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Abstract
Uniform coatings on the inner surface of hollow spheres have applications in optical
devices, time- or site-controlled drug release, and heat storage devices. Spherical
shells that contain a thin layer of ultra-low density polymer foam have also attracted
attention in the inertial confinement fusion community where they can be used to
bring dopants for diagnostics and nuclear physics experiments in direct contact with
the deuterium-tritium (DT) fuel or to study new ignition regimes by enabling the
formation of uniform liquid DT fuel layers. The uniformity of these coatings is often
critical for the application performance and, therefore, requires precise understanding
and control over the coating process and its parameters.
Rather than trying to fabricate free-standing foam shells, as it was reproducibly done
in the fusion community, a new approach can be explored: using prefabricated hollow
spherical shells as molds to cast concentric, thin-walled, low-density foam layers using
sol-gel chemistry. For this purpose, a molecular precursor solution is inserted into the
shell through a tiny hole using a pressure gradient filling process, where it transforms
into a high-viscosity polymer fluid and ultimately gels during rotation, creating a
uniform gel layer. The remaining solvent is then removed from the shell via
supercritical drying, leaving a uniform, ultra-low density aerogel layer in the sphere.
This thesis presents a detailed step by step study on the synthesis and characterization
of functional, ultra-low density coatings inside hollow spheres using this novel
approach. It will describe how polymer-based sol–gel chemistry can be utilized to
achieve ultra-low density coatings and report on in situ real-time radiography
experiments that provide critical spatiotemporal information about the distribution of
fluids inside hollow spheres during uniaxial rotation. An approach to remove the
solvent from the gel in the shell without damaging the coated layer is presented and
lastly a methodology on casting doped polymer films on the inside of spherical
capsules is developed.
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Kurzfassung
Gleichmäßige Beschichtungen auf der Innenseite von Hohlkugeln haben vielseitige
Anwendungen, unter anderem in Instrumenten der Optik, in der orts- oder
zeitspezifischen Freisetzung von Medikamenten und in der Wärmespeicherung.
Kugelförmige

Kapseln,

deren

Innenseite

mit

einer

dünnen

Schicht

eines

Polymerschaums mit extrem geringer Dichte beschichtet sind, sind ebenfalls von
großem Interesse für Trägheitsfusionsexperimente. Hier wird die Beschichtung dazu
benutzt, Fremdatome in direkten Kontakt mit dem Fusionsbrennstoff zu bringen,
welches zur Diagnose und für Kernphysikexperimente genutzt wird. Die gleichmäßige
Beschichtung der kugelförmigen Kapsel mit einem Polymerschaum erlaubt es
ebenfalls, verschiedene Kompressionsbedingungen des zu zündenden Brennstoffs zu
studieren, indem sie Experimente mit flüssigen Fusionsbrennstoffen in Hohlkugeln
ermöglicht. Die Gleichmäßigkeit der Beschichtungen ist hierbei kritisch für die
erfolgreiche Ausführung der oben genannten Anwendungen und benötigt daher ein
präzises Verständnis und genaue Kontrolle des Beschichtungsprozesses und der
jeweiligen Parameter.
Anstatt zuerst eine frei stehende Polymerschaumschale zu produzieren, auf die später
eine nicht poröse Schicht aufgetragen wird, wird in dieser Arbeit ein neuer Ansatz
verfolgt: eine vorgefertigte, formgebende Hohlkugel wird benutzt, um auf deren
Innenseite

mithilfe

eines

Sol-Gel-Prozesses

eine

konzentrische,

dünne

Polymerschaumschicht mit geringer Dichte aufzutragen. Die dazu benötigte flüssige
Reaktionsmischung wird mithilfe eines Vakuumsprozesses durch ein 30 bis 50
Mikrometer großes Loch in die Hohlkugel gebracht, wo diese unter Rotation in einen
viskoelastischen Festkörper übergeht. Dies erzeugt einen Gelfilm auf der Innenseite
der Hohlkugel, welcher aus einem Gelgerüst und dem von ihm eingeschlossenen
Lösungsmittel besteht. Der so erzeugte Gelfilm wird durch überkritisches Trocknen in
einen Polymerschaumfilm überführt.
In dieser Dissertation wird der detaillierte Synthese- und Charakterisierungsprozess
dieses neuen Ansatzes vorgestellt, der für die Beschichtung von Hohlkugeln mit
funktionalen Polymerfilmen geringer Dichte geeignet ist. Zuerst wird beschrieben, wie
mithilfe eines Sol-Gel-Prozesses gleichmäßige Beschichtungen mit geringer Dichte
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erreicht werden. Weiter wird ein eigenständig entwickeltes Experiment erläutert,
welches es mit Hilfe von Röntgenaufnahmen ermöglicht, die Verteilung von
Flüssigkeiten in Hohlkugeln in-situ und in Echtzeit unter Rotation zu untersuchen.
Weiterhin wird ein Ansatz zur zerstörungsfreien Entfernung von Lösungsmitteln aus
Gelfilmen in Hohlkugeln präsentiert und zuletzt eine Methode aufgezeigt, die es
erlaubt, dotierte Polymerfilme auf die Innenseite einer Hohlkugel aufzutragen.
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Chapter 1:

