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Preface

Preface

The present dissertation is based on three peer-reviewed articles published in scientific journals and
one additional chapter, written in the form of a paper to be submitted. They compose in a multi-
scale research of porous polymeric composite materials made from capillary suspensions, which was
investigated at the Karlsruhe Institute of Technology (KIT), Institute of Mechanical Process Engineer-
ing and Mechanics in the group of Applied Mechanics between June 2015 and December 2018.

After a general introduction into the state of the art in capillary suspensions and their applications
fields, this dissertation comprises the following adapted publications:

1. Structure of capillary suspensions and their versatile applications in the creation of smart
materials (MRS Communications, 8(2): 332-342 (2018))

2. Radical polymerization of capillary bridges between micron-sized particles in liquid bulk
phase as a low-temperature route to produce porous solid materials (Colloid & Polymer Sci-
ence, 10: 1773-1785 (2017))

3. Lightweight porous glass composite materials based on capillary suspensions (MDPI Materi-
als, 12, 619: 1-14 (2019))

The thesis concludes with a summary and an outlook as well as a bibliography.
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Porous materials are used in a wide field of applications, such as separation and filtering techniques,
as well as thermal insulation materials and catalytic materials, depending on their pore size. These
porous materials are additionally classified by their porosity, the ratio of the void volume to the total
volume of a material. The structure of the material is also important, since it influences the mechani-
cal properties in addition to the porosity. Porous materials can be found in natural materials, e.g.
rocks or wood, or they can be produced using different artificial techniques, like foaming sacrificial
templating or via particle networks. These particle network routes can be realized through some
well-known states and classes, like the granular media, spherical agglomeration, Pickering emulsions
and dispersions that can be created by varying the amount of the solid phase and the two liquid
phases, a material class called capillary suspensions.

Capillary suspensions are three-phase systems, containing a dispersion of micron-sized solid particles
in a bulk liquid and a fractional amount of second immiscible liquid phase, which modifies the rheo-
logical properties of the suspension. The changes can be identified by, e.g., a strong increase of the
yield stress, which is caused by a transition from fluid-like to gel-like behavior due to structure for-
mation within the suspension. In recent years, many different application fields for capillary suspen-
sions, like in food technology, slurries for battery electrodes or printable electronics, crack-free films,
bio-slurries for renewable energy processes and dense as well as cellular ceramics have been ex-
plored and investigated. These capillary suspensions were classified by Koos and Willenbacher (2011)
in two general forms: the capillary state, where the three-phase-contact angle 05 g, which the sec-
ondary phase (S) forms between the particles when surrounded by the bulk fluid (B), is higher than
90°; and the pendular state with a three-phase contact angle lower than 90°. This small amount of
secondary liquid phase is distributed as capillary bridges between the micron-sized particles, leading
to a particle network stabilized via capillary attraction. This percolating network of particles and ca-
pillary bridges was directly visualized using confocal microscopy by Bossler and Koos (2016). Both the
pendular and capillary states lead to a sample-spanning network, but with significant differences in
the overall structure. The pendular state is characterized by individual capillary bridges between the
particles (binary interactions), while the capillary state often appears in multibody particle clusters.
The structure of these networks can be used to define porosity, pore size and pore structure in a
resulting solidified porous material, which has been realized via sintering techniques. While there are
advantages in the physical and mechanical properties of these products over traditional bulk manu-
facturing, the high sintering temperatures and long processing time over preparation, debinding and
sintering are clear drawbacks. Therefore, a simpler and more energy efficient processing route
should be explored. One possible route is the solidification of capillary bridges in the molded suspen-
sion.

The direct bonding of particles via polymeric bridges using the capillary suspension processing route
is described in this thesis, where | focus on macroporous materials that are made from glass and
polymers. The aim of this work is to create a porous, multifunctional, lightweight and strong material
for different application fields, e.g. filtering or insulation materials, in an environmentally friendly
manner using cost-effective, simple materials and straightforward methods. Therefore, low density
hollow glass spheres and polymeric bridge materials, like methyl methacrylate, hydroxyl-ethyl meth-
acrylate or epoxy, were used to realize highly porous, lightweight and sufficiently strong bodies. The
following questions are investigated and discussed in this thesis:
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» Can a bulk-immiscible monomer or cross-linking liquid be placed between microspheres to
create a capillary suspension?

» Can a monomer be polymerized directly within the capillary bridges and what influence do
the process parameters have on the molecular weight of the polymeric bridges?

» Can the capillary force between two spheres be directly measured along with the breaking
force of a solidified bridge?

» Can potential commercially applicable materials be produced by using local bonding of mi-
cron-sized particles?

The requirements for an appropriate material are:

» Micron-sized particles with non-reactive surface properties
» A secondary liquid that is able to polymerize or crosslink without contact to air

> A bulk fluid that is insoluble with the bridging fluid and non-reactive to the particles. Fur-
thermore, the bulk fluid must provide a sufficient droplet break up with the second liquid to
realize enough small droplets between the particles to form a sample-spanning network.

The thesis starts in chapter 2 with an introduction to the method of using capillary suspensions as
precursors for local bonding of particles, giving an overview of research and applications in this field
to demonstrate their versatility. This summary of the state of the art is provided by the first publica-
tion “Structure of capillary suspensions and their versatile applications in the creation of smart mate-
rials”, where a review of similar research is presented. Starting from the investigative work on capil-
lary suspensions from Bossler (2018), the focus in this publication was on the different methods to
bond particles. The work of Das et al. (2017), using hydrogels as the bridging phase, and the PDMS-
like samples of Roh et al. (2017) are described. Furthermore, various control and tuning parameters
are demonstrated.

Chapter 3 concentrates on capillary suspensions with polymerized bridges with a focus on the na-
noscale chemical properties. A proof of concept for direct polymerization within the capillary bridges,
where a simple method for direct polymerization in the bridges, at temperatures below 100 °C and
requiring less time and effort than existing methods, is presented. The first model system with the
aforementioned requirements was realized in this second publication “Radical polymerization of
capillary bridges between micron-sized particles in liquid bulk phase as a low-temperature route to
produce porous solid materials”. Here, micron-sized glass hollow spheres are used in a suspension
with water and a small amount of methyl methacrylate, which is radically polymerized with benzoyl
peroxide under thermal treatment. In this paper, | investigated the chemistry, including the chemical
composition and molecular weight distribution of poly(methyl methacrylate) (PMMA) capillary bridg-
es between glass particles to demonstrate how the bridge structure and the resulting porous body
properties can be tuned. It is possible to place the monomer between the particles via the capillary
suspension preparation method and to polymerize it in situ. This is possible under 100 °C and with a
polymerization time of less than 5 h. The chemical composition of the polymerized bridging phase
and the molecular weight distribution are influenced by the amount of monomer, the concentration
of the initiator as well as the experimental conditions namely the polymerization temperature and
time. An unexpected phenomenon is the almost 3x higher molecular weight of the bridge polymer
compared to the bulk polymer, which is explained by the more efficient heat transfer and the large
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surface-to-volume-ratio of the small monomer bridges surrounded by glass and bulk fluid. Addition-
ally, another model is presented with glass particles in paraffin oil with hydroxyethyl methacrylate
and the application of other particles, like graphite, using this material system and processing route.
This shows the versatility of the idea of placing and polymerizing a monomer droplet between parti-
cles to create a sample-spanning particle network which results in a porous material.

In chapter 4, an advanced AFM set-up, which enables the micromechanical properties of the capillary
bridges to be investigated, is presented. The advanced setup combines an atomic force microscope
(AFM) with an additional camera, written in the form of a scientific paper for further investigation
and better understanding of the inter-particulate forces that the bridging phase creates between the
particles. With this arrangement, it is possible to transfer picoliters of a bridging fluid between two
micron-sized spheres to determine the capillary forces of the unpolymerized bridges where every
step has simultaneously visual observation of the bridge. Special features of this system are shown to
be the direct observation of the behavior of capillary bridges while ramping as well as the easy calcu-
lation of the wetting contact angle between the liquid bridge and the spherical shaped particles from
the capillary force data. A further remarkable improvement is the comparison of the theoretically
calculated and experimentally determined Hamaker constant via force-distance measurements be-
tween micron-sized glass particles in air and in glycerol. Additionally, an example force-time experi-
ment is shown for the breaking of a crosslinked expoy bridge between two microparticles.

Chapter 5 discusses the macroscale properties of materials made from capillary suspensions with
cross-linked bridges between glass hollow spheres having different surface properties. In the paper
“Lightweight porous glass composite materials based on capillary suspensions”, an advanced method
using capillary suspensions to create self-organized porous bodies with open porosities of up to 67%
at an apparent density of only 200 kg/m> and a compressive strength of 0.6 MPa is presented. These
samples are made of micron-sized hollow glass spheres that are locally connected by two-component
epoxy bridges. The cross-linking in glycerol provides the preservation of the network structure from
liquid into the solid state. The density of the glass-epoxy materials approach that of balsa wood and
are comparable to common insulation materials, like foamed poly(styrene), but they have superior
resistance against chemicals, solvents, or thermal exposure, in addition to the easy surface modifica-
tion. Furthermore, the process route is very simple, low cost, consumes little energy, and is environ-
mentally friendly. Using hydrophilic and hydrophobically modified glass hollow spheres, two different
particle networks with different physical properties could be created. The tuning vehicle was the
contact angle, which determines the bridge shape between the particles as well as the resulting net-
work.

Finally, chapter 6 summarizes the publications and their main results. This chapter also provides an
outlook for other possible applications and future work. The benefits of porous materials made of
interconnected particle networks are evident in a broad field of applications, like materials for heat-
exchange-interphases, flexible and conductive membranes for electronics, and a variety of filtering
techniques. The processing route of creating porous bodies via capillary suspensions has various vari-
ables that can be tuned to influence the properties of the final product, which begins with choosing
the appropriate raw materials. The application is defined by the material properties of the particles
and the adhering phase. The particles, the secondary phase (adhering material), and appropriate bulk
phase are chosen for appropriate handling and the desired rheological behavior for processing the
paste. Examples include glass particles, heat exchange particles, graphite particles and stiff or flexible
polymers, like epoxy glues or elastomers. The physical properties, like porosity, pore size and, conse-
guently, the mechanical strength, can be controlled by microstructure in the paste, which is deter-
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mined by the amount of particles, the particle size, as well as the class and amount of the secondary
bridging phase. Capillary suspensions with polymeric bridges, where the chemical and physical char-
acteristics can be tuned, provide an elegant method to produce customer-oriented materials. In ad-
dition to the filtering techniques presented in this work, the method is potentially applicable to other
product segments like medical tissue engineering, food industries or pharmaceuticals. In each sector
where a paste or a particulate network scaffold is needed, capillary suspensions with polymeric
bridges could be used. These manifold application fields show the great ability of the capillary sus-
pensions with polymeric bridges for the broad area of life science techniques.

Vi
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Zusammenfassung

Porése Materialien werden in einem breiten Anwendungsbereich eingesetzt, wie in der Trenn- und
Filtertechnik, sowie als Warmedammstoff oder katalytische Materialien je nach ihrer PorengréRe.
Diese pordsen Materialien werden nach ihrer Porositat, d.h. dem Verhaltnis des Hohlraumvolumens
zum Gesamtvolumen des Materials, klassifiziert. Neben der PorengroRe ist aulRerdem die Struktur
des Materials ausschlaggebend, da diese die Porositdt und die mechanischen Eigenschaften beein-
flusst. Porose Materialien kénnen in der Natur auftreten, z. B. Gestein oder Holz, oder sie kbnnen mit
verschiedenen Techniken wie Schaumen, Sacrificial Templating oder (iber Partikelnetzwerke herge-
stellt werden. Solche partikularen Netzwerke werden wiederum in verschiedene Materialklassen
eingeteilt, wie granulare Medien, spharische Agglomerate, Pickering-Emulsionen und Dispersionen.
Durch Variieren der Menge der festen Phase und zweier flissiger Phasen in einer Dispersion, kann
eine weitere Materialklasse realisiert werden, die sogenannten Kapillarsuspensionen.

Kapillarsuspensionen sind Dreiphasensysteme, die aus einer Dispersion von Feststoffpartikeln in Mik-
rometergroRe in einer Hauptflissigkeit, sowie einer geringen Menge einer zugefligten zweiten nicht
mischbaren fllssigen Phase bestehen. Durch das Verhaltnis von Partikelanteil, Hauptphase und
Zweitphase koénnen die rheologischen Eigenschaften einer solchen Suspension modifiziert werden.
Anderungen kénnen zum Beispiel durch eine deutliche Erhdhung der FlieRgrenze identifiziert wer-
den, was durch einen Ubergang von fliissigkeitsdhnlichem zu gelartigem Verhalten aufgrund von
Strukturbildung in der Suspension verursacht wird. In den letzten Jahren wurden viele verschiedene
Anwendungsgebiete fiir Kapillarsuspensionen erforscht und untersucht, wie z. B. in der Lebensmittel-
technologie, als Pasten fiir Batterieelektroden oder druckbare Elektronik, rissfreie Filme, Bioslurries
flr erneuerbare Energieprozesse und sowohl dichte als auch zelluldre Keramik.

Diese Kapillarsuspensionen wurden von Koos und Willenbacher (2011) in zwei allgemeine Erschei-
nungsformen eingeteilt: Der capillary state, in dem der Dreiphasenkontaktwinkel 6 g gréRer als 90°
ist, welchen die Zweitphase (S) auf der Partikeloberflache ausbildet, wahrend sie von der Hauptflis-
sigkeit (B) umgeben ist; und der pendular state mit einem Dreiphasenkontaktwinkel von weniger als
90°. Der geringe Anteil der Zweitphase wird in Form von Kapillarbriicken zwischen den mikrometer-
groRRen Partikeln verteilt, was in einem durch Kapillaranziehung stabilisierten Partikelnetzwerk resul-
tiert. Dieses perkolierende Netzwerk aus Partikeln und Kapillarbriicken wurde mittels konfokaler
Mikroskopie von Bossler und Koos (2016) visualisiert. Sowohl der pedular als auch der capillary state
fihren zu einem probendurchspannenden Netzwerk, jedoch mit deutlichen Unterschieden in der
Mikrostruktur. Der pendular state ist durch einzelne Kapillarbriicken zwischen den Partikeln (binadre
Wechselwirkungen) gekennzeichnet, wahrend der capillary state sich haufig durch Mehrkorperparti-
kelcluster auszeichnet. Die Struktur solcher Netzwerke kann genutzt werden, um Porositat, Poren-
groRe und Porenstruktur in einem resultierenden verfestigten porésen Material zu steuern, was
durch Sintertechniken realisiert werden kann. Wahrend die physikalischen und mechanischen Eigen-
schaften dieser Produkte gegeniiber solchen aus herkdmmlicher Massenfertigung Vorteile bieten,
sind hohe Sintertemperaturen und eine lange Verarbeitungszeit gegeniiber der Vorbereitung, dem
Entbindern und dem Sintern eindeutige Nachteile. Daher sollte eine einfachere und energieeffizien-
tere Verarbeitungsroute untersucht werden. Ein moglicher Weg ist die Verfestigung von Kapillarbri-
cken in der produzierten Suspension.

In dieser Dissertationsschrift wird die direkte Verbindung von Partikeln iber Polymerbriicken unter
Verwendung von Kapillarsuspension beschrieben. Der Fokus hierbei liegt auf makroporésen Materia-
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lien, die aus Glas und Polymeren hergestellt werden. Das Ziel dieser Arbeit war es, ein poroses, multi-
funktionales, leichtes und festes Material fiir verschiedene Anwendungsbereiche, wie beispielsweise
fiir Filter- oder Isoliermaterialien, auf umweltfreundliche Weise zu kreieren unter Verwendung kos-
tenglinstiger, einfacher Materialien und unkomplizierter Methoden. Daher wurden hohle Glasparti-
kel mit niedriger Dichte und polymere Briickenmaterialien wie Methylmethacrylat, Hydroxylethylme-
thacrylat oder Epoxidharz verwendet, um hochporose, leichte und ausreichend starke Kérper zu rea-
lisieren. In dieser Arbeit und den jeweiligen Publikationen werden folgende Fragen untersucht und
diskutiert:

» Kann ein mit der Hauptflissigkeit nicht mischbares Monomer oder eine vernetzbare Flissig-
keit zwischen Mikropartikeln platziert werden, um eine Kapillarsuspension zu erhalten?

» Kann ein Monomer direkt in den Kapillarbriicken polymerisiert werden und welchen Einfluss
haben die Prozessparameter auf das Molekulargewicht der Polymerbriicken?

» Kann die Kapillarkraft zwischen zwei Partikeln, zusammen mit der Bruchkraft einer verfestig-
ten Briicke, direkt gemessen werden?

» Konnen potenziell kommerziell anwendbare Materialien durch lokales Verbinden von Mikro-
partikeln hergestellt werden?

Die Anforderungen an ein geeignetes Material sind:
> Partikel im Mikrometerbereich mit nicht reaktiven Oberflacheneigenschaften.
> Eine Zweitflussigkeit, die ohne Kontakt zur Luft polymerisieren oder vernetzen kann.

> Eine Hauptflussigkeit, welche unloslich mit der Zweitflissigkeit und gegenuber den Partikeln
nicht reaktiv ist. Diese muss des Weiteren einen ausreichenden Tropfenaufbruch der zweiten
Flissigkeit ermoglichen, um geeignete kleine Tropfchen zwischen den Partikeln zu erzeugen,
welche ein probendurchspannendes Netzwerk bilden.

Die Dissertationsschrift beginnt in Kapitel 2 mit einer Einfiihrung in die Methode der Verwendung
von Kapillarsuspensionen als Prakursor fiir die lokale Bindung von Partikeln. Das Kapitel gibt einen
Uberblick tiber die Forschung und Anwendungen in diesem Bereich, um die Vielseitigkeit der Metho-
de zu demonstrieren. Die Zusammenfassung des Standes der Technik erfolgt in der ersten Veroffent-
lichung "Structure of capillary suspensions and their versatile applications in the creation of smart
materials ", in der eine Ubersicht {iber verwandte Forschungsergebnisse prisentiert wird. Ausgehend
von den Untersuchungen von Bossler (2018) zu Kapillarsuspensionen, lag der Fokus in dieser Verof-
fentlichung auf den verschiedenen Methoden zur Verbindung von Partikeln. Die Arbeit von Das et al.
(2017), in der Hydrogele als Sekundarphase verwendet werden, und die PDMS-Proben von Roh et al.
(2017) werden beschrieben. Darliber hinaus werden verschiedene Steuerungs- und Abstimmungspa-
rameter demonstriert.

Kapitel 3 konzentriert sich auf Kapillarsuspensionen mit polymerisierten Briicken mit einem Fokus
auf die nanoskaligen chemischen Eigenschaften. Eine Machbarkeitsstudie fiir die direkte Polymerisa-
tion in den Kapillarbriicken wurde durchgefiihrt, bei der eine einfache Methode fiir die direkte Poly-
merisation in den Briicken bei Temperaturen unter 100 °C vorgestellt wird, die weniger Zeit und
Aufwand als die bisherigen Methoden erfordert. Das erste Modellsystem mit den oben genannten
Anforderungen wurde in dieser zweiten Veroffentlichung "Radical polymerization of capillary bridges
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between micron-sized particles in liquid bulk phase as a low-temperature route to produce porous
solid materials" realisiert. Hier werden hohle mikrometergrofRe Glaspartikel in einer Suspension un-
ter Zugabe von Wasser und einer geringen Menge Methylmethacrylat eingesetzt, welches unter
thermischer Behandlung mit Benzoylperoxid radikalisch polymerisiert wird. Hauf et al. (2017) unter-
suchen die chemischen Eigenschaften, einschlieBlich der chemischen Zusammensetzung und der
Molekulargewichtsverteilung von Kapillarbriicken aus Poly(methylmethacrylat) (PMMA) zwischen
den Glaspartikeln, um zu zeigen, wie die Briickenstruktur und die resultierenden Eigenschaften des
pordsen Korpers eingestellt werden kdnnen. Es wird gezeigt, dass es moglich ist, das Monomer durch
das Kapillarsuspensionsherstellungsverfahren zwischen den Partikeln anzuordnen und es dort in situ
zu polymerisieren. Dies ist unter 100 °C und in einer vergleichsweise kurzen Zeit von weniger als 5
Stunden moglich. Die chemische Zusammensetzung der polymerisierten Briickenphase und die Mo-
lekulargewichtsverteilung werden durch die Monomermenge, die Konzentration des Initiators sowie
die experimentellen Bedingungen, wie der Polymerisationstemperatur und -zeit, beeinflusst. Ein un-
erwartetes Phanomen ist das Auftreten eines fast dreimal hoheren Molekulargewichts des Briicken-
polymers im Vergleich zum Massepolymer, was durch die effizientere Warmeibertragung und das
grolRe Verhaltnis von Oberflache zu Volumen der kleinen Monomerbriicken, die von Glas und Haupt-
flissigkeit umgeben sind, erklart wird. Darlber hinaus wird ein weiteres Modell mit Glaspartikeln in
Paraffindl mit Zugabe von Hydroxyethylmethacrylat und der Verwendung anderer Partikel wie Gra-
phit unter Verwendung dieses Materialsystems und dieser Verarbeitungsroute vorgestellt. Dies zeigt
die Vielseitigkeit der Idee, Monomertropfchen zwischen Partikeln zu platzieren und zu polymerisie-
ren, um ein probenumspannendes partikulares Netzwerk zu schaffen, welches nach Abzug der
Hauptphase in einem pordsen Material resultiert.

