between particles. Effectively, this system has only a weak cohesion but a
hard-sphere-like repulsion [60]. Alternatively, the silica particles can be coated with
hydrophobic molecules to allow for a dispersion in organic solvents. By finely tun-
ing the concentration of hydrophobic molecules on the surface of the particles, the
particles can stabilized in the interface between water and organic solvents, e.g.,
decaline. Particles at the water-decaline interface were partially hydrophobized with
hexamethyl-disilazane (HDMS) [60]. These particles are perfectly index-matched to
the carrier liquid, but they are not density-matched. In the following experiments,
they sediment to the bottom glass slide during the preparation of the sample. A typical
solid volume fraction of such sedimented bed is in the order of 40%.

The original algorithms for the automatic detection of particle positions and trajec-
tories [45, 46, 52, 56] are optimized for monodisperse particles. For the polydisperse
silica particles used as model systems for fine granular powders, a couple of modifi-
cations to the detections algorithm were necessary (Fig. 10). The original algorithm
by Crocker and Grier relies on the numerical convolution of the measured 3D image
(1;,jx in Fig. 10) with a single mask M; ;; that perfectly matches the particle size
[57]. This leads to strong peaks at the particle positions in the convoluted image
Ci j x- To detect polydisperse particles, a set of masks M, ;; with different sizes is
used. Depending on the particle size some masks will be oversized or undersized.
The strongest peak in the convoluted image will be observed at matching sizes of the
mask with the particle. This gives a first estimate of the particle size and position. A
further refinement of the size and position is obtained by searching the particle sur-
face along a number of arbitrarily drawn lines through the particle. Fitting a sphere to
the detected points on the particle surface gives a precise positioning of the particles
and measures the particle diameter [57].

The observation of fine granular powders was realized in a home built confo-
cal microscope that was previously described [52]. Briefly, this is a laser scanning
microscope with a diffraction limited resolution (laterally, about 300 and 700 nm in
beam direction). The scanning is realized by galvanic mirrors and the detection uses
single photon counting by an avalanche diode with a maximum photon frequency
of about 17 MHz. Two separate color channels can be used in parallel for imaging
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Fig. 10 Confocal images I; ; x at different steps of the automatic position detection of polydisperse
spherical particles. Image, as measured with a confocal microscope (a), after the convolution with
the mask M;_; x (b), confocal image with obtained particle positions marked with red dots (c), after
the convolution with an oversized (d) and undersized (e) mask M; ; ., merged data after convolution
with different mask sizes (f). Intensity profile of a localized particle with obtained points at the rim
(g), particles with obtained diameter after refinement step (h). Reprinted with permission from
Granular Matter 15: 391 [57]

(excitation 457 and 532 nm, detection wavelengths can be chosen by suitable filters).
Depending on the number of pixels and the fluorescent intensity of the sample a 2D
image takes about one to a few seconds to aquire. The advantage of this setup is its
high flexibility. This especially implies that additional methods can be applied to the
sample. Figure 11 depicts a nanomanipulation setup that can be used to shear and/or
compress the sample. Here a shear cell is realized between the glass slide that carries
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Fig. 11 Nano-manipulator setup consisting of a piezo-actuator and a mounted diamond indenter
tip (a). Schematic view of the plate-plate geometry (b). Scanning electron microscope image of the
indenter tip (c). Reprinted with permission from Granular Matter 15: 391 [57]

the sample and a flat-end diamond tip. With this setup shear deformations with a
maximum amplitude of 160 pm can be applied to the sample.

Rotation of Spherical Particles

The methods described in the previous section allow the reliable tracking of the posi-
tion of thousands of particles in a series of 3D confocal images. However, particles
are solid bodies that have six degrees of freedom for their motion: Three translational
and three rotational degrees of freedom. The methods presented so far resolve the
translational degrees of freedom. In the following methods for the rotational degrees
of freedom are discussed.