In Kapitel 4 wird ein erweitertes AFM-Setup vorgestellt, mit dem die mikromechanischen Eigenschaf-
ten von Kapillarbriicken untersucht werden kénnen. Das erweiterte Setup kombiniert ein Atomras-
terkraftmikroskop (AFM) mit einer zusatzlichen Kamera, wie in dem in Form einer Veroffentlichung
verfassten Kapitel beschrieben wird. Dieses Setup dient zur weiteren Untersuchung und zum besse-
ren Verstandnis der interpartikularen Krafte, die durch die Zweitphase zwischen zwei mikrometer-
groRen Partikeln auftreten. Mit dieser Anordnung ist es moglich, Pikoliter eines Briickenfluids zwi-
schen zwei Partikel einzubringen, um die Kapillarkrafte der nicht polymerisierten Briicken zu be-
stimmen, wobei eine visuelle Beobachtung der Briicke in situ erfolgt. Besondere Merkmale dieses
Systems sind die direkte Beobachtung des Verhaltens von Kapillarbriicken wahrend des Auf- und
Abbaus der Kapillarbriicke, sowie die einfache Berechnung des Benetzungskontaktwinkels zwischen
der Flissigkeitsbriicke und den kugelférmigen Partikeln aus den Kapillarkraftdaten. Eine weitere be-
merkenswerte Verbesserung ist der Vergleich der theoretisch berechneten und experimentell ermit-
telten Hamaker-Konstante durch Kraft-Abstands-Messungen zwischen mikrometergrofRen Glasparti-
keln in Luft und in Glycerin. Zusétzlich wird ein exemplarisches Experiment zum Bruchverhalten einer
vernetzten Epoxy-Briicke zwischen zwei Mikropartikeln vorgestellt.

In Kapitel 5 werden die makroskaligen Eigenschaften von Materialien behandelt, die aus Kapillarsus-
pensionen mit vernetzten Briicken zwischen hohlen Glaspartikeln mit unterschiedlichen Oberfla-
cheneigenschaften hergestellt werden. In der Veroffentlichung "Lightweight porous glass composite
materials based on capillary suspensions" handelt es sich um ein fortgeschrittenes Verfahren, bei
dem Kapillarsuspensionen verwendet werden, um selbstorganisierte porése Korper mit offenen Po-
rositaten von bis zu 67% bei einer scheinbaren Dichte von nur 200 kg/m3, sowie einer Druckfestigkeit
von 0,6 MPa zu erzeugen. Diese Proben bestehen aus hohlen mikrometergroRen Glaspartikeln, die
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lokal durch Zweikomponenten-Epoxybriicken verbunden sind. Die Vernetzung in Glycerin sorgt fir
die Erhaltung der Netzwerkstruktur vom nassen in den festen Zustand. Die Dichte der Glas-Epoxid-
Materialien reicht an die Dichte von Balsaholz heran und ist vergleichbar mit gangigen Isolationsma-
terialien, wie geschdumtem Poly(styrol). Sie weisen jedoch, neben der einfachen Oberflaichenmodifi-
zierung, eine Bestdndigkeit gegen Chemikalien, Losungsmittel oder thermischer Belastung auf. Dar-
Uber hinaus ist der Prozessweg sehr einfach, kostengiinstig, verbraucht wenig Energie und ist um-
weltfreundlich. Mit hydrophilen und hydrophob modifizierten hohlen Glaspartikeln konnten zwei
unterschiedliche Partikelnetzwerke mit verschiedenen physikalischen Eigenschaften erzeugt werden.
Der variable Parameter war der Kontaktwinkel, der die Briickenform zwischen den Partikeln sowie
das resultierende Netzwerk bestimmt.

In Kapitel 6 werden schlielllich die Veroffentlichungen und ihre wichtigsten Forschungsthemen zu-
sammengefasst. Dieses Kapitel bietet des Weiteren einen Ausblick auf andere mogliche Anwendun-
gen und zukilnftige Arbeiten. Die Vorteile von porésen Materialien, die aus miteinander verbunde-
nen Partikelnetzwerken bestehen, ermdglichen einen breiten Anwendungsbereich, wie z. B. als Ma-
terialien fir Warmeaustauschinterphasen, flexiblen und leitfahigen Membranen fir die Elektronik,
sowie fir eine Vielzahl von Filtertechniken. Der Verarbeitungsweg der Erzeugung pordser Korper
Gber Kapillarsuspensionen weist verschiedene Parameter auf, die variiert werden kdnnen, um die
Eigenschaften des Endprodukts zu beeinflussen, was mit der Auswahl der geeigneten Rohstoffe be-
ginnt. Die Materialeigenschaften der Partikel und das Briickenmaterial bestimmen die Anwendung.
Die Partikel, die Zweitphase (haftendes Briickenmaterial) und eine geeignete HauptflUssigkeit wer-
den fir eine angemessene Handhabung und das gewiinschte rheologische Verhalten zur Verarbei-
tung der Paste ausgewahlt. Beispiele umfassen Glaspartikel, Warmeaustauschpartikel, Graphitparti-
kel und steife oder flexible Polymere wie Epoxidharze oder Elastomere. Die physikalischen Eigen-
schaften, wie Porositdt, PorengrofRe und folglich die mechanische Festigkeit konnen durch die Mikro-
struktur in der Paste gesteuert werden, die durch die Menge der Partikel, die PartikelgrofRe, sowie
die Klasse und die Menge der Zweitphase bestimmt werden. Kapillarsuspensionen mit Polymerbri-
cken, bei denen die chemischen und physikalischen Eigenschaften eingestellt werden kénnen, bieten
eine elegante Methode zur Herstellung von kundenorientierten und mafligeschneiderten Materialien.
Neben den in dieser Arbeit vorgestellten Filtertechniken, ist das Verfahren moglicherweise auch auf
andere Produktsegmente anwendbar, z. B. fir medizinisches Tissue Engineering, in der Lebensmittel-
industrie oder in Pharmazeutika. In jedem Sektor, in dem eine Paste oder ein Partikelnetzwerk beno-
tigt wird, konnten Kapillarsuspensionen mit Polymerbriicken verwendet werden. Diese vielfaltigen
Anwendungsgebiete demonstrieren die herausragende Eignung der Kapillarsuspensionen mit Poly-
merbriicken fir den breiten Bereich der Life-Science-Techniken.
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Ay Hamaker constant [J]

CBPO BPO concentration [mg/mlyma or Hemal
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P dispersity [-]
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F. capillary force [uN]

Foaw van der Waals force [uN]

G’ shear storage modulus [Pa]
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h separation distance between two spheres (edge to edge) [um]
[1] initiator concentration [mg/ml]

kg polymerization rate [1/s]

m slope [-]

My molecular weight [g/mol]

P pressure [Pa]

Pn degree of polymerization [-]

R radius of particle [um]

Rg radius of gyration [um]

T temperature [°C or K]

ti/2 initiator half-life [s]

Vbridge volume of capillary bridge [um?]
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0 contact angle [°]
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Introduction and motivation

1. Introduction and motivation

The aim of this work is to create a porous, multifunctional, lightweight and strong material for differ-
ent application fields, like e.g. filtering or insulation materials, in an environmental friendly manner
using cost-effective, simple materials and straightforward methods. Porous materials are established
in a wide field of applications depending on their pore size class, such as separation and filtering
techniques, as well as thermal insulation materials or catalytic materials [1]. The pore size is catego-
rized as having a micro- (< 2 nm), meso- (50 nm — 2 nm) and macro- (> 50 nm) porous structures [2].
Porosity is defined as the ratio of the void volume to the total volume of a material. It is either natu-
rally formed, e.g. rocks [3] or wood [4], or it can be realized using different artificial techniques, like
foaming [5], sacrificial templating [6,7] or via particle networks. These particle network materials
comprise a broad field of agglomeration, crystallization and sintering techniques. One special case is
the direct bonding of particles via polymeric bridges using the capillary suspension processing route
described herein [8].

Capillary suspensions certainly share some similarities with granular media, which consists of particle
network bonded though capillary bridges surrounded by air. These particles are typically larger, in
the millimeter range, than the microparticles used for capillary suspensions. Furthermore, owing to
the change in the E6tvos (Bond) number from Eo ~ 0.01 to 0.1 for wet granular media versus Eo ~ 10°
® to 10 for capillary suspensions [9], the particle loading in granular media is higher, usually close to
random close packing. Extensive work on granular media was completed by Rumpf et al. and Schu-
bert [10,11] regarding the adhesion forces, capillary pressure and contact angle of liquid bridges be-
tween spherical particles. Additionally, Helmar Schubert [11] investigated the tensile strength of wet
particle beds. Even with the differences in bulk liquid and particle loading, the mean coordination
number appears to match the prediction made by from Pietsch and Rumpf [10] appears to match the
behavior of capillary suspensions (see Bossler [12], figure 6.27). The physical properties of granular
media do not perfectly match capillary suspensions, nevertheless, previous research on granular
media can provide valuable insight into the capillary suspensions.

Capillary suspensions are three-phase systems, which contain a dispersion of solid particles in a bulk
liquid and a fractional amount of second immiscible liquid phase [13]. These capillary suspensions are
observed in two general forms: The capillary state, where the three-phase-contact angle 85, that
the secondary fluid S makes against the solid when surrounded by the bulk fluid B, is higher than 90°
and the pendular state with a three-phase contact angle of lower than 90°. A further state is the fu-
nicular, which is an aggregated state at higher secondary fluid content that resembles the capillary
state despite a contact angle less than 90°. There are some more well-known states and classes, like
the granular media (e.g. sand castles), spherical agglomeration, Pickering emulsions and dispersions
that can also be created by varying the amount of the solid phase and the two liquid phases. The
properties of capillary suspensions were characterized extensively by Bossler et al. in their research
[9,14,15]. It is important to mention that the limit of complete insolubility is physically impossible. In
this thesis, we describe immiscible liquids as liquids with very low solubility (e.g. 1.5 g/100 ml for
methyl methacrylate in water). The solubility in this case has no influence on the wetting angle,
which characterizes the particle network, nor on the polymerization properties in the capillary bridg-
es.
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In recent years, many different applications fields for capillary suspensions, like in food technology
[16], slurries for battery electrodes or printable electronics [17,18], crack-free films [19], bio-slurries
for renewable energy processes [20] and dense [21-23] as well as cellular ceramics [24] have been
explored. The choice of the materials used in this thesis and its corresponding publications [8,25,26]
distinguishes this work and possible applications from other studies. In this work, low density hollow
glass spheres and polymeric bridge materials, like methyl methacrylate, hydroxyl-ethyl methacrylate
or epoxy, were used to realize highly porous, lightweight and sufficiently strong bodies. The following
guestions are investigated and discussed in this thesis:

» Can an immiscible monomer or cross-linking liquid be placed between microspheres to cre-
ate a capillary suspension?

» Can the monomer be polymerized directly within the capillary bridges and what influence do
the process parameters have on the molecular weight of the polymeric bridges?

> Can the capillary force between two spheres be directly measured along with the breaking
force of a solidified bridge?

» Can potential commercially applicable materials be produced by using local bonding of mi-
cron-sized particles?

These central questions will serve as a guideline for the structure of this thesis and the respective
publications. The thesis starts in chapter 2 with an introduction to the method of using capillary sus-
pensions as precursors for local bonding of particles giving an overview of research and applications
in this field to demonstrate their versatility. Chapter 3 concentrates on capillary suspensions with
polymerized bridges, with a focus on the nanoscale chemical properties. In chapter 4, an advanced
AFM set-up, which enables the microproperties of the capillary bridges to be investigated, will be
presented. Chapter 5 includes the macroscale properties of the resulting material made from capil-
lary suspensions with cross-linked bridges between glass hollow spheres having different surface
properties. A schematic overview of the main contents of this thesis is presented in Figure 1.1. Final-
ly, chapter 6 summarizes the publications and their main research topics. Chapter 6 also provides an
outlook for other possible applications and future work.

State of the Art
Chapter 2
Nanoscale Microscale Macroscale

"H-NMR spectroscopy AFM of liquid bridges mgse::ggi::lts
Bemmar depo Fcapitary Oyield

Size exclusion Mechanical tests

chromatography AFM of solid bridges

Psamples Eopens Ttexural
vcompression

Fbreak

Chapter 3 Chapter 4 Chapter 5

Figure 1.1 Schematic structure of this thesis. The main publications in this dissertation are categorized into nano-, micro-,
and macroscale properties of the capillary suspensions with polymeric bridges.
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Abstract

In this paper, we reviewed recent research in the field of capillary suspensions and highlight a variety
of applications in the field of smart materials. Capillary suspensions are liquid—liquid—solid ternary
systems where only one liquid is present in a few percent and induces a strong, capillary-induced
particle network. These suspensions have a large potential for exploitation, particularly in the pro-
duction of porous materials since the paste itself and the properties of the final material can be
adapted. We also discussed the rheological properties of the suspension and network structure to
highlight the various ways these systems can be tuned.

2.1 Introduction

The field of capillary suspensions is fairly young but has already gained worldwide attention [13,27—
32]. This rapidly growing field has shown significant promise in easily creating adaptable pastes to
use in a large variety of applications, e.g., heat-stable and low-calorie chocolate spreads [16,33] bat-
tery slurries [17,18], highly conductive pastes for solar cells [19,34], stable slurries for biofuels [20],
and strong highly porous ceramics [21,23,35]. These different applications illustrate the manifold
applicability of capillary suspensions due to the easy way capillary suspensions can be adapted to
each desired product. It is important to understand the physical phenomenon of capillary forces to
understand how the suspensions can be tuned appropriately to create tailor-made materials. Differ-
ent particulate networks can be realized when creating capillary suspensions. These differences pri-
marily originate from the wettability of the secondary fluid against the particles, quantified using the
three-phase contact angle 6. In the first investigation by Koos and Willenbacher [13], two states were
defined. For 8 < 90°, the secondary fluid preferentially wets the particles and the system is arranged
in the pendular state. The particles are directly connected to each other through pendular bridges, a
sample-spanning network is formed. The particulate system is in the capillary state when the contact
angle 8 >90°. Here, clusters of particles surrounding secondary fluid droplets are formed [36]. A
sample-spanning network is formed in this system through the connections between these polytet-
rahedral or higher order clusters. These different network structures were first imaged by Bossler
and Koos [9], and are shown in Figure 2.1 together with a schematic illustration of the two states.
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Pendular state Capillary state
Y |

Figure 2.1 Schematic illustration and confocal images of capillary suspensions with silica spheres (dsg 3 = 6.40 # 0.02 um)
that are fluorescently dyed with rhodamine B isothyocyanate (shown in red). Their contact angle was chemically modified
before sample preparation. A mixture of Hexamoll DINCH and n-dodecane was used as a bulk phase, and fluorescently dyed
aqueous glycerol (yellow) was used as the secondary fluid. On the left side, the particulate network in the suspension is
arranged in the pendular state with a contact angle of 61° and the system on the right side is in the capillary state with 94°.
Images reprinted with permission from Bossler and Koos [9]. Copyright 2016 American Chemical Society.

They used a system containing fluorescently labeled silica microspheres (dsy = 6.4 mm) dispersed in
a mixture of Hexamoll DINCH and n-dodecane with fluorescently dyed aqueous glycerol as the sec-
ondary fluid [9]. Two different microstructures are visible depending on the surface treatment of the
particles, given by the three-phase contact angle 6. The drops in the pendular state have a narrow
volume distribution between 2% and 5% of the average particle volume. In the capillary state, the
drop sizes have a much wider distribution, ranging from the small, singly connected drops on the
particle surface to larger drops connecting many particles. In both cases, a clear sample-spanning
network is visible. Various types of structured materials can be created if the structure of this sam-
ple-spanning network is preserved.

2.2 New materials by solidification of capillary bridges

The first class of materials is created by preserving the capillary bridges connecting particles through
bridge solidification. This can be accomplished through gelation or crystallization of the bridging flu-
id, or by carrying out a chemical reaction, e.g., polymerization, within the fluid. The structure of these
materials should be closely related to the structure of the capillary suspension precursor. Using sys-
tems with a hydrogel bridging fluid, Das et al. recently showed that the properties of the capillary
suspensions could be reversibly controlled [37]. Aqueous solutions with hydrogel-forming polymers
(Methocel A4M and SeaPrep agarose) were used as the immiscible secondary phase binding together
pre-hydrophobized calcium carbonate particles in silicone oil, as shown in Figure 2.2. For both sec-
ondary phase compositions, they observed the reproducible reaction of the capillary suspension up-
on external thermal changes using rheological measurements. The gelation of the secondary fluid
bridges could be accomplished by either raising or lowering the sample temperature [37]. Samples
with aqueous Methocel A4M gelled at higher temperatures and an increase in the complex shear
modulus by several orders of magnitude was observed for the capillary suspension.
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Figure 2.2 (left) Scheme for capillary suspensions made of pre-hydrophobized calcium carbonate in silicone oil with a hydro-
gel-forming secondary phase. (right) Complex shear modulus as a function of sample temperature. Reprinted with permis-
sion from Das et al. [37]. Copyright 2017 American Chemical Society.

The reverse effect was observed using Sea Prep agarose, where the complex shear modulus decreas-
es with increasing temperature. In both cases, a hysteresis was observed at heating and cooling rates
of 1 °C/min or faster, but the effect was highly reproducible. These thermally responsive capillary
suspensions could potentially be used in personal care or home products. Domenech and Velankar
used a multiphase solution consisting of silica particles in a bulk polyisobutylene (PIB,
M,,~ 2200 g/mol) with small amounts of added polyethylene oxide (PEO, M,, ~ 20, 000 g/mol) [27].
The system was mixed at an elevated temperature of 80 °C, above the melting temperature of the
PEO, and then were rapidly cooled to 5 °C whereupon the bridges would crystallize. This system was
used to study the structure of the capillary bridges and morphologic changes with the addition of
increasing amounts of secondary fluid [27,38]. In several papers, Velankar and coworkers described
the various morphologic changes that were possible in this system and even described bicontinuous
structures when larger amounts of secondary fluid are added and the interface becomes jammed by
the particles [28,31,39-41]. Velankar and coworkers used this system primarily to investigate the
structure, removing the liquid PIB from the solidified structure produced solid bodies. Presumably,
this method can be used to design porous materials.

Hauf et al. proved that direct polymerization within the capillary bridges can be used to control the
physical and chemical properties of the bridges to create porous materials [8] This publication is fully
described in chapter 3. They primarily used two material systems made of micron-sized hollow glass
spheres with monomers as the secondary phases. One system was hydrophobic glass spheres dis-
persed in water and methyl methacrylate (MMA) as the bridging fluid, as shown in Figure 2.3(a). The
other system was made of hydrophilic glass hollow spheres in low-viscosity paraffin oil as bulk fluid
and hydroxyethylmethacrylate (HEMA) as secondary fluid, as shown in Figure 2.3(c). The capillary
bridges, which are shown in red, keep their shape after polymerization. The corresponding polymer-
ized porous bodies, without any remaining bulk fluid, are imaged using ESEM as shown in Figure
2.3(b) and in Figure 2.3(d), respectively. Hauf et al. determined that it is possible to polymerize the
capillary bridges in the wet state, at moderate temperatures below 100 °C, without losing volume
and by preserving the structure of the material [8]. Therefore, the volume and the shape of the capil-
lary/polymeric bridges can be controlled from the wet to the solid state. By varying the initiator con-
centration during the radical bulk polymerization process, it is possible to control the molecular
weight of the polymeric bridges and thus to tune the properties of the final material [8]. Porosities of
Eopen = 65% were reached for samples that are made of 40 vol% hydrophilic glass spheres with 6
vol% HEMA. These samples have a failure strength under four-point-bending of 0.1 MPa. For the
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other material system, made of 40 vol% hydrophobic glass spheres with 6 vol% MMA, the porosity
Was Eypen = 60% and the failure strength was 0.05 MPa. Hauf et al. also demonstrated that this pro-

cess can be used with other particles or other combinations of particles [8].

hollo/w'/

glass
spheres

capillary bridge
/ (HEMA)

\ hollow
glass

hollow sphere
glass

sphere

Paraffin oil

10 pm

Figure 2.3 (a) Confocal image slice for capillary suspensions made of 40 vol% hydrophobic hollow glass spheres in a glycer-
in/water mixture (61/39 wt%) with 6 vol% added MMA. The MMA is dyed (red), and the other components are undyed. (b)
Corresponding ESEM images of a fractured section of the porous body and the polymeric bridges. (c) Confocal image slice for
the 40 vol% hydrophilic hollow glass spheres in paraffin oil with 4 vol% added HEMA. The HEMA here is dyed (red), and the
other components are undyed. (d) Corresponding porous solid samples with visible poly(HEMA)-bridges, which interconnect
the particles. The samples were polymerized in the bulk fluid for 2.5 h at 82 °C, and the BPO content was 15 mg/mL [8]. The
samples in paraffin oil were washed in diethyl ether and soaked on paper towels after polymerization. Figure adapted from
Hauf et al. [8), reprinted with permission from Springer (Colloid and Polymer Science), copyright 2017.