The optical detection of the rotation of particles depends on some optical
anisotropy of the particles. The probably simplest method is using particles with
a non-spherical shape [61-65]. Also, Janus particles have been used [66, 67] to
observe the rotation of single particles. These methods, however, necessarily break
the spherical symmetry of the particle interaction, either through the particle shape
or through changes in the surface chemistry. For a model system, a fully isotropic
interaction with the surrounding particles is intended. Any internal structure should
be uncoupled from the particle interactions. In the following, we describe methods
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that use bleaching of the fluorescent dyes in the interior of the particles to give each
particle one or more internal axes. To fully decouple this internal structuring from the
particle interactions, it turned out to be necessary to surround the dye laden particles
with a non-fluorescent shell. This shell decouples all changes done to the interior of
the particles from the surface chemistry (and thus the interaction potential) of the
particles.

Since fluorescent dye molecules interact with the light field almost like dipoles, the
orientation of the molecules can be used to bleach molecules with specific orientations
relative to an incident polarized light filed, either on a rather macroscopic scale [68],
or using a confocal microscope [51]. This polarized bleaching results in particles
with an orientation-dependent efficiency of the fluorescence. Originally, this method
has been applied to particle ensembles [68]. It has also been shown that this method
works on a single particle level [51]. The advantage of this method is that it can be
applied to particles that have a diameter in the order of the optical resolution of the
used microscope. The disadvantage of this method is, however, that only the rotation
of the particles around one axis can be determined. Additionally, the interaction of
the dye molecules is in general not strongly polarization dependent and might be
different for the absorption and the emission process. In summary, these effects lead
to a rather weak dependence of the fluorescence efficiency on the particle orientation
[51].

A more efficient way of inscribing the orientation in the interior of the particle
is to use structured bleaching [57]. The goal is to obtain all rotational degrees of
freedom of the particle, i.e., to follow all three rotation angles. For this purpose, the
internal structure of the particle has to be complex enough. The following method is
applicable when the optical resolution of the confocal microscope is better than the
size of the particles. The excitation laser that is used for the imaging can also bleach
the fluorescent dye molecules, if the intensity is high enough. For good imaging
situations (i.e., when multiple imaging of the sample is possible) there is a significant
difference between the light intensity used for imaging and the intensity needed to
bleach the dye molecules. We used this intensity difference for structured bleaching
of the particles (Fig. 12). In this specific example a line was “written” into the particle
(Fig. 12 top row). Due to the focusing of the laser by the objective of the microscope,
the bleaching in the interior of the particles was not only along the written line, but
also above and below it (Fig. 12 bottom row). Due to this feature actually two axes
were written into the particle: the line f and the propagation direction of the light
a. For a full set of coordinate axis, the vector product of f and a results in the third
axis 7. We note that a simplified version of this method (having only one axis) was
later on also used to generate shape anisotropic particles [65]. From the two axes
bleached in the interior of the particle the full rotational motion of the particle can
be measured [57].

Particles with an internal fluorescent structure can be used to determine the rota-
tional motion of particles in deformed fine granular powders. Figure 13 gives a sim-
ple example of such an experiment. A sedimented bed (section “Fine Polydisperse
Granular Particles for Confocal Microscopy”) was compressed and the resulting
restructuring of the particle arrangement was observed. The particle highlighted on
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Fig. 12 Geometry of the bleaching process in the lab and particle system (left) and real images of
particles after bleaching (right). The diameter of the particle was 7.3 wm. Reprinted with permission
from Granular Matter 15: 391 [57]
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Fig. 13 Visualization of rotation and translation of one particle as measured during the experiment.
Resting particles are shown by opaque gray, the others translucent, the red and blue arrows (f and
71, respectively) indicate the focal and normal vectors, the green arrow (@) their vector product. The
brown line indicates the original contact point to the neighboring particle. Reprinted with permission
from Granular Matter 15: 391 [57]

yellow first exhibited a torsional motion around the contact point of its neighbor
(brown line). During this torsional motion the contact point was unchanged. Only
after a finite torsional motion, the particle rolled over its neighbor. This experiment
illustrates the importance of all possible modes in particle interaction [1]. All of them
are actually realized in fine granular powders.
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Wet Granular Powders Under External Deformation

In the previous sections, situations with only one fluid phase were discussed. This
corresponds to dry powders (or to completely immersed powders). In situations, with
two fluid phases present (e.g. wet granular powders with capillary bridges between
the particles), we used partially hydrophobized particles that were immersed in a
mixture of an aqueous (NaSCN solution) and an organic phase (cis-decaline) [60].