Roh et al. have recently shown the application of capillary suspensions to form complex and flexible
structures by using the elastomeric polydimethylsiloxane (PDMS), which has important implications
for biomedical applications [42]. In this study, the capillary suspensions contained 50% (v/v) precured
PDMS microbeads dispersed in water and 10—40 vol% uncured liquid PDMS as the bridging fluid. The
suspensions had paste-like behavior and could be three-dimensional (3D) printed in several struc-
tures in air and under water. They were then heat-cured at 85 °C to crosslink the liquid silicone
bridges between the microbeads, which lead to solidified 3D shapes [42]. The rheological behavior of
these capillary suspensions showed an increase in yield stresses and storage moduli, but a reduction
as the amount of PDMS increased above 20 vol%. The cured 3D structures showed increasing tensile
strength flexibility with increasing amounts of the secondary phase, up to 0.9 MPa at a strain of 1.4
for samples with 30% secondary phase. Depending on the amount of secondary phase, the porosity
and the mechanical properties could be controlled, which is useful for creating self-supporting, highly
extensive and elastic bodies. These structures feature shape memory effects. An example was shown
by bringing a water droplet in contact with a printed mesh, the structure wraps around the droplet
and keeps it like a grid-like shell. The biocompatibility of the silicone-based pastes is advantageous
for 3D printed biomedical products, or in the field of tissue engineering such as direct printing of bio-
scaffolds [42].
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2.3 Precursor for sintered materials

A similar way to use capillary suspensions as precursors to create porous materials with beneficial
properties is to use them for producing highly porous and strong ceramic bodies with pore sizes
<10 um and porosities >50%. Dittmann et al. investigated a processing route for tailor-made
macroporous ceramics by sintering green bodies made of capillary suspensions following debinding
of the bulk phase [22]. Therefore, a particulate system with 15-20 vol% raw ceramic powder, made
of calcined a-Al,03, dispersed in paraffin oil and a water sucrose solution was used as a secondary
phase with a varying amount of 0—4 vol%. The water sucrose solution is important because the re-
moval of the bulk phase and water during the debinding process leads to a network collapse if a sta-
bilizing agent is not used. The sucrose crystalizes, and therefore, preserves the structure. Another
alternative is to use paraffin wax as the bulk fluid, which also creates a processable paste that is ideal
for extrusion and provides an adequate shape accuracy of the porous bodies. The capillary suspen-
sions showed an increase in yield stress with higher particle fractions and with increasing amount of
secondary phase over several decades up to 200 Pa. Dittmann and coworkers determined that with
the addition of only small fractions of the bridging fluid, from 0 to 1 vol%, the rheological behavior
changes dramatically. With more secondary phase, the yield stress reaches a plateau. The amount of
secondary fluid also affects the material properties of the sintered bodies. Increasing amounts of
secondary phase increase the porosity from 50% to almost 65%. This was also observed in the aver-
age pore size of the porous media. The pore sizes are larger for higher porosity samples, but their
distribution increases, which means a heterogeneous pore network [22]. Increasing particle fractions
naturally lead to a decrease in the porosity. These porous bodies are interesting for the rapid produc-
tion of porous ceramics that can be used as lightweight building materials or filter membranes and in
applications such as catalytic carriers. Further microstructural investigations of these macroporous
ceramic materials were completed by Dittmann and Willenbacher, with special attention to the in-
fluence of the induced structural properties on the mechanical performance, as shown in Figure 2.4
[35]. The structure of these materials can be controlled using the amount of the secondary phase
from the van der Waals particle network in regime | at 0.0 vol%, to a homogeneous flocculated and
sample-spanning pendular state particle network stabilized with capillary liquid bridges in regime Il at
2.5 vol%, and finally to strong aggregation and inhomogeneous structure formation due to spherical
agglomeration in regime Ill at 8.0 vol% secondary phase. These changes are also apparent in the rhe-
ological behavior of the corresponding capillary suspensions. The sample-spanning particle network
stabilized by capillary liquid bridges in regime Il (pendular state) leads to an open, porous structure.
This transitions to a body with a strong increase in porosity and the formation of a bimodal pore size
distribution with higher average pore size upon increasing amounts of liquid (funicular state). Further
increases of the bridging fluid induce the formation of large aggregates (regime Ill, agglomeration).
The body has a similar porosity, but a broad multimodal pore size distribution and an increase of the
average pore size were observed due to coarsening of the microstructure. This also affects the me-
chanical properties of sintered bodies. For regimes | and Il, the mechanical strength depends only on
porosity, not on pore size. With increasing porosity, the mechanical strength decreases [35]. These
properties of capillary suspensions as precursors can also be used to produce highly porous glass
filters with porosities over 50% at average pore sizes between 1 and 50 um and high gas permeabil-
ity, as Maurath et al. showed in their study [43].
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Figure 2.4 Model for capillary suspensions in the pendular state and corresponding SEM images of the fractured and pol-
ished surfaces of sintered parts. The images show the particle network in regime | with 0.0 vol% sucrose solution, 2.5 vol% in
regime Il (pendular state), and 8.0 vol% in regime Il (spherical agglomeration). The suspensions have a solid loading of
20 vol% a-Al,03 in paraffin oil and the ceramics were sintered at 1650 °C for 2 h. Figure from Dittmann and Willenbacher
[35], reprinted with permission. Copyright 2014 John Wiley & Sons, Inc.

An extended field is the 3D printing of capillary suspensions, which was investigated by Maurath and
Willenbacher for highly open porous, hierarchically structured ceramics [24]. They produced cellular
and honeycomb bodies with porosities up to 88% and an open-porous struts with porosities between
45% and 60% and pore sizes smaller than 6 um using capillary suspensions. The materials have a high
specific compressive strength. They found that the density could be decreased by 2—3 times without
any decrease of the mechanical strength. The manufacturing of 3D honeycomb structures showed
anisotropic behavior under compression depending on if the applied force was perpendicular to or
in-line with the cell orientation. The largest advantage in 3D printing is the hierarchical structure of
the samples, whose shrinkage can be appropriately controlled by adapting the sintering temperature.
The 3D printing offers different parameters for the body shape, structure, and the printed pore sizes,
as well as the paste properties, which determine the smaller pore sizes. Tailor-made products can,
therefore, be realized for specific applications such as separation and filtration processes, or as mi-
crofluidic crossflow filters for hot gas filtration. Another possible field is in catalyst supports with
smart flow channels for fast chemical reactions requiring high internal surface [24]. The effect of
preserving the structure using capillary suspensions was adapted by Schneider et al. to enhance
crack-free drying of films [19] Here, particle systems in n-octanol and water, but also with paraffin oil
as bulk phase and a water—sucrose solution as secondary phase were used. The capillary bridges pre-
vent particle motion during drying and the uniform network limits variations in the capillary pressure
as the solvent evaporates. This increases the critical cracking thickness (CCT) and decreases the ex-
tent of cracking for films above the CCT. Without the use of a stabilizing agent, the network collapses
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and dense films are created. This research can be applied to a large range of materials, such as sus-
pensions of metals, semiconductors, and glassy polymeric particles. A particular area of interest is in
printed electronic devices where cracks reduce the conductivity [19]. This work also demonstrated
that a stabilizing agent such as sucrose preserved the porosity of ceramic films, and a reduction in
cracking, which even persisted after debinding and sintering, was observed. This allows thin, active
ceramic films to be printed onto a scaffold. Superior filtration efficiency was demonstrated in these
films. Finally, Dittmann et al. demonstrated that suspensions with a bimodal particle size distribution
can be used to reinforce ceramic and polymeric porous bodies [23]. Ceramics with coarse and fine
Al,O; were produced and the addition of these fine particles increased the compressive strength
doubled from 15 to 30 MPa for bodies with the same porosity of 55%. The flexural strength also in-
creased, but this effect was less pronounced. Dittmann and coworkers also used fine particles made
of tetragonal stabilized (3 mol% Y,0;3) t-ZrO,. The stronger zirconium toughened alumina bodies show
an approximately threefold increase in both the compressive and flexural strength [23]. Presumably,
this method can also be combined with other methods such as 3D printing to form porous bodies
with a further decrease in density without a loss in strength.

2.4 Theoretical underpinnings and future pathways

In order to design the next generation of smart materials, we must have a clear idea of how the
properties of the component materials, their ratios, and the processing of these materials affect the
network and microstructure. Understanding these inter-relations allows the properties of the final
material to be tuned from existing formulations as well as the directed design of new materials, such
as hierarchically structured materials with a multimodal, custom-designed pore size distribution and
combined strength properties resulting from different raw materials such as glass, ceramics, poly-
mers, etc., which could have strong, but flexible structures at the same time. The general and proven
way to create capillary suspensions is to add a small amount of an immiscible secondary fluid to a
particulate suspension [13]. The rheological behavior of this suspension can be tuned and controlled
by the following factors: wettability [9] and amount of secondary fluid [21], particle fraction [35],
particle size [35], and particle shape [44] within the suspension and the overall mixing conditions
[14]. Hence, all these parameters are also important for the resulting materials, which are produced
with capillary suspensions as precursors. The capillary force F . is the most decisive factor for under-
standing capillary suspensions and depends on several key parameters. For a small toroidal bridge
between equally sized spheres with radius R, separated by a distance h is

F = f(Vbridge: h)ZT[FR cosf = L 2nl’R cos 0 (1)

1+1.05h /(R/V,m-dge)+2.5h2(R/V,m-dge)

where Vy,iq4 is the capillary bridge volume and I" describes the interfacial tension between the two

fluids [10,45-47]. The interfacial tension is regarded as the force required to change the interfacial
area between two immiscible fluids. The contact angle, formed by the liquid-liquid interface on the
particles, is 6. For particles in contact with the function, f(Vpyigge, h) becomes zero [9]. From Equa-
tion (1), it is clear that the capillary forces increase with increasing interfacial tension and increasing
particle radius, but decreasing contact angle and decreasing particles separation. This equation
should hold for particles in the range 0.5 um < R < 50 um, described in the previous sections. It does
not, however, include the influence of the particle volume fraction and network structure on the bulk
material stresses, originally described in a simplified model by Pietsch and Rumpf [10]. The yield
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stress gy, is given by the capillary force divided by the contact area R? with a correction for these

factors. Bossler et al. [14] found a correlation, shown in Equation (2), between the solid volume frac-
tion, particle size, and the yield stress,

2nl cos 6
R

Oy = f(d)solid' Psec )% = f(¢solid' Psec )g (%) (2)
where f(Psotia» Psec ) is a function of particle and second fluid volume fractions and g(Vbn-dge/R3)
is a function of the bridge volume relative to the particle volume [14]. The influence of the particle
size on the yield stress was investigated by Koos et al. for spherical, glass particles, where the de-
pendence on the reciprocal radius was reproduced [48]. The influence of the shape on the rheology
was investigated by Maurath et al. using application-oriented particles [44]. They used spherical-,
scalenohedral-, plate-, and needle-shaped particles made from precipitated calcium carbonate and
aluminum flakes. All suspensions were prepared in the pendular state with a particle fractionof ¢ =7
and 10 vol%. The impact of particle shape on the yield stress is shown in Figure 2.5(a). The yield
stress strongly increases with increasing amount of secondary phase for each of the shapes tested,
with a maximum between ¢g,1iq0/Psec = 0.1 and 0.2. The yield stress for spherical particles is almost
one decade lower than the other particle shapes at the 1 vol% secondary phase peak. The differences
in this rheological behavior for these differently shaped particles are assumed to be related to the
shape of the capillary bridges formed in the suspensions [44]. For example, the contact area and
corresponding capillary force are lower in spheres than for equally sized plates. This trend is clearly
shown in Figure 2.5(b), where data from two different aspect ratios as a function of ¢y1i0/Psec are
shown. The capillary suspensions with flakes with the larger flat area result in higher yield stress val-
ues for the same ratio of secondary phase amount to a solid fraction. The particle shape also influ-
ences the aggregation of particles caused by oversaturated bridges.
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Figure 2.5 (a) Yield stress o, versus secondary phase content ¢, for capillary suspensions made of calcium carbonate parti-
cles with varying particle shapes. Yield stress was determined by oscillatory shear experiments (crossover of G' and G" in
amplitude sweep; drop of G') and with steady shear experiments (vane geometry). (b) Yield stress a,, versus $soria/Psec for
suspensions made of aluminum flakes with varying aspect ratio (r) in a mixture of paraffin oil and mineral spirit and pure
water as the secondary fluid. Figure from Maurath et al. [44], reprinted with permission. Copyright 2016 Elsevier.

The saturation of the bridges and the aggregation of particles is shown in the location of the yield
stress peak. This transition is integrated into the function g(Vbn-dge/R3) in Equation (2). This transi-
tion from a pendular to funicular state was examined in the rheological measurements of Heidle-
baugh et al. and Domenech and Velankar and confocal measurements of Bossler and Koos [9,38,39].
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By considering the volume needed for a third particle to impinge on a capillary bridge joining two
spherical particles, Heidlebaugh et al. calculated a transition at ¢g.;iq/®Psec = 0.22, assuming four
contacts per particle. Despite the arbitrary value for the coordination number, this transition points
matches quite well with observed yield stress peak in their data [38]. Bossler and Koos directly meas-
ured the average bridge size for pendular state samples at 40° and 61° [9]. At the same amount of
added secondary fluid, the 61° sample has more binary bridging (pendular state) than the funicular
40° sample. This transition is consistent with the required bridge sizes calculated using the Flemmer
criteria [49]. The influence of the secondary and solid volume fractions was investigated by Bossler et
al. under the assumption that the yield stress (or other macroscopic property) is power-law function
of the solid volume fraction,

X ($soria) x ¢L0) (3)

where the constant X is a placeholder for a rheological property, such as the yield stress [50]. In
Equation (3), the power exponent is assumed to be a function of the fractal dimension D, which can
be calculated from the slope from the solid volume fraction against the yield stress, after Piau et al.
[51], as

4

fD)y=m=_— (4)

3-D

The data for measurements on Al,O; suspensions for ceramics are shown in Figure 2.6. A master
curve is shown in Figure 2.6 (a), and the yield stress values at the peak secondary fluid ratio of
Dsotia/ Psec = 0.12 are shown in Figure 2.6 (b) as a function of the solid volume fraction. The calcu-
lated exponents D indicate an increase in the fractal dimension for the alumina-based capillary sus-
pensions with increasing particle size from D = 1.86 to 2.05. The reason for this change in the dimen-
sionality toward the value of an unstructured value of 3 with increasing particle size is hypothesized
to be caused by the relative reduction of capillary force to gravity [50]. The dimensionality was also
calculated by Domenech and Velankar for their glass—polymer system as between 1.79 and 1.98 de-
pending on the method used [38].
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Figure 2.6 (a) Yield stress master curve for Al,Os-based capillary suspensions. Different symbols represent varying solid vol-
ume fractions and symbol fillings and color signify different particle sizes. The dashed line defines the position of the yield
stress maximum at ¢go1iq/Psec = 0.12. (b) Yield stress o, of Al,Os-based capillary suspensions as a function of the solid
volume fraction ¢,1i4 at a fixed ratio of Gsoria/Psec = 0.12 for the four different mean particle radii. Reprinted with permis-
sion from Bossler et al. [50] Copyright 2018 AIP Publishing.
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This concept of two different dimensions was expanded by Bossler et al., where two different fractal
dimensionalities were measured from either yield stress or oscillatory shear data. The network back-
bone dimensionality of D = 1.86 — 2.05 was calculated from the yield stress (as shown above) using
the scaling model from Piau et al [51]. An intrafloc dimension with D = 2.57 - 2.74 was calculated
from the oscillatory data using the scaling model of Wu and Morbidelli [52]. This discrepancy was
explained by the inhomogeneity of the microstructure of the capillary suspensions as shown in Figure
2.7 [50]. The fractal dimension calculated with the Piau et al. model is expected to represent the
structure of the network backbone, whereas the model from Wu and Morbidelli describes the fractal
dimension inside the aggregates. Due to the locally higher particle volume fraction and more com-
pact structure, the floc dimension is much higher than the backbone dimension [50]. This inhomoge-
neous structure was confirmed with confocal images of the network and flocs [50].

*. connecting
b region

Figure 2.7 Schematic drawing of capillary suspension networks showing the percolation of individual flocs, each with a radi-
us a. The yield stress measurements are dominated by the weak interfloc connecting regions (network backbone), and the
shear modulus is dominated by the structure of the flocs themselves. Reprinted with permission from Bossler et al. [50]
Copyright 2018 AIP Publishing.

In addition to the parameters described above, which gives us several methods to tune and to con-
trol capillary suspensions, we must also consider the preparing and mixing conditions and their influ-
ence on the rheological properties of the pastes. Bossler et al. showed that the yield stress and shear
moduli depend on the size and distribution of secondary phase droplets created during sample prep-
aration [14]. In this paper, they used different preparation conditions for several different pendular
state model systems. Using the dissolver stirrer to turbulently mix the capillary suspensions, the stir-
ring speed and stirring time were varied. For the network in the pendular state, increasing mixing
speeds lead to better droplet breakup, but spherical agglomeration was favored at longer times.
These changes were monitored by changes in the yield stress with confirmation from microscope
images. These suspensions were subsequently mixed with a ball mill where the mixing time was var-
ied. This additional mixing was observed to be beneficial for the resulting sample strength with a
plateau in the strength reached after 9.5 h [14]. Pre-emulsification of the secondary fluid in the bulk
fluid, before addition of the particles, was also tested. Here, the conditions during emulsification
controlled the properties of the final suspensions. This method has also been used by Domenech and
Velankar as a way to mix and homogenize their samples [27]. Indeed, both Bossler et al. and
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Domenech and Velankar show that enhanced droplet breakup of the secondary fluid leads to strong-
er particle networks with more homogeneous network structures [14,27]. The structure and strength
of the created suspension systems depend strongly on the sample preparation method and the ener-
gy input during mixing of the sample [14]. Koos and Willenbacher carried out studies to investigate
the configuration of the particulate network and its influence on the rheology of the capillary state
suspensions [36]. They determined that the pastes in the capillary state had a sample-spanning net-
work composed of clusters of particles surrounding secondary fluid droplets. The simulation, which
varied the three-phase contact angle and assumed spherical particles as well as a monomodal parti-
cle size distribution, predicted changes to the yield stress with added secondary fluid. These net-
works should have a lower yield stress compared with the pendular state because of the decreasing
energy of these clusters with increasing contact angle. These clusters form when multiple particles
come into contact with a drop and can only relax into the lowest energetically favored state when
the drop is completely surrounded by particles. Creating these clusters occurs with increasing energy
input during mixing. A strong increase in yield stress was measured with increasing stirring speeds at
a single stirring time and at longer times for a single speed using a turbulent dissolver stirrer [14]. The
corresponding standard deviation between measurements decreases, indicating a more homogene-
ous structure, particularly when faster stirring speeds are used. This influence of the stirring speed is
stronger for the capillary state than for the pendular suspensions [14]. During mixing, however, exist-
ing clusters break leaving drops sitting on the particle surface. These drops, shown in the right-hand
image in Figure 2.1, do not move around the droplet and combine with their neighbors due to the
wetting angle > 90° [9,36]. They do not take part in the structure formation or contribute to the yield
stress. They may, however, cause the aging in capillary state suspensions. This aging was detailed in
the work of Koos et al. where a change in the rheological behavior was observed for long time inter-
vals [53]. The droplets may move and cause rearranging of the clusters under oscillatory shear, giving
rise to the assisted aging in these capillary suspensions systems [9]. In this review and in the experi-
mental paper with Yang et al., Velankar looked at the various microstructures that could be created
with different fractions for particles and liquids [41,54]. They demonstrated that it is possible to pro-
duce porous polymer blends with different morphologic structures. These structures ranged from the
pendular state suspensions outlined earlier as well as large, interfacially jammed bicontinuous struc-
tures. These structures form when the particle loading is above 20% and the contact angle is close to
90°. The amount of wetting fluid should be slightly less than the non-preferentially wetting fluid.

2.5 Perspectives and conclusion

Capillary suspensions have been demonstrated to be beneficial for the creation of smart materials. It
is possible to create a porous material with either polymeric or sintered bridges where the desired
properties, such as porosity and pore sizes, can be adapted for specific applications. The incorpora-
tion of a hydrogel can even be used to tune these properties with temperature. Capillary suspension
pastes can be used as precursors in capillary foams [55], glass filters [43], and sintered ceramics
[22,23,35]. These porous materials are produced by using a binding secondary fluid, like PEO or a
sucrose solution. The secondary fluid crystallizes during the subsequent debinding process and
serves as a local sintering assistant. It keeps the particles close to each other and provides and im-
proves the sintering between the particles. The final material properties of the porous bodies can be
controlled very easily by varying the amount of the secondary fluid. With increasing amounts of the
secondary phase in the region ¢, = 0 — 2.5 vol%, the porosity can be increased from 43% to 55%.
Meanwhile, the pore size distribution in this region becomes broader from the monomodal distribu-
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tion at small pores around 10 um to a broad size distribution larger pores up to 40 um. This implies
that using capillary suspensions, the structure of ceramic materials can be tuned and adapted for
desired application only by variation of the amount of secondary fluid. It should be possible to fur-
ther tune the structure of these porous bodies, decoupling the pore size from the porosity, by adapt-
ing the mixing conditions, contact angles, and particle shapes. While these properties are so far supe-
rior to the porous bodies created using monomers or polymeric solutions, the structure of the bridg-
es and the resulting porous material can be preserved during the solidifying process in the polymeric
route. Shrinkage during processing still causes problems for sintered materials. While the general wet
network structure is preserved in these sintered bodies, the solid material shrinks during debinding
and sintering [24]. This is a drawback, which needs more investigation at this moment. A further push
toward systems that can be tuned with external stimuli, such as the hydrogel bridging fluid of Das et
al. [37], is expected in the future. A new way to create extraordinary properties was recently investi-
gated by Bharti et al., where they used the capillary bridging between magnetic nanoparticles coated
with a liquid lipid shell to create the assembly of ultraflexible microfilaments and network structures
[56]. The capillary and magnetic forces allowed these systems to be restructured after external stim-
uli, which could be perfectly applied in micromanipulators, microbots with ultrasoft joints, or even
magnetically self-repairing gels [56]. This push toward the use of new materials must be combined
with an increased flexibility in the choice of the bulk and bridging fluids. Dunstan et al. [30] found a
way to tune the wetting effects by mixing a hydrophobizing agent into the bridging fluid during the
formation of capillary suspensions, as shown in Figure 2.8.

[l
B **Mix Q*i
SN I ndler %

\.{/ Oleic acid I] Polar continuous phase O Calcium carbonate . Non-polar secondary phase

Figure 2.8 In situ hydrophobization of calcium carbonate particles in a capillary suspension. Processing route to create capil-
lary suspensions using (a) pre-hydrophobized calcium carbonate with unmodified non-polar secondary phase and (b) in situ
hydrophobization of calcium carbonate using modified non-polar secondary phase. Reprinted with permission from Dunstan
et al. [30] Copyright 2018 American Chemical Society.