To prepare clusters that were composed of drops and particles, partially
hydrophobized particles (section “Fine Polydisperse Granular Particles for Confocal
Microscopy”) were dispersed in an aqueous NaSCN-solution. The cis-decaline was
fluorescently dyed with the hydrophobic dye Nile Red at the saturation concentration.
To produce a liquid-liquid mixture the fluorescenty labelled cis-decaline was added
to the aqueous particle suspension and manually shaken. For enhancing the contrast
of the liquid-liquid interface, the refractive index of the surrounding NaSCN-solution
was adjusted to the refractive index of the HMDS-modified particles (index of refrac-
tion approximately 1.443), Fig. 14a. In this specific example, the contact angle of the
liquid-liquid interface on the particles was rather high (about 130°). Consequently,
the particles were connected by drops rather through capillary bridges. The amount
of shaking was chosen to have a drop size that is approximately similar to the particle
size.

Whereas the algorithms describe above for the position of the particles can also be
applied in this case, the identification of the drop coordinates and sizes needs some
more attention. For drops that are connected only to a few particles the same algorithm
results in good coordinates and sizes. For drops connected to several particles, the
direct analysis is not possible, but an indirect one gives good results (Fig. 14b). When
the coordinates and radii r,, ; of the connected particles and the contact angle of the
two liquid phases on the particle surface are known, the drop radius rp; and the
coordinates of the drop can be identified through an optimization procedure. This
optimization procedure uses points on the drop surface that can be calculated from the
drop coordinates, the drop radii ), ; and the part of the particle inside the drop sub,, ;
(Fig. 14b). Note that sub,, ; is a function of the drop radius and the contact angle.

(b) r

Fig. 14 a 2D cut through a 3D image showing a couple of particles (bright circles) connected to a
drop (darker gray area in the center). b Illustration of the method of drop localization through the
measured position of the connected particles and the known contact angle. ¢ Visualization of the
measured position and sizes of all drops and particles in the cluster
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Additionally, the assumption of a spherical drop increases the reliability of the results.
This assumption is justified, if the forces acting on the drops are small compared to
the restoring force due to the surface tension of the drop. The combination of these
methods gives a reliable representation of the measured system that can be used for
further analysis Fig. 14c. Especially, the measured drop diameter did not change
significantly during the investigated time frame.

In a system of particles connected by capillary bonds to drops two different inter-
actions are relevant. The partially hydrophobized particle exhibit a small attractive
van-der-Waals-type interaction. The binding force of the particles in the drops due
to the reduction of the surface energy is larger by orders of magnitudes.

To test these ideas, we investigated a cluster consisting of 23 particles and four
drops of cis-decaline in an aqueous continuous phase [60]. Eight particles were
attached to more than one droplet. One of the drop was sticking to the side of the
indenter tip surface, i.e. at the cone surface of the tip (Fig. 11c). Several particles
were in contact with the glass slide at the bottom.

The mechanical load was applied stepwise onto the sample. After each step, a
3D image of the sample was taken. Effectively, in each step the cluster was shaken
by changing the distance between the indenter and the glass slide by a few pm
back and forth. Before starting a 3D scan any motion in the system had stopped. In
total 21 steps were made. No drift of the sample was observed in the images. The
whole cluster was imaged in an observation volume of 100 x 100 x 40 pm? with
a resolution of 512 pixels x 512 pixels 96 pixels [60]. The trajectories of all visible
droplets and particles could be followed over the whole measurement series.

In the analysis of the system dynamics a few key features were identified. First, all
particles stayed connected to their drops and move only within the surface of these
drops (Fig. 15a). Second, particle-particle connections are weaker and not stable over
time. Third, particles connected to two drops actually bind the cluster together. The
cluster was connected to the supporting glass slide with one drop (drop 1 in Fig. 15b)
and to the indenter with one drop (drop 4 in Fig. 15b). The particles can be classified
in particles that are involved in the direct connection between the glass slide and
the indenter (the backbone of the cluster) and particles that are just on the surface
of one of the drops. The analysis of the dynamics of the particles allows extracting
the backbone of the cluster (Fig. 15b). All rearrangements of the cluster keep the
connections within this backbone unchanged but change the relative positions of the
all particles and drops in the cluster (including those of the backbone).

Comparing X-Ray Tomography Data to Simulations

The methods for data analysis discussed so far are not limited to series of 3D images
obtained with confocal microscopy. As an example for further analysis of data, we
include here the analysis of X-ray micro tomography data [69]. Grey polyethylene
microspheres (PE-particles, Cospheric, type “GRYPMS-1.00 250-300 wm”) in the
size region of 250300 wm and a density of approximately 1 g/cm? were used in this
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Fig. 15 a The motion of particles in a drop surface (in the frame of reference co-moving with
the drop center). b Minimal reduced graph of the network forming the cluster. Solid lines show
permanent connections and dotted lines show reversible connections

study. The particles were filled in a custom-made mixer. The purpose of the study
was to combine a detailed data analysis of a series of 3D images and suitably adapted
simulations. This combination allowed to identify simulation parameters that were
otherwise hard to measure, e.g. sliding and rolling friction [2].

The X-ray tomography images include a much larger volume than typical confo-
cal images, however at a lower resolution. In total, the trajectories of almost 33,000
particles were extracted from a series of 23 3D images of the sample, taken over a
22° rotation of the mixer [69]. A representative selection of results of this analysis
is shown in Fig. 16. For the comparison of experimental and numerical results a
discrepancy function D was introduced. It was calculated depending on the summa-
rized difference between relative angular motion w,; of particles in different zones
according to Eq. (2).

. Z}a)rel,exp,i — Wrel,sim,i | X Nsim,i

Nsim,tot

D @)

Here the index i counts the different zones, N 1or and Ny;yy, ;i are the number of
particles in zone i and the total number of simulated particles.

A minimization of the discrepancy D was used to identify the most probably coef-
ficient of the rolling friction. In this specific example the rolling friction coefficient
between the particles was found to be (4,4, ,, = 0.04 and between the particles and
the wall pi,0; pw = 0.002. For these parameters the discrepancy function showed a
minimum [69]. For this interpretation of these numbers is important to consider that
these coefficients are obtained through a minimization. To finally conclude the values
a more in-depth study would be necessary, e.g. by experiments and simulations with
different geometries and external conditions.



Formation, Deformation, Rolling and Sliding of Particles ... 111

Coordinate [mm]

Coordinate [mm] g -6 Coordinate [mm]

Fig. 16 Top: Extraction of particle coordinates from 3D micro tomography images dataset: original
image (left), extracted coordinates (right). Bottom: Trajectories of 1150 particles extracted from
experimental measurements. Reprinted with permission from Chem. Engineer. Res. Design 135:
121-128 [69]

Conclusion

The mechanical porous colloidal networks were investigated using force-sensitive
measurements. However, the method of choice depends on the porosity and hardness
of the network and the question to be addressed. Atomic force microscopy reveals
information on the break-off force of a single particle. The colloidal probe technique
provides intrinsic material properties like the effective elastic modulus. If the case of
soot templated networks, the thickness of the shell and sintering temperatures allow
to tune the effective elasticity and hardness of the network in a wide range. In contrast
to smooth surfaces, for fluorinated soot-templated layer the roughness gives rise to
an adhesion force which depends on the load.

Furthermore, we reported on recent developments in the experimental study of
fine granular powder. We emphasized the possibilities arising from single particle
tracking in series of 3D images of granular systems under mechanical deformation.
Exemplarily, the insights coming from the detection of the rotation (additional to the
translation) of the particles is shown. For wet granular systems the force due to the
capillary bridges induces strong binding in the particles and changes drastically the
motion of the particles. In a detailed comparison between experiments and simula-
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tions, it is possible to estimate material parameters that are hard to measure. To judge
the possibilities of this combination of methods more work has to be invested.
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Introduction

Many products of the chemical, food, and pharmaceutical industry, e.g. tablets, bri-
quettes, catalysts, adsorbents, fertilizers etc., are often produced as granules, which
consist of fine particles. In comparison to powders, the obvious advantages of gran-
ules are higher packing density, better flow behaviour as well as less dust formation.
Desirable properties such as a narrow particle size distribution, porosity, internal sur-
faces, regular shape and chemical composition can be achieved. Some problems in
handling, like segregation or long-time consolidation of the bulk materials in bunkers
and transport containers can also be avoided due to granulation [1].

During the processing, handling and transportation the agglomerates are sub-
jected to mechanical stressin