Dunstan et al. demonstrated two processes to form capillary suspensions from calcium carbonate
particles dispersed in a polar liquid phase (e.g., glycerol or water). In the more traditional method,
the non-polar secondary fluid is to add to the calcium carbonate, which was pre-hydrophobized by
oleic acid, suspended in a polar continuous phase [Figure 2.8 (a)]. As shown in Figure 2.8 (b), the oleic
acid can be mixed into the non-polar secondary phase, which is then added to the suspension of un-
treated particles in the polar solvent. In both cases, the oleic acid transforms changes in the contact
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angle and wetting properties [30]. This method opens up possibilities for increasing the number of
particle—fluid combinations, particularly to create capillary suspensions where water is used as the
bulk fluid, opening up new possibilities for environmentally friendly materials. This in situ hydro-
phobization can also be used to create more capillary state suspensions. Up until now, suspensions,
where the secondary fluid does not preferentially wet the particles, have not been used in the mate-
rial design. The unique structure of these capillary state particle networks and the drops on the sur-
face, which give rise to the observed aging behavior, may open up new areas and these structures
should be incorporated into future designs of smart materials.
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Abstract

We present a generic and versatile low temperature route to produce macro-porous bodies with
porosity and pore size distribution that are adjustable in a wide range. Capillary suspensions, where
the minor fluid is a monomer, are used as pre-cursors. The monomer is preferentially located be-
tween the particles, creating capillary bridges, resulting in a strong, percolating network. Thermally
induced polymerization of these bridges at temperatures below 100 °C for less than 5 hours and sub-
sequent removal of the bulk fluid yields macroscopic, self-supporting solid bodies with high porosity.
This process is demonstrated using methyl methacrylate and hydroxyethylmethacrlyate with glass
particles as a model system. The produced PMMA had a molecular weight of about 500.000 g/mol
and dispersity about three. Application specific porous bodies, including PMMA particles connected
by PMMA bridges, micron-sized capsules containing phase change material with high inner surface,
and porous graphite membranes with high electrical conductivity, are also shown.

3.1 Introduction

Solid porous media are found in a wide range of applications such as in building materials, e.g. po-
rous cement and concrete that are lighter and allow airflow [57], as well as porous pills [58] and pel-
lets with a high surface area [59,60]. Controlled porosity is also very important in separation devices
such as filters, membranes and microsieves. Depending on the requirements for the separation pro-
cess, such as micro-, ultra-, nanofiltration, pervaporation, reverse osmosis or gas separation, there is
a huge variety of membrane types made from different materials [61]. Producing highly porous me-
dia can be realized utilizing different techniques depending on the materials. Glass and other inor-
ganic materials can be directly sintered using particle network formation [22,43] or solution casting
[62]. While sintering is also employed in thermoplastics, like ultra-high-molecular-weight-
polyethylene (UHMWPE) and polytetrafluoroethylene (PTFE) for polymeric membranes [63], other
methods can also be used such as stretched films [64—66], nucleation track [67], phase inversion
[61,63,67-69], extrusion [70], interfacial [71-73] and plasma polymerization [69,74] or emulsion-
templated porous polymers [75]. Each method can produce a range of pore sizes and porosities.
Stretching produces bodies with porosities of 90% and very small pore sizes of 0.11 um [64]. Thermal
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sintering can yield bodies with pore sizes up to 25 um and a porosity of 77% [23]. Unfortunately,
these methods can only be employed for a limited range of materials, e.g. PTFE for filter media, may
require a high temperature, e.g. sintering, or require large amounts of organic solvent, e.g. phase
inversion. Nearly every method also needs numerous processing steps and may be time consuming.
An alternative way to produce porous polymeric media is to use foams and emulsions stabilized by
colloidal particles [76], or particles as sacrificial templates. This method can produce membranes
with a very high porosity and narrow pore size distributions of approximately 310 nm [77]. In the
work of Feng and Goedel [77]. a method is presented where silica particles are used to create porous
materials by dissolving the particles with hydrofluoric acid to keep only the polymeric scaffold [77]. A
major disadvantage of this method, and sacrificial templates in general, is the additional step to re-
move the particles, which is done here using an acid that has a significant health risk and may not be
completely removed from the membrane. Additionally, a porous and hybrid material made with re-
active particles cannot be manufactured with this method. A processing time of almost two days is
also a disadvantage of this method is to be adapted to an industrial scale. There have been other
investigations using particles as a wall material to produce porous membranes, for example with wet
granular media as a precursor. Hemmerle et al. [78] used this method for local agglutination of mi-
cron-sized particles where glass beads (diameter 55 to 2040 um) were mixed with polydimethylsilox-
ane (PDMS) and a curing agent in a mortar with a pestle and afterwards compressed into a desired
shape. To crosslink the PDMS between the particles, samples were heated for 14 hours at 75 °C.
While Hemmerle et al. showed very nicely how the bulk material properties could be varied by
changing the number and size of particles and bridging material, they were only able to produce
samples with a narrow range of porosities between 41% and 47%. Another example was presented
by Kiesow et al., where bicontinuous composite membranes were made out of a zeolite monolayer
and diurethane dimethacrylate (HEMATMDI) as monomer [79]. Capillary forces between the zeolite
particles at the air-monomer-water-interface kept the particles together. However, the porosity in
this system only results from the porous structure of zeolite with pore sizes 4 to 5 A. This method
does not offer a clear way to control the pore size, porosity or associated physical properties. Fur-
thermore, the porous layer of these membranes can be only a single particle layer thick.

Therefore, we present a new method using capillary suspensions as a precursor for porous media
with a defined porosity and pore size that can be manufactured at a temperature below 100 °C with
less time and effort than existing methods. Capillary suspensions are formed by adding a small
amount of a secondary fluid that is immiscible with the bulk fluid phase to a particle suspension [13].
The rheological properties can be tuned in a wide range. E.g., the yield stress can be increased by
several decades as the mixture transforms from fluid-like to gel-like behavior or from a weak to a
strong gel. The change in the strength of these capillary suspensions arises due to the capillary forces
between micron-sized particles, which lead to the formation of a percolating particle network. This
network and the bridges between the particles have previously been directly visualized with a confo-
cal microscope [9]. There are two extrema for the shape of the capillary bridges between the parti-
cles in the suspension depending on the three-phase contact angle 655 > 90°, that the secondary
fluid S makes against the solid when surrounded by the bulk fluid B. If the secondary fluid preferen-
tially wets the particles (655 < 90°), the system is arranged in the pendular state and the particles
are directly connected by capillary bridges, which lead to a sample-spanning network. In contrast, the
system is in the capillary state with contact angles 85 p > 90°, where particle clusters are formed. The
particle networks in the pendular state tend to be stronger than in the capillary state with the same
solid-liquid-liquid-system [9,14]. This method has already been used to produce porous materials
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where the particles are either sintered or a reactive epoxy resin is used as the secondary fluid, finally
resulting in a solid porous body [23]. In this latter case, a porous (60 — 75% porosity), lightweight and
conductive graphite-based material with a narrow pore size distribution (dsy = 15 um) was produced.
A similar method was shown by Domenech et al. using a ternary mixture of polyisobutylene, polyeth-
ylene oxide and silica particles [40]. A drawback of using epoxy or PEO are the limited options regard-
ing control of mechanical as well as other physical or chemical properties. This paper presents an
optimized way to solidify capillary bridges between micron-sized particles in a liquid bulk using a
monomer as the bridging fluid. The capillary suspension is then heated under defined conditions to
polymerize the bridges. A porous body, with porosity > 50%, remains after the bulk fluid is removed.
The resulting network consists of particles that are interconnected by polymeric bridges and has
been demonstrated here for several fluid combinations. The characteristic dimension of these bridg-
es is on the order of microns, i.e. approximately 100 times larger than the radius of gyration R, of
the produced polymer molecule. Therefore, the polymer is not confined and the resulting polymer is
equivalent to bulk polymerization [80,81]. However, as in suspension polymerization, the heat trans-
fer should be different from bulk polymerization. In this paper, a proof of concept was made using
glass spheres as solid phase. This enabled an easy extraction of polymeric bridges needed for further
analysis. A general chemical characterization of the polymeric bridges, made from poly(methyl meth-
acrylate) (PMMA) with benzoyl peroxide (BPO) as initiator at temperatures below 100 °C and
polymerization times below 5 h was completed. Chemical composition and molecular weight distri-
butions of the polymeric bridges as well as reference PMMA samples are compared and discussed.
Finally, simplified application-specific bodies using different particles and monomers are shown.

3.2 Experimental Section
3.2.1 Materials

Hollow glass spheres (iM16K and iM16K OTES) were provided by 3M Deutschland GmbH (Neuss,
Germany) with a diameter dgg = 20 pm (with d3 0= 12 um and ds =30 pm) and a density of 0.46
g/cm®. They had a hydrophilic (iM16K) or hydrophobic (iM16K OTES) surface (see Figure $3.1 and
S3.2 in the supplementary information). The choice of fluids was made to enable simple handling, the
possibility of direct polymerization in the capillary bridges and simple chemical analysis of PMMA.
The other material systems were chosen to verify the method and to demonstrate the applicability to
different materials. The focus of this publication lay on the polymerization and chemical analysis.
Further experiments with other material systems were carried out by other researchers from our
working group, i.e. on the influence of interfacial tension ([82], Figure 49) and three-phase border-
lines [9]. The monomers were methyl methacrylate (MMA) (= 99%, Carl Roth) with a density of 0.94
g/cm® and hydroxyethylmethacrylate (HEMA) (> 99%, Sigma-Aldrich) with a density of 1.07 g/cm’.
Both monomers were used as secondary phases. The initiator for both monomers was benzoyl per-
oxide (BPO) (75% water remaining Luperox A75, Sigma-Aldrich). Distilled water and paraffin oil (low
viscosity, Carl Roth) were used as bulk fluids. All items were used as received. For the application
routes, we used: a) poly(methyl methacrylate) particles (Altuglas BS 130) from Altuglas International
(Arkema Group, La Garenne-Colombes, France) with a dgy = 20 pum and a density of 1.19 g/cm3; b)
Phase change material capsules (Micronal DS 5038 X), consisting of a PMMA shell and a core filled
with paraffin wax, provided by BASF SE (Ludgwigshafen, Germany) with dgy = 5.2 pm particles and a
density of 0.98 g/cm?; and c) graphite particles provided by China Steel Corporation (Kaohsiung, Chi-
na) with a primary particle diameter ds, = 7.8 um and a density of 2.27 g/cm”.
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3.2.2 Sample preparation

The solid-liquid-liquid combinations we used are shown in Table 1.

Table 1 Composition of capillary suspensions used in this paper. Copyright 2017, Springer-Verlag GmbH Germany. Repro-
duced with permission.

Solid phase Bulk fluid Secondary fluid Initiator
hydrophobic glass (iM16K OTES) dist. water MMA BPO
hydrophilic glass (iM16K) paraffin oil HEMA BPO
PMMA (Altuglas BS130) dist. water MMA BPO
paraffin wax, acrylate shell (Micronal DS) dist. water MMA BPO
graphite paraffin oil HEMA BPO

To prepare the capillary suspensions, the particles were dispersed in the bulk fluid with a high-shear
dissolver stirrer (35 mm diameter for confocal microscopy and 60 mm diameter for the polymerized
samples) at 1200 rpm for 10 min with a solid volume fraction ¢gi4ss spheres = 40 VOI%, Ppyma =
25vol%, uyicronar = 35 vol% and ¢eraphite = 20 vol%. The monomer and initiator were premixed
with a magnetic stirrer at 500 rpm for 5 minutes where the concentration of initiator in monomer
was varied between 5, 10 and 15 mg/ml. This secondary liquid phase was added to the suspension
and mixed first at 2000 rpm for two minutes. Then the speed was decreased to 800 rpm for 5
minutes of additional mixing. The amount of secondary fluid was 0, 1, 2, 4 or 6% (12% for graph-
ite/HEMA) by volume (¢s,.). This procedure and the subsequent polymerization are shown in Figure
3.1

3.2.3  Polymerization procedure

The prepared capillary suspensions were filled in silicone baking molds (35 mm diameter, 5 mm
height). They were then polymerized in the mold, which was placed inside a preheated desiccator set
in a laboratory oven.

1200 Pm > 2000 M > w)_!:"" 800 rpm >
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& e (21 3 1% o ’ﬁ:ﬁ*

& Lelky . | g 7

SEe > g > TS o

b 3 ey W : d

Suspension of Add sec. fluid Droplet Capillary Mold capillary Cool at ambient
particles in bulk fluid (monomer + breakup of sec. suspension suspension and conditions and
initiator) fluid thermal remove bulk
polymerization fluid

Figure 3.1 Processing route for preparation of capillary suspensions and solid porous materials. Figure reprinted with per-
mission from Springer (Colloid and Polymer Science), copyright 2017.
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The samples were placed in the desiccator at a starting temperature close to the desired polymeriza-
tion temperature. The temperature was confirmed with a thermometer inside the oven. Polymeriza-
tion was done at temperatures of 60 °C, 85 °C and 120 °C and polymerization times of 1.5, 2.5, 3.5,
and 5 hours were employed. The solid samples with MMA as secondary phase were cooled overnight
at room temperature under the hood to interrupt the polymerization and dried afterwards at 74 °Cin
an oven for 4 h. Any residual BPO and MMA is expected to be unaffected by this drying step due to
the low diffusion within the solidified sample. Samples with HEMA were cooled overnight at room
temperature and placed on a paper towel for 1 day to remove most of the paraffin oil. Then, the
remaining paraffin oil was extracted for 4 h with n-hexane (VWR Chemicals). For each sample, refer-
ences were prepared using the same amount of monomer and initiator in an open glass vial, which
was added to the oven with the other samples for polymerization under identical polymerization
conditions.

3.2.4  Characterization

Yield stress measurements were performed with the stress-controlled rheometer Haake Mars Il
(Thermo Scientific, Karlsruhe, Germany) using a plate—plate geometry (35 mm diameter, 0.2 mm gap
height) by increasing the shear stress stepwise in a range from 0.1-1000 Pa. The temperature for all
measurements was T = 20 + 0.5 °C. A sandblasted lower steel plate and a sandblasted upper titanium
plate (surface roughness for both plates ~ 1.2 um) were applied to reduce wall slip during the meas-
urements. The yield stress was defined using the tangential method [43].

The capillary bridges between the glass spheres in the wet state prior to polymerization were imaged
using a confocal microscope (TCS SP8, Leica Microsystems) with a 552 nm laser. These samples were
prepared without the initiator and a fluorescence dye was added to the monomer. Nile red (Sigma-
Aldrich, Steinheim, Germany) was used for MMA samples and rhodamine B (Sigma-Aldrich, Stein-
heim, Germany) for the HEMA system. Glycerin was added in a ratio of 61/39 %wt. (glycerin/water)
to adapt the refractive index of MMA and water.

The samples were also inspected after polymerization using an environmental scanning electron
microscope (ESEM-mode at p = 70 Pa, Quanta 650 FEG, FEI, Hillsboro, Oregon, USA) and images were
taken from a fractured section of the solid samples. The samples were sputtered with a mixture of
platinum and palladium. Energy-dispersive X-ray spectroscopy (EDX) was also carried out on the frac-
tured samples. Micro-tomography was performed at Freudenberg SE (Weinheim, Germany) with a
computer tomography device (General Electric, Phoenix X-Ray VTOME | X 240 D) using a 240 kV direct
X-ray.

The samples made with PMMA as polymeric bridges and the corresponding reference samples were
characterized to determine the effect of varying polymerization conditions using size exclusion
chromatography (SEC) and nuclear magnetic resonance spectroscopy (*H-NMR). The samples were
prepared by dissolving the solid porous material in tetrahydrofuran (THF, Sigma-Aldrich) in an ultra-
sonic bath for 1 h. The medium was filtered (1.6 um pore size, Por. 4/5) to separate the glass
spheres, and then the THF was evaporated in a rotation evaporator (Biichi) at 55 °C and 385 mbar.
Afterwards, the remaining polymer was dried overnight in a laboratory oven at 70 °C and then redis-
solved in a solvent at a specific concentration depending on the following measurement.

The molecular weight distribution of the polymeric bridges and reference polymers were measured
using size exclusion chromatography (SEC), which was operated with THF (Scharlan, SEC-grade) as
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solvent and calibrated with linear PMMA standards. The instrument consists of an Agilent 1100
pump and the sample separation was achieved via two linear columns provided by PSS (SDV-Lux -103
A and 105 A and 5 um). It was equipped with an Agilent 1200 differential refractive index (DRI) detec-
tor. Measurements were performed at 25 °C with a flow rate of 1 ml/min. The polymer concentration
was approximately 2 mg/ml and the injection volume was 100 pl. The functional groups were deter-
mined with '"H-NMR (400MHz, CDCI3) carried out using a Brucker Avance Ill Microbay 400 MHz (typi-
cally 1024 scans). Chloroform (Deutero, 99.8%) was used as a solvent at a polymer concentration of
approximately 15 mg/ml.

The porosity € of the solid bodies was calculated using the ratio of the raw density of the sample and
the skeletal density.

e=1—Praw (5)

Pskeletal

The raw density of the sample was calculated as the ratio of sample weight and volume. The skeletal
density was measured using a Multivolume gas pycnometer (Modell MP 1305 with Helium) at 20 °C.
The flexural strength characterizing the mechanical strength of the solid porous materials was meas-
ured using a 4-point bending test on a custom-made device following DIN EN 843-1.

3.3 Results and discussion
3.3.1 Rheological behavior

The prepared suspensions showed a nearly two decade increase in yield stress with increasing sec-
ondary phase content as shown in Figure 3.2.
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Figure 3.2 Yield stress of capillary suspensions made from hydrophobic glass spheres (pgo1:4 = 40 vol%) in distilled water
with MMA as secondary phase (black squares) and hydrophilic glass spheres (¢pso1i1qa = 40 vol%) in paraffin oil with added
HEMA (red circles). The inset images show the consistency of the HEMA sample. Lines are to guide the eye. Figure reprinted
with permission from Springer (Colloid and Polymer Science), copyright 2017.

This increase indicates the creation of a sample-spanning network caused by the strong attractive
capillary forces between particles. The high yield stress implies the existence of a percolated particu-
late network, which should be strong enough to resist destruction during molding and polymeriza-
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tion so that a body with high open porosity can be formed. Furthermore, the high yield stress implies
the presence of a network backbone, which can transmit forces so that the final porous body should
also have a high Young’s modulus [83].The sample with hydrophilic glass spheres shows a continu-
ously increasing yield stress with increasing amount of added HEMA. The sample with added MMA,
however, has a maximum yield stress at ¢, = 2 vol%. The existence of such a maximum can indicate
the transition from the pendular to the funicular state as larger agglomerates are formed with in-
creasing amounts of secondary liquid [9,84]. This transition typically occurs at ¢gee/Pso1ig = 0.1-0.2
depending on the contact angle and coordination number [9,27,54,62]. Our results for the
glass/MMA system are consistent with these earlier findings. The capillary suspensions made from
hydrophilic glass spheres with paraffin oil as the bulk liquid and HEMA as secondary fluid were stable
and homogeneous for more than 5 days. This stability is typical for a capillary suspension. However,
phase separation was observed after 10 minutes for the system with hydrophobic glass spheres, wa-
ter as bulk fluid, and MMA as secondary fluid phase. For this MMA sample, the particles with the
dyed MMA showed creaming behavior.

3.3.2  Visualization before and after polymerization

To confirm if the increasing yield stress was caused by the capillary force and to determine if such
agglomeration might occur, the microscopic configuration was imaged to visualize the existence of
capillary bridges and their shape between the particles. A capillary suspension with MMA as second-
ary fluid in the wet, unpolymerized state as obtained from confocal microscopy is shown in Figure
3.3.
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Figure 3.3 Confocal image slice for the hydrophobic hollow glass spheres in glycerin/water mixtures (61/39 %wt.) with
6 vol% added MMA. The MMA is dyed (red) and the other components are undyed. Figure reprinted with permission from
Springer (Colloid and Polymer Science), copyright 2017.

This sample used a water/glycerine mixture as a bulk fluid to match the refractive indices and 6 vol%
dyed MMA as the secondary phase. The sample with 2% MMA was not visible because of the low
fraction of secondary phase reducing the overall amount of fluorescent dye. The particles in this im-
age are visible as dark circles because of their hollow character. The MMA (red) is located in between
the particles and creates bridges. Most of these bridges appear to join more than two particles, form-
ing a funicular network. While there may be a large number of binary interactions, which can be
more difficult to image due to their smaller volume, a small number of these funicular clusters can
monopolize a large fraction of the available secondary fluid [9]. The general shape of the specimen
can be preserved during the polymerization process as is presented in Figure 4a. Particle distribution
within the polymerized samples and shape of individual capillary bridges is shown in Figure 3.4b. In
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the samples shown in Figure 3.4, the BPO content was 15 mg/ml MMA and the polymerization time
and temperature were 82 °C for 2.5 h. The particles are connected by the polymerized PMMA bridg-
es, which are still located between the particles and still possess a pendular shape. Remarkably,
these bridges are not a uniform block of PMMA, but appear to have an irregular texture. This may be
due to the shrinkage of the material during the polymerization process. These SEM images also show
that the hollow glass spheres have a wide size distribution. This may offer a tunable parameter to
control the pore size and porosity of the produced samples [22].

sgpeaEsl

Figure 3.4 Image of a porous solid sample made from hydrophobic hollow glass spheres with PMMA bridges with 6 vol%
MMA. b) Corresponding ESEM images of a fractured section of the body and the bridges. The samples were polymerized in
water for 2.5 h at 82 °C and the BPO content was 15 mg/ml. Figure reprinted with permission from Springer (Colloid and
Polymer Science), copyright 2017.

We also tested a second system using hydrophilic glass spheres in paraffin oil with HEMA as the sec-
ondary fluid. This system, with dyed HEMA, is shown in Figure 3.5. For this sample, both large clus-
ters (Figure 3.5a) and binary pendular bridges (Figure 3.5b) are visible.
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Figure 3.5 Confocal image slice for the hydrophilic hollow glass spheres in paraffin oil with 4 vol% added HEMA. The HEMA
here is dyed (red) and the other components are undyed. Figure reprinted with permission from Springer (Colloid and Poly-
mer Science), copyright 2017.

Polymerization also works well, if not better, in this system, as shown in Figure 3.6. These two sys-
tems demonstrate the versatility of this method where either hydrophilic or hydrophobic particles
can be linked together with a judicious choice of the monomer and the bulk fluid. For the HEMA sys-
tem, the bridges are smooth and clearly defined, though the particles are rough. The atomic compo-
sition of both the neck and the particle surface was investigated using Energy-dispersive X-ray spec-
troscopy (EDX) in the ESEM-mode (Figure S3.5). The bridges do not contain any silicon, just carbon
and oxygen, suggesting that the bridges are made from polymer. EDX of the particle surface shows a
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mixture of carbon, oxygen and silicon. Note the porosity of the solid bodies is equal to the fraction of
bulk fluid in the samples. In contrast to porous sintering materials made from capillary suspensions
no collapse of the particle network during drying and debinding or shrinkage during sintering does
occur here, i.e. porosity is directly determined by particle concentration. However, for the samples
with the highest particle loading a substantial amount of air was entrapped during paste preparation
leading to an even higher porosity of the final dry specimen and additional larger pores > 50 um, see
U-CT image in S3.3 (Supplementary information).

Figure 3.6 Image of a piece of porous solid samples made out of 40 vol% hydrophilic hollow glass spheres interconnected
with poly(HEMA)-bridges with an amount of 4 vol% HEMA in the wet state (15 mg/ml BPO, polymerization in paraffin oil at
82 °C for 2.5 h) and corresponding ESEM images of a fractured section. The magnification of the ESEM images increase from
left to right. Figure reprinted with permission from Springer (Colloid and Polymer Science), copyright 2017.

3.3.3  Chemical composition of polymeric bridges

Chemical composition of polymerized bridges has been analyzed using *H-NMR spectroscopy.
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Figure 3.7 "H-NMR with the chemical shift for the relevant functional groups for PMMA in the reference sample (green) and
the bridges (red). Peaks for PMMA at § = 3.60 ppm, § = 1.02 ppm and § = 0.84 ppm are visible in both samples. The latter
two peaks provide information about atactic and syndiotactic arrangement of the PMMA chains. The sum of their integral
intensity equals that of the peak at § = 3.60 ppm. The peaks in the region between § = 2.2 ppm and 1.3 ppm are significant
for the CH,-group [85]. Differences between the bulk and capillary bridge samples occur in this §-range, which are presuma-
bly due to impurities inferred from the preparation of the capillary suspension. Inset box: "H-NMR signals corresponding to
initiator BPO and solvent CDCl; for capillary bridge samples with different initiator concentrations. The samples were pre-
pared with 15 mg/ml BPO for 2.5 h at 87 °C and the spectra were normalized using the chemical shift at § = 3.60 ppm. Fig-
ure reprinted with permission from Springer (Colloid and Polymer Science), copyright 2017.
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A comparison of the reference sample and material polymerized in the bridges (Figure 3.7) shows
that their chemical composition is similar and the main expected signals for PMMA are present in
each sample. The peak at 3.60 ppm corresponds to the methylester-group found in PMMA [85]. The
peaks in the region between § = 2.2 ppm and 1.3 ppm are significant for the CH2-group [86]. The
peaks at § = 1.2 ppm and 0.84 ppm correspond to the cis- and trans-configurations of a-CHs-group
[86], and the sum of their integral intensities should be equal to the intensity of the peak at § = 3.60
ppm. This was confirmed for each measured spectrum. The insert in Figure 3.7 shows that additional
peaks at § = 8.14 ppm and 6 = 8.12 ppm occur for the capillary bridge sample with the lowest initia-
tor concentration of 5 mg BPO/m|I MMA. This indicates that not all of the free radicals generated
from the BPO initiate polymeric chain growth in this case, but immediate recombination occurs [87].
The pathways for decomposition of the initiator and corresponding polymeric chain growth are ex-
plored in the following section.

3.3.4 Degree of polymerization in capillary bridges

Conventional bulk polymerization is expected to take place in the monomer bridges between the
particles. Since the monomeric bridges in the percolated network of particles have a characteristic
size = 1 um and are surrounded by a bulk fluid, the anticipated chemical reaction can also be regard-
ed as a type of suspension polymerization. To characterize the molecular weight and dispersity of the
polymers synthesized in the bridges, we use the MMA system with hydrophobic glass particles and
water as the bulk fluid. BPO was dissolved in MMA to induce a radical polymerization within the ca-
pillary monomer bridges. The initiation of polymerization consists of two steps. First, the BPO mole-
cule is decomposed into two radicals, a process that is thermally triggered. Then, the MMA bonds to
the initiating radical. This process is shown below. Red arrows with half-heads show where single
electrons are shifted.
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Either of the radicals, benzoyloxy or phenyl (showed in the following scheme as I: Initiator), can at-
tach to a monomer unit and start a polymer chain. In the chain propagation phase, additional MMA
molecules attach to the MMA radicals until chain termination takes place.
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The termination is caused by the self-reaction of propagating radicals through combination and/or by
disproportionation, where a free electron from a radical is transferred to another chain radical and a
new double bond is created.

. . COMe  cO,Me
Combination z

/ COMe CO,Me
CO,Me CO,Me CO;Me CO;Me H
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The kinetics of free radical polymerization lead to a polymerization rate k; depending on the square
root of the initiator concentration [40],

kg o< \[[1] (6)

where kg is related to the initiator half-life t;,, = In2/kg is defined as the time needed to reduce
the concentration of the initiator by half. The half-life for BPO depends on temperature and has a
value of 7.3 h at 70 °C, 1.4 h at 85 °C and 20 min at 100 °C [88]. The number average degree of
polymerization P, of the macromolecules produced via free radical polymerization is proportional to
the reciprocal square root of initiator concentration [89].

P, x J%] (7)
Ergo, the molecular weight of the macromolecules obtained by free radical polymerization should
decrease with increasing initiator concentration. We determined the dependence of BPO concentra-
tion on the resulting molecular weight and dispersity for the polymeric bridges and a reference sam-
ple using SEC. Both the reference and the bridges are subjected to identical conditions during
polymerization. The dispersity D is defined as ratio between the weight-averaged molecular mass M,,

and the number-averaged molecular mass.

As can be seen in Figure 3.8, the average molecular weight M,, decreases with increasing BPO con-
centration caused by the increased number of free radicals that are able to simultaneously react with
the MMA monomers. This reduction is consistent with the dependence on the initiator concentra-
tion, outlined above, where predictions using equation (7) are shown in Figure 3.8 as solid lines. An
example molecular weight distribution for a bridge sample extracted after polymerization of a capil-
lary suspension with 40 vol% solid fraction and 6 vol% MMA at 84 °C for 5 h with 15 mg/ml BPO, as
obtained from SEC, is shown in Figure S3.4 (see section 3.8. Supplementary information). Similar
molecular weight distributions were found for all other investigated samples. As shown in Figure 3.8,
the mean molecular weight obtained in the polymerized bridges is, on average, 2.8 + 0.15 times
higher than the values for the corresponding reference PMMA samples. This is qualitatively expected
for two reasons. First, the heat transfer in the small bridges, mediated by the surrounding water
phase and hollow glass spheres, is lower than in the bulk and the mobility of polymer chains is inhib-
ited due to gelation effects, i.e. the disproportionation is less probable [86]. Second, the high surface-
to-volume ratio of the capillary bridges could result in a significant geometrical effect, which causes a
mobility barrier for the polymer chains and macroradicals. It was shown in a previous work for sus-
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pension polymerization that the molecular weight increases slightly with decreasing polymer particle
size [90,91]. The mutual very low solubility could affect the volume of the bridge. On the basis of the
confocal and SEM images in this publication, in which one recognizes both the still unpolymerized
monomer bridge and the subsequently polymerized capillary bridge, this does not play a major role
in this case. It has been found that trace amounts of water, usually by storage in a humid environ-
ment, cause the formation of carboxylate bonds at interfaces [92] and the tensile strength of PMMA
reduces. For the present system, the changing solubility of water within the monomer and polymer
can produce water-rich domains within PMMA, but the impact of these domains on molecular
weight is considered unlikely since no change in dispersity was observed. The dispersity remains con-
stant upon initiator variation within experimental uncertainty such that, in both the bridges and ref-
erence samples, b =3 £ 0.5 is found.
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Figure 3.8 Dependence of BPO concentration on molecular weight M, for polymeric bridges and reference PMMA samples.
The solid lines represent the molecular weights predicted by equation (7), with proportionality constants of 15 (bridges) and
3 (reference). b) Dependence of BPO concentration on dispersity D for polymeric bridges and reference PMMA samples.
Lines are to guide the eye. Both parts show a capillary suspension with 40 vol% hydrophobic glass particles, 6 vol% MMA as
secondary fluid and distilled water as the bulk fluid. The polymerization for both the bridges and reference sample occurred
at 84°C for 2.5 h. Figure reprinted with permission from Springer (Colloid and Polymer Science), copyright 2017.

In another set of experiments, the effect of polymerization time on molecular weight distribution
was investigated. The polymerization time has no significant influence on the average molecular
weight M,, of the pure sample and the polymeric bridges at a single temperature of 84°C, but the
dispersity seems to decrease slightly, as is shown in Figure 3.9. We can, therefore, use a time of 3.5 h,
which is more than twice the half-life of the initiator, as a convenient polymerization time since the
PMMA has a sufficiently high molecular weight and a dispersity index less than 3. Again, the average
molecular weight of the capillary bridges is about three times higher than for the respective bulk
samples. Because of the purification and separation steps needed to extract the polymeric material
from the capillary suspension, yield measurements were not possible. Similar results regarding mo-
lecular weight distribution were obtained at other polymerization temperatures T in the range of 60
°C and 120 °C with a slight decrease with increasing T (at given BPO concentration and polymeriza-
tion time) as expected due to the higher rate of initiator decomposition at higher temperatures [88].
According to the half-life t;,, of 7.3 h at 60 °C very long times > 15 h are required to complete
polymerization.
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Figure 3.9 Dependence of polymerization time on molecular weight M, for polymeric bridges and reference PMMA sample.
b) Dependence of polymerization time on dispersity D on polymerization time for polymeric bridges and reference PMMA
sample. Lines in a) and b) are to guide the eye. The capillary suspensions were made of 40 vol% solid fraction and 6 vol%
MMA with distilled water as the bulk fluid. Each measurement was carried out at 84°C for 2.5 h and with 15 mg/ml BPO.
Figure reprinted with permission from Springer (Colloid and Polymer Science), copyright 2017.

With respect to the fabrication of porous solid materials based on capillary suspensions concept, we
emphasize that PMMA bridges can be efficiently polymerized at temperatures below 100 °C and the
concept can be used even for temperature sensitive particles that might melt or decompose at ele-
vated temperatures.

3.4 Application routes

In addition to the model system with glass spheres, where a chemical reaction between the glass
surface and the polymeric bridge can be excluded, we also tested other systems with potential tech-
nical relevance. These systems demonstrate both the versatility of this method and show how the

properties are modified by the material choices. All of these systems are shown in Figure 3.10.

Figure 3.10 SEM images of porous solids made from capillary suspensions with polymerized bridges. Different particles and
secondary fluids were used: a) 35 vol% PMMA particles, 3 vol% MMA. b) 35 vol% Micronal DS particles, 3 vol% MMA. c)
20 vol% graphite particles, 12 vol% HEMA. Polymerization was always done at 82 °C for 2.5 h with 15 mg/ml BPO as initia-
tor. Figure reprinted with permission from Springer (Colloid and Polymer Science), copyright 2017.

The first system, shown in Figure 3.10a, is made from a capillary suspension including 35 vol% cross-
linked PMMA particles and 3 vol% added MMA including 15 mg BPO/m|l MMA as the secondary lig-
uid. The confocal image S3.6 (Supplementary information) reveals that the dyed MMA completely
coats the particles since it spreads extremely well on the PMMA surface. While it is not visible in the
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confocal image, there remains some MMA that bridges the particles. These bridges are visible in the
SEM image (Figure 3.10a), where polymerized bridges are located between the particles (as denoted
by the arrows) and lead to a self-supporting membrane with flexural strength of 0.008 MPa at a given
open porosity of 79%. We also fabricated porous bodies from micron-sized phase change material
(PCM) particles coated with highly crosslinked PMMA. Porous materials made out of small encapsu-
lated PCM particles may be applied as heat exchange materials offering superior heat transfer rates
due to the large inner surface. Possible examples include thermally insulating paint or thin thermal
interface layers in electrical devices. As shown in Figure S3.7, the dyed MMA coats these particles
just as it does for the pure PMMA particles. In Figure 3.10b, string like structures (red arrows) are the
polymeric connections between the particles. The red circled structure is likely due to additives as
they are also observed on the samples without any added MMA as secondary phase. The stress at
failure was measured to be 0.5 + 0.1 MPa at an open porosity of 48.4 £ 0.8%, which is in the expected
range estimated for porous PMMA based on the Gibson-Ashby model for porous materials and me-
chanical strength data of pure PMMA [93]. A third system made from graphite particles (¢sp1ia =
20 vol%) with HEMA (12 vol%) as secondary phase and paraffin oil as bulk fluid is shown in Figure
3.10c. The pure graphite particles are shown in Figure $3.8. The poly(HEMA) forms the bridges be-
tween graphite particles (arrow) and patches on the particles (circle). In this case, the poly(HEMA) is
able to preserve a porosity of 60% in the graphite body. More importantly, this body is conductive
with a value of 13 mS/cm. The pure powder (o, = 0.83 g/cm?) has a conductivity of 30 mS/cm. If
we consider the conductivity divided by the graphite mass in the samples, we can get almost the
same conductivity per mass of 7.64 mS/(cm-g) for the graphite-poly(HEMA)-composite as for pure
powder with 8.3 mS/(cm-g). This demonstrates that our polymerization strategy enables fabrication
of porous hybrid membranes made out of graphite particles and polymeric bridges with high electri-
cal and, presumably, good thermal conductivity.

3.5 Conclusions

Capillary suspensions in the pendular and funicular state can be used as a precursor for local adhe-
sion of micron-sized particles. These solid-liquid-liquid systems are created when a small amount of a
liquid, immiscible with the bulk, is added to a suspension. This secondary liquid creates capillary
bridges between the particles and results in a strong, percolating network. This method offers a nov-
el way to produce porous bodies by preserving the network structure during the transition from lig-
uid capillary bridge, formed here by a monomer, to a solid polymeric bridge. This method can be
realized at temperatures below 100 °C for times less than 5 hours, i.e. it is non-destructive to various
kinds of particles. The material properties of the resulting porous sample can be controlled by choos-
ing the particles and monomers as well as the bulk material. We used a model system made of glass
spheres, monomer with initiator as secondary fluid, and a bulk fluid that is immiscible with the mon-
omer. Hydrophobic and hydrophilic glass particles with methylmethacrylate (MMA) and hydroxyeth-
ylmethacrlyate (HEMA), respectively, as capillary bridges were used for this proof of concept. This
glass model system allows for a convenient imaging of capillary bridges and separation from the par-
ticles for further chemical characterization. The formation of a sample-spanning network was con-
firmed through yield stress measurements and also through direct imaging using a confocal micro-
scope. The capillary suspensions were polymerized to solidify the capillary bridges and dried to pro-
duce solid porous bodies. These were imaged using SEM imaging with EDX analysis of the bridge ma-
terial and the glass spheres. 'H-NMR confirmed that polymerization took place and the MMA was
successfully converted into polymer. The lowest concentration of 5 mg BPO per ml MMA may cause
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incomplete conversion and residual BPO remains in the final polymer. SEC analysis shows that the
average molecular weight in the bridges is 2.8 £ 0.15 times higher than the values for the bulk PMMA
reference samples. This difference in molecular weight is attributed to the high heat transfer and the
large surface-to-volume ratio of the small monomer fluid volumes surrounded by particles and bulk
fluid. The molecular weight scales with the reciprocal square root of the initiator (BPO) concentra-
tion. This dependence allows the polymer molecular weight in the particle bridges and the corre-
sponding bulk properties to be controlled. The molecular weight shows no dependence on the
polymerization time and only a slight decrease with increasing temperature making this method fair-
ly robust. The dispersity is not affected by BPO concentration nor by changes to the polymerization
time and temperature. The applicability of the concept to particle systems with potential technical
relevance was shown using PMMA particles, PMMA-coated PCM, and graphite particles. In all cases,
we could show that the capillary suspensions with polymerizable liquid bridges could be used as pre-
cursor to make solid porous materials with customizable features. The solid made from PCM particles
had a high porosity, aiding in rapid thermal exchange, and the graphite body was conductive. Possi-
ble other applications for this processing route are manifold; both polymeric filter media with de-
fined porosity and chemical properties as well as bio-polymeric materials for medical applications
such as soft matrix in the artificial tissue engineering or pharmaceutical processing of drugs could be
two potential application routes. For direct application of this method in creating porous bodies,
further research is needed to describe the microstructure and the mechanical properties of the pol-
ymeric bridges between the particles in order to adjust the physical properties for tailor-made po-
rous materials. In particular, one must be able to control how well the bridge adheres to the parti-
cles.
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3.8 Supplementary Information

$3.1 Glass spheres iM16K OTES (hydrophobic) as received with attached nanoparticles. Figure reprinted with permission
from Springer (Colloid and Polymer Science), copyright 2017.

$3.2 Glass spheres iM16K (hydrophilic) as received with attached nanoparticles. Figure reprinted with permission from
Springer (Colloid and Polymer Science), copyright 2017.
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$3.3 u-CT image of a solid porous sample made of 40 vol% hollow glass spheres with 6 vol% MMA at 82 °C for 2.5 h. Figure
reprinted with permission from Springer (Colloid and Polymer Science), copyright 2017.
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S$3.4 Example for SEC analysis of the molecular weight distribution for a bridge sample extracted after polymerization of a
capillary suspension with 40 vol% solid fraction and 6 vol% MMA at 84 °C for 5 h with 15 mg/ml BPO. Figure reprinted with
permission from Springer (Colloid and Polymer Science), copyright 2017.
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S3.5 The atomic composition of both the neck and the particle surface of porous materials made of hydrophilic glass spheres
(qbsolid =40 vol%) and HEMA as secondary phase (d)HEMA =4 vol%) using Energy-dispersive X-ray spectroscopy (EDX) in the

ESEM-mode. The samples were polymerized in paraffin oil with 15 mg BPO/ml HEMA at 82 °C for 2.5 h and afterwards ex-
tracted with hexane. Figure reprinted with permission from Springer (Colloid and Polymer Science), copyright 2017.

$3.6 Confocal image of 35 vol% PMMA particles and 3 vol% MMA in glycerine-water-bulk (60/40 wt%). The confocal image
is a flattened image with a depth of 25.1 um. Figure reprinted with permission from Springer (Colloid and Polymer Science),
copyright 2017.
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30 ym

$3.7 Confocal image of 35 vol% Micronal particles and 3 vol% MMA in glycerine-water-bulk (60/40 wt%). Figure reprinted
with permission from Springer (Colloid and Polymer Science), copyright 2017.

S3.8 Graphite particles. Figure reprinted with permission from Springer (Colloid and Polymer Science), copyright 2017.
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4. Measurement of adhesion and capillary forces between two microparticles

This chapter is written in the form of a scientific paper to be submitted. The main idea for the pro-
ject came from Katharina Hauf-Hartung and Erin Koos, who did the investigation and methodology,
the conceiving of the whole manuscript and wrote the manuscript. This work was completed with
the cooperation of Richard Thelen and Hendrik Hélscher from the Institute of Microstructure Tech-
nology at Karlsruhe Institute of Technology. The contribution of Richard Thelen included the inves-
tigation and methodology, conceiving of the concept of the manuscript and writing and correcting
regarding the technical setup. Hendrik Hélscher and Erin Koos contributed with the analysis and
discussion of the data and results, the correction of the manuscript as long as the supervision in all
parts of the paper. Norbert Willenbacher took part in the correction of the paper.

Preface

The goal of the work presented in this chapter was to observe and quantify the direct polymerization
of a single capillary bridge between two microparticles in a liquid medium with an adapted AFM-
setup. The results presented in this chapter are rather preliminary, because it was not possible to
fully characterize the resulting bridging force for polymerized bridges.

Despite the limitations, the presented setup provides new and interesting insights into the meas-
urement of contact angles of liquids in contact with spherical particles. The present design is very
well suited for this goal and already provides valuable results that are important for understanding
the microstructure of the particle networks.

Abstract

We demonstrate the direct visualization of force-distance measurements between two microparti-
cles connected by a capillary bridge utilizing atomic force microscopy. This provides detailed insight
in capillary bridge formation on the microscale and allows to observing the in-situ motion of the can-
tilever instead of common quasi blindfold measuring. The method is applicable for different types of
microparticles under a variety of adjustable conditions. To demonstrate the experimental reliability
of the presented approach, we show several measurements utilizing microspheres with an average
diameter of 30 um utilizing a side view camera determining the van der Waals forces between two
microparticles in air and in glycerol. In this way, we visualize capillary bridges of glycerol between
hydrophilic and hydrophobic glass spheres in ambient conditions allowing the determination of the
contact angle of the capillary bridge. In addition, the time-dependent elongation process of the liquid
bridge during retraction is recorded, as well as the breaking behavior of a polymerized epoxy bridge
between two microparticles

4.1 Introduction

Capillary forces are well known from everyday phenomena like the capillary rise in narrow tubes, e.g.
water transport in trees [94,95], as well as in sandcastles [96]. The study of materials with capillary
bridges, wet granular media [10,11,45,47,97-100] and capillary suspensions [13,36,53], become of
increasing importance. Recently, extensive investigations have been conducted on the interactions
caused by liquid bridges between particles in order to understand the behavior of such materials

[45,47,97-100]. The strength and appearance of the material is governed by the amount of liquid
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volume and particles [98]. Capillary bridges between particles can appear in different shapes, which,
depending on their wetting behavior, can be concave, convex, or even asymmetrical [101]. In most
cases, they are regarded as being symmetrical, like in the studies of Bossler et al., where different
bridge types and respective particle network formations were visualized [9,12,15].

In the recent years, a lot of research has been conducted in the field of measuring capillary forces
between micron-sized particles via atomic force microscopy (AFM) to gain a quantitative insight into
microscale forces [98,102-107]. These experimental measurements have been supplemented by
theoretical calculations [10,108-110] and simulations [111]. Rumpf et al. and Schubert carried out
extended research regarding the capillary bridging effects in wet granular media, where they investi-
gated caused by the capillary pressure and wetting behavior and its influence on the tensile strength
of the capillary bridges [10,11]. Tardos et al. presented a method to observe and measure capillary
bridges of a binder solution to get insight in the solidification of the bridge regarding agglomeration
processes [112-114]. Willett et al. measured capillary forces between particles with 2.4 mm diame-
ter using different liquids to investigate the influence of surface tension on the wetting behavior [45].
They determined that the wetting hysteresis, which is caused by physical or chemical inhomogenei-
ties on the particle surface resulting in energy barriers, has important consequences for the behavior
of pendular liquid bridges [115,116].

Attractive capillary forces are particularly interesting for the research in the field of capillary suspen-
sions where a sample-spanning network is created through bridging of particles [13,36,53]. A capil-
lary suspension based processing route was used to produce porous solid materials using ceramics
[22], glass [43], or composite materials as well as pastes like low-fat chocolate suspensions [33], bat-
tery slurries, and conductive materials [17,18]. The physical behavior of these suspensions has been
typically characterized by measuring the rheological behavior or by probing the mechanical behavior
of the solidified body, for example through compression tests. While these macroscale measure-
ments are related to the strength of the individual bridges [36], the influence of specific parameters,
like contact angle hysteresis, particle roughness, or other inhomogeneities, cannot be clearly probed.
This problem is also true for other systems with particles and liquids, such as wet granular matter,
Pickering emulsions [117,118] or bijels [119]. The influence of these complicating factors can be elu-
cidated by directly observing the liquid bridges while measuring the force between two microparti-
cles connected by this bridge.

In this work, we show how to modify an AFM setup that allows force-distance measurements with
additional in situ visualization using a field of view of 270 x 400 um. Its performance is demonstrated
by the measurement of van-der-Waals forces in ambient conditions. Subsequently, the analysis of
capillary bridges between two micron-sized spheres is presented. From the measured capillary force
values, the contact angle is determined and compared to values obtained by other methods. A clear
advantage of the presented setup is the in situ observation of the time dependent elongation pro-
cess of the liquid bridge during ramping, providing insight into contact line pinning or the influence of
extensional viscoelasticity. The presented setup is also applicable for measurements in a liquid cell
and the investigation of solid bridges and their respective mechanical breaking force.

4.2 Experimental

For the correct modeling of a system consisting of two spheres connected by a capillary bridge, it is
of major interest to measure force-distance curves as well as to depict and detect at the same time
the shape changes of the capillary bridge until it breaks during retraction. The main component of
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the setup is an AFM (Dimension Icon, Bruker Corporation, USA) equipped with an additional illumina-
tion, an elevated stage extension with an integrated heater and a camera, with a working distance of
22 mm and 400 um wide field of view and the aperture of 0.5°, mounted on a lever connected to a
micromanipulator with five degrees of freedom. The expanded setup of the AFM allows for precise
determination of the minimum diameter of the meniscus of the bridge and the respective break
force, simultaneously. Furthermore, the measured forces can be normalized by the bridge volume
calculated from the pictures with a dedicated software script (MATLAB code for example). As every
cantilever is individually calibrated, the error of each single measurement can be kept low. The setup
is designed in a way that temperature, separation velocity and separation distance as well as delay
time can be varied. This enables a software controlled systematic analysis choosing different parame-
ters. A schematic of the utilized setup is shown in Figure 4.1.

Measurements can be performed in ambient conditions with a base sphere glued to a substrate, an
upper sphere mounted on the AFM cantilever, and a capillary bridge between the two spheres as
exemplary shown in Figure 4.1. Additionally, it is possible to carry out force-distance measurements
within a liquid surrounding both spheres. This can be achieved with a liquid cell with embedded win-
dow in order to properly image the sphere-sphere interaction. The whole set-up contains mostly
modular components so that all modules can be tested, operated and optimized independently.
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Figure 4.1 Schematic of the experimental measurement setup showing key components and all three adjustment axes.
Spheres are glued to cantilever and glass slide, and imaged using two cameras (front and top view). The sapphire disk is
used for calibration and the specimen disk serves as reservoir for the bridging fluid. The experimental challenge is to align all
three coordinate systems in a way so that a proper depiction is attained during the recording of force distance data. This
procedure is challenging and labor-intense because the additional camera is not mounted on the stage directly but on a 320
mm long lever connected to the AFM base to still allow for AFM stage motion.

4.2.1  Materials and sample preparation

Hollow borosilicate glass spheres (untreated hydrophilic iM16K and hydrophobically modified iM16K
OTES, treated with octyltriethoxysilane) with a density of 0.46 g/cm3 were obtained from 3M

37



Measurement of adhesion and capillary forces between two microparticles by AFM

Deutschland GmbH (Neuss, Germany). The spheres used in this study were approximately 30 um in
diameter. They had a hydrophilic (iM16K) or hydrophobic (iM16K OTES) surface. Glycerol with a sur-
face tension of [ = 64 + 0.4 mN/m and 98% purity (Carl Roth, Germany) was used as the bridging lig-
uid. The surface tension was measured by the pendant drop method after DIN 55660 [120]. All items
were used as received. The surface roughness R, of the glass spheres, measured by AFM with a scan
size of 2.5 um by 2.5 um, was 51 + 24 nm on hydrophilic and 43 £ 17 nm on the hydrophobic particles
after applying a spherical fit.

Tipless silicon cantilevers (All-in-one, BudgetSensors Ltd., Bulgaria) were manually equipped with
particles on the bottom side of the cantilever with a micromanipulator using the protocol of Mak et
al. [121]. The spring constant was determined for each prepared cantilever with the thermal tune
function integrated in the AFM software (Force Volume Mode of Dimension Icon, Bruker Corpora-
tion). The deflection sensitivity was recorded on a hard sapphire specimen (Sapphire 12M, Bruker
Corporation). Glass slides with particles on top were prepared by gluing the spheres with 2-K epoxy
glue UHU Plus Endfest 300 (UHU GmbH & Co. KG Bihl, Germany). The glue was allowed to harden for
at least 24 h in order to achieve maximum solidity. Small droplets of glycerol, to form liquid bridges,
were dispensed on a metal specimen disc (Pelco 16219, Plano, Wetzlar, Germany) serving as reser-
voir. All components were placed on a common glass slide to ease handling.

4.2.2 Setup

To image the fine details of the examined microspheres, it is imperative to optimize the optical set-
tings. Structures with a size of about 30 um in diameter are easily depicted using an optical micro-
scope with small working distances of a few millimeters using backlight illumination. Here, the sphere
is glued to a micron-sized cantilever, mounted on a holder that is placed under the housing of a piezo
tube with a diameter of 38 mm. Therefore, the working distance of the objective has to be larger
than 21 mm (midway of the piezo tube plus a clearance of 2 mm for slight navigation freedom). If the
measurements are done in liquid instead of air, the effective working distance increases further as
the refractive index of practically all suitable liquids is larger than that of air.

The most critical and elaborate step is the alignment of all components relative to the given refer-
ence by the AFM setup to attain high quality depictions, which is a prerequisite for the subsequent
analysis of experiments. Two cameras are used for that. The top view camera, mounted in the AFM
housing, is placed and adjusted so that the focal plane matches the cantilever for adjustments and
the sample underneath for measurements. The image of the front view camera is used to check if the
heater stage is well adjusted relative to the angles ®camera aNd Ocamera

With manual “tip down” from motion control, the top sphere is moved down by steps of 1 um until
the top sphere touches the base sphere. The base sphere position is adjusted using the motion con-
trol of the AFM. The AFM is engaged using offset steps of 2 um for xarm and yarw direction, until the
top sphere touches at peak. This is verified by the top view cameraAdditionally, the visible z-position
shown by the front view camera is not exceeding the peak position, nor does the deflection depend-
ing detector voltage. This position is the zenith where the zx;\ position of the upper sphere reaches
its maximum while still in contact with the lower one. The Y.mera fOocus of the cantilever front view
camera is adjusted using the micromanipulator.

The final step prior to the actual measurement is to pick up some liquid with the upper sphere glued
to the cantilever. For that the scan head is lifted a secure distance of 1 mm above the specimen disk
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level used as a reservoir for the liquid. Then the cantilever with the attached sphere is moved to the
edge of the disk using the top view camera. After the cantilever touches the liquid reservoir, a
change in the liquid surface reflection caused by a change of shape around the created meniscus is
visible with the AFM top view camera. At this point, the sphere is immediately retracted from the
liquid reservoir, and moved to the position the bottom sphere to be examined.

The complete measurement procedure is summarizes in the following numbered list.

Measurement Procedure:

Microscope slide with bottom spheres, sapphire disk and fluid reservoir is mounted
Cantilever mounted with a sphere attached

Laser adjusted close to cantilever end at the tip position

Deflection sensitivity is calibrated using sapphire disk

Base sphere Xsamples Ysamples aNd Zsample POSsItion is recorded

Base sphere position is defined by zeroing x and y

First sphere-sphere contact is made to check for laser coupling

Precise zenith touching position is defined using AFM offset

O ® N o vk~ W NP

Reservoir is approached and sphere brought into contact with liquid surface

[EY
o

. Motion control is used to move to base sphere back into position

[y
[N

. Focus is checked and corrected if necessary

[E
N

. Spheres are approached using false engage approximately 30 um above bottom sphere

[EEN
w

. Final approach using tip down function with 1 um step width until gap is smaller than 5um

=
o

. Relative sphere position is adjusted for maximum visibility of gap/meniscus

[EEN
ul

. Data file path is set

[EEN
[e)]

. Ramp function parameters used to define a force distance curve are entered and executed

[EEN
~N

. Force distance curve might be repeated to increase statistics validity
18. AFM head is withdrawn to secure position

The measurements of the force distance curves were recorded with the added front view camera,
depicting the cantilever with sphere from the side. The cantilever was therefore moved down until it
was about 5 um above the bottom sphere. This step is conducted with the help of the AFM software
(Nanoscope 8.15_SR8). The appropriate ramp size and surface delay of 10 seconds were set and the
force distance measurement was started in a continuous mode with at least 10 measurements rec-
orded at once.

4.3 Results and discussion

In this section, we present and discuss measurements of van-der-Waals forces between two micron-
sized spherical particles in ambient conditions and measurements of capillary forces of glycerol
bridges between two particles. The advantage of the presented setup is the visualization of the liquid
bridge between the micron-sized spheres. This allows quantitative characterization of the bridge
curvature, as well as the calculation of the liquid volume and contact angle and the in-situ observa-
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tion of the force-distance measurements. For all sets of parameters at least three measurements
were carried out (N = 3) and repeated with three different velocities in order to proof that a “quasi-
stationary” state was achieved. All experiments were conducted at ambient conditions with a tem-
perature of 25 + 2 °C and a relative air humidity of 25 * 3 %. While the data presented here is record-
ed in air the setup can also be applied with a cantilever in a liquid cell as long as the liquid medium is
transparent.

4.3.1 Attractive forces between the particles in air and in glycerol

First, we present force-distance measurements between hydrophobic spheres at ambient conditions
without any bridging fluid. Figure 4.2 shows an exemplary image taken during the experiment and
the respective force distance curve. As the spheres are brought into contact (blue, dashed line), there
is no detectable snap-in. The force then increases as the spheres are pushed against each other and
the cantilever bends. The slope of trace and retrace curve (red, solid line) in this region depend main-
ly on the stiffness of the cantilever to which the upper sphere is attached.
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Figure 4.2 Front view taken during the measurement of force distance curve between hydrophobic microparticles in ambient
conditions. (B) The respective force distance curve. The adhesion force during retraction is F,y = 376 nN.

During further retraction the two spheres stay in contact due to their respective adhesion force (i.e.,
van-der-Waals force). However, the retraction force of the cantilever increases continuously till it
becomes as large as the adhesion force, and the two spheres separate instantaneously [122]. This
jump-off manifest as a sharp decrease in the force distance curve (see Figure 4.2B), which allow the
easy determination of the adhesion force between the two particles. As the two spheres are hydro-
phobic we can neglect capillary forces by water. The lowest turning point corresponds to the adhe-
sion force F,q of 376 nN between the spheres. This is a reasonable value if compared to the theoreti-
cal value of the Hamaker force which can be calculated from [108,123]

A
Fyaw = 6_:2'R (8)
where Ay is the Hamaker constant, R = % the reduced particle radius calculated from the respec-
1 2

tive radii r; and r, of the two spheres, and h is their separation distance. While the radii of the two
spheres are well-known (21.4 pm and 19.9 um) the Hamaker constant and the separation distance
have to be estimated. The spheres are made from borosilicate glass (70 — 80% SiO,), therefore, we

assume the nominal Hamaker constant for glass A ~ 8.55-1072%] [124]. The largest uncer-

H, glass
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tainty is the separation distance. Here, a value between h = 0.7 nm and 0.4 nm, which is in the range
of one silicon dioxide molecule, seems reasonable [125,126]. The adhesion force calculated with
these values is between 290 nN and 888 nN and the measured value of 376 nN is well within this

range.

Below in Figure 4.3, an example image is shown taken during the experiment in glycerol and the re-
spective force distance curve is shown Figure 4.3.
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Figure 4.3 Front view taken during the measurement of force distance curve between hydrophobic microparticles in glycerol.
(B) The respective force distance curve. The adhesion force during retraction is F,y = 72 nN.

The Hamaker constant for glass in the glycerol medium can be calculated using the Good-Girifalco-
Fowkes combining rule with Ay giycerol = 6.7 - 1072%] to be 1.13-1072" ] [109]. The measured
value was 72 nN for the van der Waals force in glycerol. The calculated was between 5 nN and 14 nN
with the separation range of SiO,. Assuming h = 2.3 nm for the elongated octyltriethoxysilane mol-
ecule, the calculated force is 0.4 nN. A reason for the increased attractive force could be due to in-
teractions between the long silane chains. The measurement in glycerol has to be optimized since
the measured value is still a bit higher than the calculated. This can be realized using for example
dense glass spheres without any attached silane molecules as well as a further optimization on the
setup since other interactions can cause a deviation in the attractive force, which was observed in an

increase during several measurements.

4.3.2  Capillary forces between two microparticles via AFM-measurement

As mentioned already, the most important feature of the modified AFM setup is the ability to study
the capillary bridge force between two microparticles. A typical force distance curve of such a meas-
urement is shown in Figure 4.4. Here, the cantilever approaches (blue, dash line) the fixed bottom
sphere (image 1) until a snap-in takes place, as marked by the green circle. Then, the force increases
due to the bending of the cantilever when the particles are in contact (image 2). Since the upper
sphere was dipped in glycerol before the approach a capillary bridge is formed between the spheres.
Since the two spheres touch each other mechanically, the force due to the cantilever bending should
increase linearly (black dash-dotted) but a deviation is observed. This is mostly likely caused by a
small relative movement of the particles in contact. The red dotted line corresponds to the retraction
when the cantilever is moved upwards. It passes through the peak attractive force, the capillary force
F., when the particles are just touching. It can be calculated from
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F = 2mrpl cos 6 (9)

Ch=0

where R is the reduced particle radius defined above, I the surface tension of the bridging fluid, and
0 the contact angle [10,45,127]. Equation (9) assumes that the spheres are smooth and that the
bridge volume is comparatively small with respect to the sphere size. The particle diameter was
measured to be 16.5 £ 0.5 um (N = 5) utilizing Image) Fiji [128] with the cantilever length as a scale.
Applying Eq. (9) it is straightforward to calculate the contact angle 8 of the bridge between the two
spheres from the measured capillary force at contact. This determination is an advantage of our set-
up, especially for particulate multiphase-suspensions, since it is hard to accurately determine the
contact angle with other methods. The established methods such as the sessile drop protocol or the
microchannel confocal microscopy protocol of Bossler [9] suffer from problems caused by the parti-
cle curvature, contact angle pinning, or are limited regarding the optical properties of the suspen-
sion. For instance, a pressed powder is often employed for the sessile drop method since the particle
surface treatment cannot be replicated, but such measurement is conducted on a greatly different
length scale compared to the capillary force between particles, and often neglects the influence of
roughness or fluid absorption.

After the particle-particle contact, the cantilever is retracted from the lower sphere and the glycerol
bridge between the spheres elongates and thins (position 3 in Figure 4.4). Finally, a critical neck di-
ameter is reached and the liquid bridge breaks. This point manifests as a sharp step in the force curve
and is marked as Fyear in Figure 4.4. Assuming a toroidal bridge the resulting capillary force can be
calculated as a function of the bridge elongation h using equation (1) from chapter 2.4 [9,97]. Here,
Viridge is the volume of the liquid bridge and all other variables are defined as in Eqg. (8) and (9).
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Figure 4.4 (left) Force distance measurement of a glycerol capillary bridge between two hydrophilic micron-sized glass
spheres with (right) images respective to the measuring position 1, 2 and 3. The bridge is shown in the image inset with lines
to guide the eye. The bridge volume was measured to be Ve = 0.21 # 0.04 pL and the upper sphere has a diameter of
16.5 +0.25 um, respectively.

After the determination of the top particle radius rygper sphere = 16.5 £ 0.25 pm and the bridge volume
Vprigge = 0.21 + 0.04 pL from the images taken during the retraction, we fitted the retraction force (red
dotted line) with Eq. (1). The radius of the upper sphere and the lower sphere are assumed being
almost equal and therefore the radius of the upper sphere is used in Eq. (1). The average contact
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angle 6 was calculated via Eq. (9) and assumed to be nearly constant over the measured distance.
The curves agree well, slight differences between the theoretical and experimental curves might be
an indication that there is an influence from, e.g., the fluid viscosity and/or contact angle hysteresis.
Therefore, the experiments were carried out at least 10 times with different velocities. However, the
variation of the velocity of the cantilever movement (100, 765, 2000 nm/s) resulted in no detectable
influence of this parameter on the measured force curves implying that velocities below 2000 nm/s
can be considered as quasi-static. The good agreement of the theoretical fit and the experimental
capillary force curve additionally confirms that the calculation of the contact angle via Eq. (9) is based
on a reasonable description of the capillary forces.

A clear benefit of the presented approach is the possibility to visualize the liquid bridge between the
two spheres in order to determine the volume Vyiqge, Which is required to compare experiment with
theory, e.g., Eq. (1). The bridge shape can be extracted from the images, as shown in Figure 4.5. This
step can be automated with the assumption of a toroidal curvature using a dedicated software script
(Matlab code in our case). With such a procedure the liquid bridge volume was determined and we
estimate an error of about 20% for two reasons. First, the spherical particles, which had to be used as
scale, had blurry edges, and the shape of the liquid bridge was manually generated. Nonetheless, the
contact angle can be calculated from such images, too. Figure 4.5B shows a plot of these contact
angles as a function of the sphere distance during approach (advancing) and retraction (receding). In
accordance to previous studies we observe clear differences between advancing and receding con-
tact angles as well as a dependence on the separation distance h.
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Figure 4.5 (A) Photos of the glycerol bridge between the two hydrophilic glass spheres used to calculate the bridge volume
and contact angles. (B) Contact angles from the measurement shown in the insert 3 in Figure 4.4 were taken from the 4
edges of the curvature fit for three distance points.

4.3.3  Comparison between macroscopic and microscopic determined capillary forces

As discussed above the capillary forces between spheres are frequently calculated with Eq. (9) using
a macroscopically determined contact angle. In the previous subsection, however, we demonstrated
how the microscopic contact angle can be determined in an indirect (Eqg. (9)) and direct way (Figure
4.5) via atomic force microscopy. In this subsection, we compare and discuss the differences be-
tween these macroscopy and microscopic approaches. The conventional macroscopic method to
determine contact angles is the sessile drop method. Measurements of sessile drops on a pressed
powder [128] surface made from the same spheres used in the AFM experiments result in 84 + 3° for
hydrophilic and 82 + 1° for hydrophobic spheres. Using these values to calculate the capillary force
with Eq. (9) gives 3.08 uN and 0.41 uN. Measurements of the capillary force directly via AFM, howev-
er, result in 5.21 + 0.05 pN and 3.16 + 0.06 puN. The reverse calculation of the respective contact an-
gle gives values of 38 + 1° and 67 + 1°. These values differ from the classical approach to determine
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the contact angle of a pressed particle powder. The difference is even larger if we compare these
results with contact angles determined from the analysis of the video images. In this case the micro-
scopic contact angle is smaller for the hydrophilic (24 + 2°) as well as for the hydrophobic (42 + 2°)
case. Consequently, the adhesion values are smaller, too. Table 2 compares the macroscopic and
microscopic determined contact angles and adhesion force for the three discussed cases. The large
differences between the values demonstrate that all methods have to be handled with care. Calculat-
ing bulk properties of bridged materials from them will lead to quite different results (and therefore,
false predictions) depending on the actual method applied.

Table 2 Contact angles and capillary forces of a liquid bridge of glycerol between hydrophilic and hydrophobic glass spheres
determined with three different methods. The transformation between capillary force and contact angle is calculated for h =
0 with Eq. (9) using r;,=16.5 + 0.25 um and I = 64 mN/m. The arrows indicate the direction of determination.

Method hydrophilic spheres hydrophobic spheres
—LMBCFOSCO ic: 9 I:capillary e I:t:apillary

Sessile drop on pressed
powder (Ref. [129])
Microscopic:

AFM measurement of
capillary force

Image analysis of receding

84+3° = 3.08 uN 82+1° = 0.41 pN

38+1° ¢« 521+005pN 67%1° & 3.16+0.06 pN

24+2° = 6.06x0.10uN 42+2° = 493+0.15uN
capillary bridgeath =0 H H

4.3.4  Adhesion force for solidified bridges

This device is further suitable for the analysis of solid bridges, as shown by the example crosslinked
epoxy bridge in Figure 4.6.

force [uUN]
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Figure 4.6 Example for force-time-measurement of epoxy between hydrophilic particles with 1 um/s reverse velocity after
polymerizing for 19 h at ambient conditions. The stepwise measurement is highlighted by the colored area and the bridge
breaking point by the dashed line. (Scale: the upper particle is 32 um in diameter)
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For the adhesion measurement after polymerization of the liquid bridge into a solid bridge, the pro-
tocol was switched to manual retraction because the tunable ramp size of the AFM was too low. As a
result, the curves in the highlighted area appear as steps. The initial force at the beginning of the
measurement is caused by the preloading of the cantilever to ensure the particles are in contact be-
fore polymerization. The colored area is the effective measuring sequence, where the cantilever is
retracted manually with a velocity of approximately 1 um/s. As shown in Figure 4.6, the failure of the
bridge occurs not under simple tension, but in horizontal direction that precedes the vertical. Despite
this complex displacement, the thinnest point of the solidified epoxy bridge was the fracture pointin
all measurements. The adhesion between the epoxy and the glass seems to be stronger, as the con-
tact area is larger, than the cohesion force within the epoxy bridge. A similar phenomenon was ob-
served for the fracture of porous samples made from these glass hollow spheres connected by epoxy
bridges [26]. In these samples, shown in Figure 5.3 (Chapter 5), SEM images show that bridge break-
ing rather than delamination of the epoxy from the particle surface.

4.3.5 Conclusion and outlook

With the presented AFM setup, it is possible to measure particle interactions in ambient conditions
and potentially also in liquids. Force distance curves can be measured in a defined way between mi-
crometer-sized spheres. When a capillary bridge is present, the setup also allows the simultaneous
observation of the meniscus formed between the particles for precise determination of the bridge
volume and the respective capillary force. The contact angle can be either determined by fitting the
AFM curve with theory or directly from visual observation. While the resolution of a pixelated video
limits the determination of the contact angle (+ 2° in our case), continuous video monitoring allows
the diagnoses of issues such as non-ideal bridge shapes and unwanted bridging effects.

One remaining problem that might be addressed in future experiments is the reliable application of
extremely small amounts (femtoliters) of liquid between two spheres that are immersed in a second
liquid. The procedure successfully applied in air - partially immersing the top sphere in a reservoir of
the bridging fluid - failed to reproducibly dose the sphere in a liquid. We, therefore, examined an
alternative utilizing a glass capillary with a conical shape. The capillary was mounted on a customized
micromanipulator, which guided the liquid through tubes, connected to a cell-tram unit to the Ep-
pendorf Femtotip Il dispenser. This test was not successful as the tapered form of the microcapillary
prevents the liquid from being dispensed due to the high force needed to overcome the capillary
force and the pressure drop at the tip of the capillary. Furthermore, small tips were prone to un-
damped vibrations when moving into place. These problems were present for liquids being distribut-
ed via a tapered glass capillary with a final outer diameter of less than 3 um and inner diameter of
less than 0.5 um. A dispensing system with capillaries with an inner diameter larger than 5 um was
able to reproducibly dispense the fluid when all interlocks were sealed by epoxy in addition to their
mechanical connection. However, the minimal dosing volume for this comparable thick capillary is
much larger than the tiny amount of liquids needed (some picoliters). A promising alternative to
overcome the issue of reliable liquid dispense might be cantilevers with integrated liquid channels
[130,131]. To navigate the delicate capillary, the system might be expanded by three additional com-
ponents: a third camera for navigation, a dispensing unit, and a second micromanipulator. There is
only a small space gap left between cantilever holder, AFM piezo tube housing, and camera optics to
bring the capillary in close vicinity and finally in contact with the spheres seriously complicating such
a procedure.
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We also conducted some preliminary experiments showing that our approach is also suitable for the
analysis of crosslinked epoxide bridges. The experimental procedure is similar to the aforementioned
measurements of liquid bridges. But instead of stressing a liquid capillary bridge a solidified epoxy
bridge is stressed until it breaks. That is attained using much stronger cantilevers with higher spring
constant. The shape of the resulting solidified bridge is primarily determined by the surface forces of
the not crosslinked epoxide.
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5.1 Introduction

Porous materials are found in a broad field of applications, such as separation and filtering tech-
niques, as well as thermal insulation materials or even catalytic materials [1], while the pore size is a
key property. The pore size is categorized in macro- (>50 nm), meso- (50 nm—2 nm), and micro
(<2 nm) porous structures [2]. Here, we focus on macroporous materials that are made from glass.
Besides the pore size, the pore and inner structure of the material are also important, as they influ-
ence the mechanical properties along with the porosity. In the past few years, attention was focused
on natural structure architectures, as these extraordinary structured materials evolve properties that
are well-suited to specific environmental conditions. Examples include the plate-plate structure of
sea shells with a compressive strength of up to 540 MPa [132], hierarchically porous structured bam-
boo with compressive strength up to 68 MPa at a density of 900 kg/m? [133,134], and highly porous
and strong balsa wood with compressive strength of around 40 MPa at densities of 100-250 kg/m’
[4,135,136]. Recent approaches have attempted to either directly mimic these natural structures
using inorganic materials or to create other complex structures to surpass the material properties of
these natural materials. Bauer and coworkers were able to create micron-sized cellular composite
materials that are made of three-dimensional (3D) polymer trusses from laser lithography that were
coated with alumina [137]. The samples had densities that were below 1000 kg/m® and compressive
strengths of up to a 280 MPa. Their micro-architecture, with size of 10 to 40 um in all directions, is
the benefit—and drawback—of these samples, since this method creates stable, but quite delicate,
structures. Furthermore, these complex microstructures would be difficult to implement on a rapid,
large scale for industrial processes where bodies that are larger than a few centimeters are required.
A similar method was also established for pure ceramic materials on a larger scale. Minas et al. were
able to produce cellular alumina scaffolds with a hierarchically- structured pore network and high
porosity (67—-77%) at a compressive strength between 9.5 and 29.3 MPa using three-dimensional
(3D) printed Pickering emulsions and foams [138]. While ceramic materials often have superior
strength, glass and glass composite materials are preferred in certain applications because of their
resistance to chemicals, surface tunability, as well as easy cleaning and reuse. Maurath et al. used the
capillary suspension concept, which will be described in the following paragraph, to produce sintered
dense glass filters with porosities of up to 50% with a compressive strength of 14.7-21.4 MPa at an
average sample density of 1375 kg/m> [43]. Rincén et al. [139] were able to produce porous glass
foam materials via alkali activation, gel casting, and sintering at 700-800 °C with porosities of 88—
93%, densities from 2110-2660 kg/m3, and strengths from 0.5 up to 5 MPa. Qu and coworkers could
produce even more efficient lightweight glass foams at equivalent sintering temperatures, but with
lower densities of 129-229 kg/m?, higher porosities of 91-95%, and compressive strength of 0.85—
5.92 MPa [140,141]. While there are advantages in the physical and mechanical properties of these
products over traditional bulk manufacturing [142], the high sintering temperatures present clear
drawbacks. Therefore, a simpler and more energy efficient processing route should be explored.

As mentioned above, further improvements on bulk forming methods are possible while using the
capillary suspension processing route. Capillary suspensions are created by adding a small amount of
an immiscible secondary fluid to a particulate suspension, thereby modifying rheological properties
of the suspension [13,35]. The changes can be detected by, e.g., a strong increase of the yield stress,
which is caused by a transition from fluid-like to gel-like behavior due to structure formation within
the suspension. This small amount of secondary liquid phase is distributed as capillary bridges be-
tween the micron-sized particles, leading to a particle network due to the capillary attraction. This
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percolating network of particles and capillary bridges was directly visualized using the confocal mi-
croscopy by Bossler and Koos [9]. They show the two extrema in the shape of the capillary bridges
between the particles in the suspension, depending on the three-phase contact angle, where the
secondary phase forms between the particles. The first case is the so-called capillary state for a
three-phase-contact angle 65 > 90°, where the secondary fluid (S) wets the particle surface worse
than the surrounding bulk fluid (B). If the secondary fluid preferentially wets the particles (65 g < 90°),
then the particles are directly connected by capillary bridges and the system is in the pendular state.
Both of the arrangements lead to a sample-spanning network, but they show significant differences
in the overall structure. The pendular state is characterized by individual capillary bridges between
the particles (binary interactions), while the capillary state often appears in multibody particle clus-
ters [13,36,48,143]. Capillary suspensions in the pendular state have already been used to produce
porous materials by either sintering or locally fusing the microparticles [23]. A proof of concept for
direct polymerization within the capillary bridges was shown by Hauf et al. [8], where a simple meth-
od for direct polymerization in the bridges at temperatures below 100 °C, requiring less time and
effort than existing methods, is presented. Hauf et al. investigated the chemistry, including the chem-
ical composition and molecular weight distribution of poly(methyl methacrylate) (PMMA) capillary
bridges between glass particles to demonstrate how the bridge structure and the resulting porous
body properties could be tuned. Bitsch et al. were successful in using a reactive epoxy resin as the
secondary fluid to connect plate shaped graphite particles, resulting in lightweight conductive open
porous bodies (e = 60 —=75%), with a compressive strength of 0.1-1 MPa [23].

In this paper, we present an advanced method using capillary suspensions to create self-organized
porous bodies with open porosities of up to 67% at an apparent density of only 200 kg/m> and a
compressive strength of 0.6 MPa. These samples are made of micron-sized hollow glass spheres that
are locally connected by two-component epoxy bridges, which increases the compression strength of
the produced samples compared with PMMA. The density of our glass-epoxy materials approach that
of balsa wood and it is comparable with common insulation materials, like foamed poly(styrene), but
they have superior resistance against chemicals, solvents, or thermal exposure, in addition to the
easy surface modification. Furthermore, the process route is very simple, low cost, consumes little
energy, and is environmentally friendly.

5.2 Experimental Section
5.2.1 Materials

Hollow, borosilicate glass spheres iM16k (untreated) and iM16k OTES (treated with octyltriethox-
ysilane) were provided by 3M Deutschland GmbH (Neuss, Germany) with a mean diameter
dso = 20 um and a density of 0.46 g/cm’, differing in surface treatment. Particles were used as re-
ceived and are shown in the supplementary information Figures S5.1 and S5.2. As shown in the sup-
porting information, the spheres have a rough surface consisting of small glass particles that were
adsorbed onto the micro-particle surface. This roughness appears to be more pronounced for the
treated particles than the untreated, but these nanoparticles can migrate during processing [8].
Glycerol (Carl Roth, Karlsruhe, Germany), with a density of 1.26 g/cm3, was used as the bulk phase
and a two-component epoxy as the secondary phase. The epoxy base (Epoxydharz L) and curing
agent (Harter L) were provided by Conrad Electronic SE (Hirschau, Germany). The interfacial tension
between epoxy and glycerol was measured to be I' = 8 mN/m.
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5.2.2  Sample Preparation

To prepare the capillary suspensions, the particles were dispersed in glycerol with a high-shear dis-
solver stirrer (35 mm diameter for rheological measurements and 60 mm diameter for the cured
samples) at 1200 rpm for 10 min, with a solid volume fraction of 30 vol%. The two-component epoxy
was premixed at a ratio of 10:4 by weight with a spatula and then added to the suspension while
further mixing at 2000 rpm for 2 min. The amount of secondary fluid ¢s.. was 0, 3, 4.5, 6, 7.5, or
9 vol%.

The prepared capillary suspensions were filled into silicone molds (35 mm diameter disks with 5 mm
height for porosity measurements, bars of 48 mm x 12 mm x 5 mm for the mechanical experiments)
and cured (crosslinking of the epoxy) in the mold for two days at ambient conditions. The glycerol
was then removed from the cured samples by placing them on paper towels for at least three hours
and then rinsing the samples twice with distilled water. Finally, they were dried overnight in a labora-
tory oven at 70 °C and 200 mbar.

5.2.3  Characterization

Yield stress measurements were performed with the stress controlled rheometer Haake RS 150
(Thermo Scientific, Karlsruhe, Germany) using a vane geometry (10 mm diameter) by increasing the
stepwise shear stress in a range from 0.1 to 100 Pa for approximately 20 min. The temperature for all
measurements was T = 20+ 0.5 °C. The yield stress was defined using the tangential method [23].
The values reported are for at least two unique measurements.

The three-phase contact angle between the glycerol and epoxy (without hardener) was determined
by imaging particles at the interface between the two fluids using a microchannel and confocal mi-
croscope (Leica TCS SP8, Leica Microsystems, Wetzlar, Germany) [9]. The contact angle was deter-
mined to be 19 * 4° for the untreated glass hollow spheres and 110 + 10° for the treated particles.
The interfacial tension between glycerol and the epoxy was determined using the pendent drop
method with image analysis from Kriss (Kriss, Drop Shape Analysis, Hamburg, Germany).

The samples were also optically inspected after curing using an environmental scanning electron
microscope (ESEM-mode at p = 70 Pa, Quanta 650 FEG, FEI, Hillsboro, OR, USA), where the images
were taken from a fractured section of the solid samples. The samples were sputtered with a mixture
of platinum and palladium prior to imaging.

The total porosity € of the solid bodies was calculated using the ratio of the apparent (raw) density of
the sample and the true (skeletal) density based on DIN EN 1936.

Papparent (10)

Etotal = 1= Ptrue

Here, the apparent density of the sample was calculated as the ratio of sample weight and sample
volume. The true density was measured using a multivolume gas pycnometer (Micromeritics GmbH,
Aachen, Germany, Model MP 1305 with Helium) at 20 °C. Pore size measurements were carried out
using the mercury porosimeter Autopore Il 9420 (Micromeritics GmbH, Aachen, Germany) by de-
tecting the intrusion volume at a mercury filling pressure of 3.9 kPa.

The compressive strength was measured using the texture analyzer TAX.T from Stable Micro Systems
(Surrey, UK) in compression mode with an average sample size of 4 mm height, 7 mm length, and

7 mm depth for at least five samples at a constant laboratory temperature of 20 + 1 °C. The flexural
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strength was obtained from four-point bending tests using a custom-made device following DIN EN
843-1 that was mounted on the TAX.T.

53 Results and Discussion

Lightweight, strong, and highly porous glass bodies can be produced using hollow glass micro spheres
that are locally interconnected with nano-sized epoxy bridges. The porous materials were made from
capillary suspensions containing glass spheres, glycerol as bulk fluid, and an epoxy resin as secondary
phase, inducing the formation of a strong sample-spanning network. High energy dispersing of a
small amount of epoxy in this suspension (¢sec/Psotia = 0.1 to 0.3) leads to a break-up of the epoxy
droplets and to the attachment of the resulting small droplets between the particles [14]. With the
different surface treatment of the hollow glass spheres, the microstructure of the particulate net-
work can be controlled due to the different wetting behavior of the epoxy on the particle surface.
This effect is clear when comparing the SEM images displaying 8 < 90° for the untreated particles in
Figure 5.2 and 0 > 90° for the treated particles in Figure 5.3.

Figure 5.2 Images of fractured sections of the cured porous glass materials made from 30 vol% untreated hollow glass
spheres and 3% (A,B) and 6% (C,D) epoxy. The samples were cured at ambient conditions for at least 24 h and the bulk phase
was removed prior to imaging. Copyright 2019.

The contact angle of the cured samples is consistent with the three-phase contact angles (19 £ 4° and
110 £ 10°) that were measured in the liquids. The true contact angle, however, may differ because of
the contact angle hysteresis (advancing vs. receding polar phase) as well as the contact line pinning
that may occur during the mixing process [144]. The SEM images suggest a different bridging mecha-
nism between the untreated and treated particles as well as a difference in the structure morphology
as the amount of secondary liquid is varied. For the untreated particles that are shown in Figure 5.2,
the epoxy creates concave capillary bridges (highlighted with arrows) between the untreated parti-
cles (Figure 5.2A) and a funicular network (highlighted with circles) is built with 3 vol% epoxy (Figure
5.2B). The funicular network, as described in Domenech and Velankar [38], and subsequently imaged
in Bossler and Koos [9], consists of secondary fluid drops with low sphericity connecting several par-
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ticles. The epoxy wets the particles very well, showing a low three-phase contact angle, which would
facilitate the formation of a funicular network at low ¢/ ®Pso1iq [9]. At higher amounts in the sec-
ondary phase, here, 6%, the epoxy seems to partially flood the particle network forming agglomer-
ates. Only small amounts of epoxy are visible in forming direct bridges between particles in the high
magnification image (Figure 5.2C). Instead, a majority of the epoxy is on the inside of the large ag-
glomerates (highlighted with squares), which are visible in Figure 5.2D. Domenech and Velankar ob-
served a similar phenomenon while using silica particles to produce liquid-liquid-particle ternary
blends containing two immiscible polymers [31]. They found several distinct morphologies upon
varying the composition [31], and this image, Figure 5.2D, seems to resemble the capillary aggregates
that they described. A different wetting behavior was observed on the surface of the treated parti-
cles in Figure 5.3.The epoxy connects multiple particles forming large, irregular agglomerates. The
epoxy is also seen in Figure 5.3A forming sessile drops (highlighted with arrows) on the particle sur-
face and connections between the larger micron-sized particles and the smaller, nanometer-sized
particles on the particle surface. With an increasing amount of secondary liquid to 6% epoxy, the
number and size of the sessile drops changes, but the agglomerate structure does not seem to vary
significantly.

AR
00 i)
Figure 5.3 Images of fractured sections of the cured porous glass materials made with 30 vol% treated and 3% (A,B) and 6%

(C,D) epoxy. The samples were cured at ambient conditions for at least 24 h and the bulk phase was removed prior to imag-
ing. Copyright 2019.

The yield stress is closely related to the samples’ microstructure [12]. The changes in structure fol-
lowing a variation of the amount of epoxy are manifested in measurements of the yield stress of the
wet, uncured samples [12]. Thus, the network structure and bridge strength are indirectly detected
by rheological measurements showing increasing yield stress with increasing amounts of epoxy, as
seen in Figure 5.4.
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Figure 5.4 Yield stress of capillary suspensions made from untreated (black squares) and treated (red circles) glass spheres
(bs01ia=30 vol%) in glycerol with the epoxy base (without curing agent) as secondary phase. The value for the suspensions
below 3 vol% epoxy could not be measured indicating a lack of structure formation. Lines are to guide the eye. Copyright
2019.

The measured vyield stress values are relatively low in comparison to other capillary suspensions
[9,43], which is likely because of the low interfacial tension (I' = 8 mN/m) between epoxy and glycer-
ol or the influence of the nanoparticles on the particle surface interfering with the wetting and bridg-
ing of the microparticles. The qualitative comparison between capillary suspensions with untreated
and treated glass spheres shows that the particulate network using treated hollow glass spheres in
glycerol with epoxy as secondary phase creates a stronger network than with untreated particles.
This trend is the opposite to that demonstrated by Bossler and Koos [9], where the pendular state
samples had a higher magnitude of the shear modulus than the capillary state samples. Subsequent
experiments imply that this difference might be highly sensitive to the amount of added liquid; how-
ever, and the capillary state networks can indeed be stronger than the pendular state samples [12].
The rheological behavior of the capillary suspensions with treated glass spheres shows a slight, con-
tinuous increase in yield stress with an increasing amount of secondary phase, while the yield stress
of the pastes with untreated particles shows a minor peak at 4.5% epoxy (¢sec/Psolia = 0-15) and
then a decrease in strength. This is typical for a pendular to funicular transition—the transition from
binary bridging interactions to coalesced bridges with multibody interactions—in pendular state
(wetting) capillary suspensions, and typically occurs at ¢gec/Pso11a = 0.1 to 0.25, depending on the
three phase contact angle and the mixing conditions [9,14,54]. The SEM images that are shown in
Figure 5.2A and Figure 5.3B suggest that funicular clusters are already present at 3% epoxy
(Psec/ Psoria = 0.1), implying that this may not be a pendular to funicular transition. Instead, we
hypothesize that this transition denotes a microstructural transition to an agglomerated, capillary
aggregate structure with either fewer or weaker bridging between the particle clusters. The steady
increase in yield stress for the treated sample implies that no clear microstructural transition occurs
in this range for the capillary state sample, and instead, either the strength or the number of bridging
interactions steadily increases. SEM images in Figure 5.3 showing no clear change in structure be-
tween 3% and 6% epoxy confirm such an observation. The difference in 0,;¢;4 between the two dif-
ferent particle wetting types may be explained by the different network structures that are created
by the secondary phase. Capillary state structures were observed on the treated particles (Figure
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5.3). They are visible as convex drops between the particles and small droplets sitting on the particles
surface. These drops between the particles (termed capillary state clusters, which are not to be con-
fused with the capillary clusters for the untreated particles) also lead to the formation of a sample-
spanning network [9], as shown in Figure 5.3B. With increased secondary liquid (¢s.. = 6%), the
drops on the particle surface become larger and more numerous (Figure 5.3C). These drops may rein-
force the connections between the particles.

The morphological changes also influence the porosity and the pore size distribution of the cured
sample. The total porosity of the glass materials with treated particles was higher, by up to 10%, than
that of the bodies that were made of untreated ones (Figure 5.5). The porosity drastically increases
between 3 vol% to 4.5 vol% of added sec. fluid, from 59 to 69% for the treated particles and from 51
to 60% for the untreated particles. Further increasing the bridging phase for the treated samples
does not significantly influence the porosity, but it may change the pore structure, as shown by the
higher standard deviation between samples (error bars). The samples with the treated particles also
have a higher volume of air bubbles that were entrapped during sample preparation, which may
account for the higher porosity when compared to the samples that were made with untreated par-
ticles. For the untreated samples, the peak porosity occurred at a higher epoxy amount, which can be
explained by the changing network structure that was caused by spherical agglomeration or by par-
tial phase separation effects. The low yield stress of the precursor with untreated particles could be
an indication of either possibility. A line (calculated by 100% — ¢so1ia — Pepoxy), denoting the max-
imum theoretical open porosity if the glycerol (bulk fluid) is removed without phase separation or
shrinkage, is also included in Figure 5.5.
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Figure 5.5 Influence of the amount of epoxy on the open porosity of the glass materials made of untreated particles (black
squares) and treated (red circles). The values for the 0 vol% were not measured because there no self-supporting bodies
could be produced. Lines are to guide the eye. The theoretical maximum open porosity line (blue) denotes the maximum
porosity that is the volume of the bulk fluid, assuming there is no phase separation or shrinkage. Copyright 2019.

Due to the structural properties of capillary suspensions, we assume a predominantly open pore
structure [50]. The points at low secondary fluid below this line comprise evidence for phase separa-
tion due to the weak yield. The contribution to the closed porosity from the hollow glass spheres is
estimated to be 26.5% (as calculated using SEM images of broken particles showing a shell thickness
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of 0.4 um) and is constant for all samples. This could be the reason for porosity values above the
theoretical open porosity line.

Structural differences between the samples become clear from average pore size measurements, as
shown in Figure 5.6, where error bars represent the standard deviation of the pore size distribution.
The 3% untreated sample has the lowest median pore size of 6 um at a porosity of 51%, while the 6%
sample has an average pore size of 8 um and a porosity of 60%. This slight increase in the average
pore size is caused both by the slight increase in the size of the small sized pores with size 8 um as
well as the development of a bimodal distribution with large pores of 90 um. The bimodal distribu-
tion (as shown in the supplementary information in Figures S5.3 and S5.4) indicates agglomeration
and the formation of the capillary aggregates, as was demonstrated for other systems [12,35]. The
treated particles, on the other hand, show a similar porosity of 59%, like the untreated with 6%
epoxy, but a larger pore size of 14 um at 3% epoxy (supplementary information Figures S5.5 and
S5.6). The average pore size stays approximately constant and the porosity increases up to 67% for
the 6% treated sample with an increasing amount of epoxy.
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Figure 5.6 Pore size measurements of untreated and treated samples with 3 and 6 vol% epoxy. The pore size distributions
were monomodal, with the exception of 6% untreated, which had a bimodal distribution with peaks at 8 um and 90 um (see
supplementary information). The error bars denote the standard deviation as calculated from the pore size distribution.
Copyright 2019.

The differences between the untreated and treated samples in porosity and pore size distribution
can be explained by the difference in the density of the bodies. The average apparent and the true
densities of the treated and untreated samples at all secondary fluid fractions are shown in Table 3.
Here, higher densities for the samples from the untreated particles as compared with the treated
particles can be observed. The apparent density is 15% and the true density 33% higher for the un-
treated particles. Therefore, the untreated samples are more compact than the treated ones, corre-
sponding to a lower porosity in the solid bodies.
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Table 3 Average apparent and true densities as well as the resulting porosity of porous samples made with untreated and
treated particles as a function of the epoxy fraction ¢s... The data are the average values from at least three samples.
Copyright 2019.

Surface Treatment (psec [%] papparent [glcm3] Ptrue [glcm3] €total [%]
3.0 0.28 £ 0.00 0.72+£0.12 51.1+£0.00
untreated
4.5 0.28 £0.01 0.70+£0.01 60.1+1.34
6.0 0.30+0.10 0.65+0.09 60.0+2.94
7.5 0.25+£0.06 0.65+£0.08 64.2 +0.07
9.0 0.32+0.12 0.71+£0.10 63.2+£0.00
3.0 0.24+0.06 0.62 +0.07 59.3+0.09
4.5 0.17 £0.02 0.57 £0.02 69.9+2.18
treated 6.0 0.20+0.02 0.59+0.03 66.6 +3.35
7.5 0.20+0.02 0.62 +£0.02 67.4+2.89
9.0 0.21 £0.02 0.64+£0.01 67.3+1.16

The addition of the epoxy to the glass particles induces a sample-spanning network and, after curing,
results in a self-supporting body. Changes in the pore structure as well as the size and number of
bridges with changing amounts of epoxy should manifest in changes to the material strength, as is
observed when using measurements of the flexural and compressive failure strength. Under flexural
stress, the sample will crack, where this crack propagates through the weakest particle connections.
Measurements of the four-point-bending failure strength are shown in Figure 5.7A as a function of
¢Gsec- The treated particle bodies show a much higher resistance against bending, with a maximum of
0.2 MPa for 7.5 vol%, while untreated materials had their maximum of 0.07 MPa with only 3% epoxy.
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Figure 5.7 (A) Dependence of the four-point-bending failure strength on the secondary phase amount and (B) the correlation
between the failure strength and the open porosity of the solid glass materials. Copyright 2019.

The failure stress, which is a measure of the strength of the network backbone, is higher for the
treated particle samples at each ¢, than for the untreated particles (Figure 5.7A). Remarkably, the
treated particle samples show both higher porosity and strength (Figure 5.7B). While a capillary net-
work is created through the use of treated particles with a small amount of epoxy, these bridges
seem to become thicker and the contact area increases with higher secondary fluid fractions, thus
causing increased adhesion between the particles. The small epoxy droplets that are shown in Figure
5.3 become larger with an increasing amount of epoxy and create a stronger cluster-network, which
incorporates more epoxy volume [12]. Both the treated and untreated particle samples can be divid-
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ed into two populations when comparing their failure strength to porosity (Figure 5.7B). The higher
dsec Samples form one group at higher porosity while the sample with the lowest epoxy fraction
(3 vol%) clearly deviates. Interestingly, both the strength and porosity increase for the higher epoxy
contents as compared to the ¢,.. = 3% sample for the treated particles. This clearly demonstrates
the importance of the network backbone on the strength. However, it is worth noting that, besides
the trend where the treated samples were stronger than the untreated, the dependence of the
bending failure has little in common with the yield stress dependence. The treated sample bending
failure has a peak or plateau beginning at 7.5 vol%, whereas the yield stress steadily increases over
the measured range. For the untreated particles, the yield stress increases slightly, from 3% to 4.5%
epoxy, and then weakens, while the failure strength is constantly weak during the entire range.
These differences may arise due to the contribution of flexible bridges, which can break and reform
in the wet state, or simply from the difference in the geometry of the applied force in these meas-
urements.

A similar trend was observed for the compressive strength of the porous glass bodies, as shown in
Figure 5.8. While the compressive strength for the untreated materials remains essentially in con-
stant in the range from 0.1 to 0.04 MPa with increasing epoxy, the compressive strength of the treat-
ed samples increases from 0.18 to 0.62 MPa (Figure 5.8A). Once again, this strength is related to the
structure and volume of the capillary bridges. The compressive failure decreases slightly with an in-
creased porosity for the untreated samples, whereas the 3% epoxy treated sample had the lowest
porosity and strength (Figure 5.5 and Figure 5.8B).
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Figure 5.8 (A) Dependence of compressive strength on the secondary phase amount and (B) correlation between the com-
pressive strength and the open porosity of the solid glass materials. Copyright 2019.

Thus, using the data from both the cured and uncured samples, we may construct the microstructur-
al schemes, as shown in Figure 5.9. The untreated particles are wet by the epoxy secondary phase,
which creates pendular and funicular bridges between the spheres. The largest contact area for ad-
hesion occurs between 3-4.5% epoxy (highest y;¢;4). The structure at this point is either a pendular
or funicular structure, where each secondary fluid bridge connects a small number of particles. This
structure changes upon the addition of more epoxy into a highly aggregated state. The epoxy wets
the untreated particles very well and individual bridges will already start to coalesce at small
Gsec/ Psolia- These coalesced bridges will cover the particles, forming compact clusters [9]. This com-
pact clustering causes the change in porosity and a bimodal pore size distribution was observed for
the 6% sample (see Figure 5.6 and the supporting information). Some binary bridges remain in this
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sample that connect the clusters [9]. These are the binary connections that will fracture. Thus, there
is a large change in porosity between the funicular and spherical aggregate sample, Figure 5.7B,
while the strength is only weakly affected. For the treated particles, the strength and number of the
bridges increases slightly with increasing epoxy, but the general structure, as evidenced by the poros-
ity and the pore size, remains unchanged.

untreated treated

3 vol.%

Figure 5.9 Schematic drawing of structure arrangement and corresponding failure mechanism in capillary suspensions with
untreated and treated particles, at low and high secondary fluid contents. The zig-zag-lines show the location of mechanical
failure. Copyright 2019.

The treated glass spheres create a capillary network upon the addition of small amounts of epoxy,
which enables cured products that are highly porous, very lightweight, and nevertheless strong
against bending and compression, as shown in Figure 5.10. The most promising material was made of
30 vol% treated hollow glass spheres (dsg = 20 um) with 7.5 vol% epoxy (¢sec/ Psolia = 0.25). At an
apparent density of only 200 kg/m?, it had a failure strength of 0.2 MPa and a compressive resistance
of 0.6 MPa at a porosity of 67.4%. The glass-epoxy materials favorably compare with the density of
lightweight balsa wood [4,135,136]. This low density and reasonable strength is remarkable, having a
porous material that is made of locally bonded hollow glass spheres without any sintering step. While
the sintered glass materials showed stronger mechanical properties [43], the locally glued glass-
epoxy-materials are 6.9 times lighter, with almost 18% higher porosity, with controllable pore shapes
and without any shrinkage problems. Commercial glass frits (e.g., DURAN Group GmbH (Mainz, Ger-
many), Heraeus Quarzglas GmbH & Co. KG (Kleinostheim, Germany)) were measured to have a po-
rosity of 29% and a compressive strength of around 20 MPa, which is even less than for the sintered
glass filters from capillary suspensions [43]. Hemmerle et al. [78], who used 55-2040 um sized glass
beads (pparticie = 2460-2560 kg/m®) with PDMS as the bridging phase, have shown similar values of
0.025-0.35 MPa compressive strength, but at much higher densities than the hollow glass samples
that are shown here. When compared with the glass foams from Rincén et al. [139] and Qu and co-
workers [140,141], our porous samples are in the same range of weight and mechanical properties
and they have the advantage of a simple and environmentally friendly processing route.
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Figure 5.10 (A) Compressive strength as a function of density of the glass-epoxy samples, honeycomb-structured sintered
ceramics [34] and polymers [9], sintered glass foams [13,14] and Balsa wood [8]. The produced treated glass-epoxy-
materials are much lighter compared with sintered ceramics. (B,C) Images of samples, demonstrating their low density and
high strength. (B) The image on top right shows a 50 mm x 20 mm x 5 mm bar floating in distilled water and (C) the right
bottom image show a 48 mm x 12 mm x 5 mm bar supporting a 0.5 kg weight. Copyright 2019.

By soaking these bodies in ethanol, acetone and n-hexane for more than 30 h, the chemical re-
sistance was tested. The thermal resistance was tested by heating up the samples in an evacuated
laboratory oven at a temperature of 70 °C for 24 h. No fracturing or other degradation of the samples
was observed during either treatment. This resistance depends on the chemical composition of the
bridging material (epoxy in this case), and it can be modified to provide stability against thermal and
chemical agents.

5.4 Conclusions

Our glass-epoxy-system demonstrates an advanced way to produce glass filters and other porous
glass composite materials with tailor-made properties. The glass hollow spheres render the material
lightweight, while also retaining the desired surface properties, allowing for capillary suspension
networks to be formed and creating the desired pore structure. In this study, a commercial anaerobic
two component epoxy was used. The processing route using capillary suspensions gives a variety of
variables to control the pore network, the porosity, the mechanical properties, and even the chemi-
cal resistance of the resulting porous bodies. The low density and a reasonable compressive strength
are in good agreement with the most lightweight materials, with the exception of state-of-the-art
materials, like the high-sintering glass foams or 3D printed composite structures using more tedious
lithographic printing methods. Our processing route, however, is much simpler and it can be easily
transitioned to large-scale industrial processes. Possible applications for this porous material include
separation and filtration, as well as lightweight construction for automotive and aerospace engineer-
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ing, or insulation materials. These materials are made of hollow glass spheres that have a similar
thermal conductivity of 0.05-0.25 W/mK, which is in the same range as foamed polystyrene (0.20-
0.38 W/mK). The glass bodies are resistant to chemicals, solvents, or thermal exposure. Furthermore,
the process route is very simple, low cost, consumes little energy, and is environmentally friendly.

Further research should be completed to improve the strength and further reduce the density. A
possible approach to improve the strength can be to increase the adhesion between the glass
spheres and the bridging phase by choosing a different epoxy or by modifying the particle treatment.
The density could be lowered by 3D printed structured materials. The application of specific experi-
ments should also be conducted, especially at different temperature and humidity ranges, where the
strength of the glass and epoxy might vary. The strength of this material under tension should also be
examined.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-
1944/12/4/619/s1, Figure S5.1: SEM image of the untreated particles; Figure $5.2: SEM image of the
treated particles; Figure S5.3: Pore size distribution of the untreated particles with 3% epoxy; Figure

S5.4: Pore size distribution of the untreated particles with 6% epoxy; Figure S5.5: Pore size distribu-
tion of the treated particles with 3% epoxy; Figure S5.6: Pore size distribution of the treated particles
with 6% epoxy.
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S5.1 SEM image of the untreated particles. Copyright 2019.
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S$5.2 SEM image of the treated particles. Copyright 2019.
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S5.3 Pore size distribution of the untreated particles with 3% epoxy. Copyright 2019.
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S5.4 Pore size distribution of the untreated particles with 6% epoxy. Copyright 2019.
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S5.5 Pore size distribution of the treated particles with 3% epoxy. Copyright 2019.
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S5.6 Pore size distribution of the treated particles with 6% epoxy. Copyright 2019.
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6. Summary and outlook

The aim of this thesis was to find a way to create a particulate network with microporosity intercon-
nected by nano-sized polymeric bridges via the capillary suspension theory. The requirements for this
model were:

» Micron-sized particles with non-reactive surface properties
» A secondary liquid that is able to polymerize or crosslink without air

> A bulk fluid that is insoluble with the secondary liquid, does not modify the particles, and
provides a sufficient droplet break-up of the secondary liquid to realize enough small drop-
lets for the bridging phase between the particles

A study of the state of the art in the field was summarized Paper 1. “Structure of capillary suspen-
sions and their versatile applications in the creation of smart materials” [25], where a review of simi-
lar research was presented. Starting from the investigative work on capillary suspensions from Boss-
ler [9,14,50], the focus in this publication was on the different methods to bond particles. The work
of Das and coworkers [37], where they used hydrogels as the bridging phase was highlighted along
with the PDMS samples of Roh et al. [42]. Furthermore, various control and tuning parameters,
known from the sintering technique of Dittmann and Maurath et al. [22,44,50] were presented.

The first model system meeting the aforementioned requirements was realized in Paper 2. “Radical
polymerization of capillary bridges between micron-sized particles in liquid bulk phase as a low-
temperature route to produce porous solid materials” [8]. Here, micron-sized glass hollow spheres
were used in a suspension with water and a small amount of methyl methacrylate, which was radical-
ly polymerized with benzoyl peroxide under thermal treatment. The polymerized bridging phase was
closely examined to determine the chemical composition and the molecular weight distribution as
influenced by the amount of monomer, the concentration of the initiator as well as the experimental
conditions, namely the polymerization temperature and time. It was shown that it is possible to place
the monomer between the particles via the capillary suspension preparation method and to poly-
merize it in situ. This was possible at temperatures below 100 °C and at times less than 5 h. An unex-
pected result was the nearly 3x higher molecular weight of the bridge polymer compared to the bulk
polymer. This was explained by the more efficient heat transfer and the large surface-to-volume-
ratio of the small monomer bridges surrounded by glass and bulk fluid [8]. Additional to the chemical
investigation, another model was presented with glass particles in paraffin oil with hydroxyethyl
methacrylate and the application of other particles like graphite using this material system and pro-
cessing route. This Paper demonstrated the versatility of placing and polymerizing a monomer drop-
let between particles to create a sample-spanning particle network that results in a porous material.

For better understanding of the inter-particulate forces created by the bridging phase between the
particles, an advanced setup was developed combining an atomic force microscope (AFM) with addi-
tional cameras, presented in chapter 4 in the form of a scientific paper to be submitted. With this
arrangement, it is possible to transfer picoliters of a bridging fluid between two micron-sized spheres
to determine the capillary forces of the unpolymerized bridges with simultaneously visual observa-
tion at every timestep. Special features of this system were shown to be the direct observation of the
behavior of capillary bridges under the displacement as well as the easy calculation of the wetting
contact angle between the liquid bridge and the spherical shaped particles from both the capillary
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force data and the images. This device can also be used to determine the Hamaker constant between
micron-sized glass particles via force-distance measurements in air and in glycerol, as well as for the
investigation of the failure behavior of crosslinked epoxy bridges between two microparticles.

It was shown in Paper 2 that the bridging fluid could be used to create a porous material. The me-
chanical stability of porous materials made of glass hollow spheres bonded by polymers was exam-
ined in Paper 4. “Lightweight porous glass composite materials based on capillary suspensions”,
where a two-component epoxy was used as the bridging phase and glycerol as the bulk fluid. Using
hydrophilic and hydrophobically modified glass hollow spheres, two different particle networks with
different physical properties could be created. The contact angle determined the bridge shape be-
tween the particles as well as the resulting network. Polymerization in glycerol provided the preser-
vation of the network structure from the wet into the solid state.

The benefits of porous materials made of interconnected particle networks provides a broad field of
applications like materials for heat-exchange-interphases, flexible and conductive membranes for
electronics, and a variety of filtering techniques. The processing route of creating porous bodies via
capillary suspensions has various variables that can be tuned to influence the properties of the final
product. These start with choosing the appropriate raw materials. The particles, the secondary phase
(adhering material), and right bulk phase are chosen for appropriate handling and the desired rheo-
logical behavior for processing the paste. The material properties of the particles and the adhering
phase defines the application. Examples include glass particles, heat exchange particles, graphite
particles and stiff or flexible polymers, like epoxy glues or elastomers. The amount of particles, the
particle size, as well as the class and amount of the secondary bridging phase determines the micro-
structure in the paste and, consequently, the physical properties, like porosity, pore size and me-
chanical strength. A selection of the material systems used in this thesis is presented in Table 4.

Capillary suspensions with polymeric bridges, where the chemical and physical characteristics can be
tuned, provide an elegant method to produce customer-oriented materials. In addition to the filter-
ing techniques presented in this work, the method is potentially applicable to other product seg-
ments like medical tissue engineering, food industries or pharmaceuticals. Each sector where a paste
or a particulate network scaffold is needed, capillary suspensions with polymeric bridges could be
used. Examples include bio-absorbable implant, such as bone or cartilage scaffolds where cells from
the body can penetrate into degrade the implant. Capillary suspensions could also find an effective
application for drug delivery in pills via the controlled solubility of their coating, which could be made
of a fine particulate network of e.g. sugar particles interconnected by biopolymeric bridges. Here, the
porosity the tunable solubility of the coating for digestion in the desired region of the body would be
beneficial. These manifold application fields show the great ability of the capillary suspensions with

polymeric bridges for the broad area of life sciences techniques.
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Table 4 Different material combinations used in this thesis and the associated physical properties. For each combination, the amounts of particles and secondary phase were varied, but only the

maximum values are presented here.

Glass Micronal (PCM) Graphite
Material class ™ ™
hydrophilic hydrophilic
hydrophobic (hollow) ydrop yerop pure plate-shaped potato-shaped
(hollow) (dense)
dso, partice [HM] 20 20 5 5.2 18.3 7.8
Prmaterial [8/cM’] 0.46 0.46 2.46 0.98 2.27 2.27
Sec. phase MMA HEMA Epoxy L HEMA Epoxy L Silicone MMA HEMA Epoxy L HEMA Epoxy L
0[] 0 0 <57 0 <50 <22 0 0 <26 0 <28
Oyield [PA] <23 <7 <144 <04 <10 --- <0.6
€open [%] <67 <46 <67 <70 <60 (< 48) <55 <68 <76 <60 <76
doore [HM] 0.5/75 14 8/90 <67 -
O compressive
P <0.09 <0.25 <0.6 <0.1 <0.1 <4 <0.7 <0.01 <0.02 <0.02 <04
[MPa]
Ctailure [MPa] <0.08 <0.14 <0.2 <01 <0.07 - <0.5 <0.14 <0.01 < 0.005 <0.14
Flexible
. . Heat-exchange o )
Possible . . i filters, i Conductive interphase materials
L. Insulation materials, filters ) interphase
applications interphase . (<410 mS/cm)
) materials
materials
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