Introduction

Functional, uniform thin film coatings on spherical surfaces are increasingly being
applied by the scientific community and industry. Examples include, but are not
limited to, spherical reflectors1, integrating spheres2-3, site4-5 or time specific6 drug
delivery, and high-power latent heat storage devices or floating heat capacities.7 Foam
lined hollow spheres are also of interest to the inertial confinement fusion
community8-12, where the porous coating on the inside of the spherical target can be
used as surrogate for the cryogenic deuterium-tritium (DT) fuel ice layer8, 12-13 or to
bring dopants for diagnostics and nuclear physics experiments in direct contact with
the DT fuel.14-15 More importantly, the foam-lined ICF targets can also be used to
study new ignition regimes by enabling the formation of uniform liquid DT fuel
layers.13
The shell diameter for all applications mentioned above is usually 0.5-2 mm7, 16-17
with the exception of integrating spheres, where the sphere diameter can be as large
as 3 m. In all cases, the coating uniformity is crucial for the application performance
and thus requires deterministic control of the coating process.3,

18-21

In reality,

however, most spherical coatings are not ideal, leading to potential error18 and
performance deterioration9, 21-22.
This thesis will describe the synthesis and characterization of functional, ultra-low
density coatings inside hollow spheres that meet the requirements for coating
uniformity and mechanical stability for the use in inertial confinement fusion
experiments. Specifically, it will address how 1) polymer-based sol–gel chemistry was
utilized to achieve ultra-low density coatings, 2) how prefabricated ablator shells can
be used as molds to cast thin-walled foam shells, 3) how the viscosity of the sol-gel
and the coating parameters need to be tuned to produce highly uniform films in
hollow spheres, 4) how to remove the solvent from the gel without damaging the
coated layer, and 5) how to cast doped polymer films on the inside of spherical
capsules. The successful development of this wetted foam target design, as described
in this thesis, enables a new experimental platform that was recently used to study
new ignition regimes with the first ever liquid deuterium-tritium (DT) fuel layer
implosion at the National Ignition Facility, Lawrence Livermore National Laboratory.
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NIF
The National Ignition Facility (NIF) at Lawrence Livermore National Laboratory in
California is the largest and most energetic laser facility in operation to date. It
comprises of a precision laser system that is capable of delivering 1.8 MJ at 500 TW of
350 nm light to a target23 and has been operational since 2009. The NIF laser consists
of 192 beams and can be focused onto a variety of targets that allow scientist to create
extreme states of matter, such as temperatures exceeding 108 K, pressures in the TPa
regime, and densities that are similar to those in the cores of planets and stars.24 It
has, for example, successfully been used to replicate the properties of materials deep
within the core of Jupiter by compressing diamond, one of the least compressible
materials, to 5 TPa.25 NIF is also extensively used to study controlled nuclear fusion
reactions by compressing and heating a solid or liquid deuterium-tritium mixture until
the product of temperature and density is high enough, that a nuclear fusion reaction
is initiated. However, Lawson stated that to achieve controlled nuclear fusion
reactions “not only must the temperature be sufficiently high, but also the reaction
must be sustained long enough for a definite fraction of the fuel to be burnt.”26-27
Therefore, the plasma that is created in the reaction needs to be confined so that the
product of temperature and pressure necessary for the fusion reaction reaches the
required threshold. Three approaches to confine the plasma are currently being
explored in the scientific community: Magnetic Confinement, Z-Pinch, and Inertial
Confinement.
In Magnetic Confinement Fusion experiments magnetic fields are used to confine the
plasma as the charged particles within the plasma can only move freely along the
magnetic field lines. Two of the most advanced geometrical designs in Magnetic
Confinement Fusion are the Tokamak28 and Stellarator29 design. Tokamaks currently
in operation are JET in Culham, United Kingdom and ASDEX Upgrade in Garching,
Germany. ITER, an experimental tokamak reactor, in Caderache, France is in the
process of construction. Wendelstein 7-X in Greifswald, Germany, is an experimental
stellarator that theoretically allows continuous operation and prevents potential
instabilities caused by the plasma current. It produced the first hydrogen plasma in
February 2016.
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The Z-Pinch30-31 could be classified as an Inertial Confinement Fusion approach;
however, since it uses an electrical current in the plasma to generate a magnetic field
that compresses it, it is listed as a separate confinement approach here. The current
into the plasma is provided by releasing the charge of large capacitors, which creates
a large magnetic field that causes the plasma to be pinched into a smaller cylinder to
reach fusion conditions. Some Z-Pinch facilities currently in operation are the Nevada
Terawatt Facility, Reno, USA, the MAGPIE facility in London, United Kingdom, or the
Z Pulsed Power Facility at Sandia National Laboratory in Albuquerque, USA.
The National Ignition Facility uses an Inertial Confinement Fusion approach to
compress and heat a solid or liquid deuterium-tritium mixture until the product of
temperature and density is high enough, that the reaction reaches the Lawson
criterion. Nuckolls et al. published an approach to reach the high densities that are
required that suggested a spherical implosion of a microsphere filled with the
deuterium-tritium-mixture, or fuel.32-33 This microsphere, which in this thesis is often
referred to as a target, can be compressed by high-powered laser or ion beams that hit
the spherical target symmetrically from all sides. “This causes the ablator, the outer
layer of the target, to vaporize in an outward direction, creating a reaction force,
which accelerates the residue of the target in the opposite inward direction. The
compressed deuterium-tritium mixture is extremely densified and heated up, causing
the atoms to fuse. The confinement time is short enough that the inertia of the plasma
itself is enough to confine it, leading to the name Inertial Confinement Fusion.”34 At
the NIF, a laser is used to compress the target, however, the laser is not shot directly
onto the target, but into a hohlraum surrounding the target, which is why the
approach is often referred to as indirect drive. The cylindrical hohlraum is usually
about 1 cm long by 6 mm diameter, and made of a high atomic number Z element
such as Au.35 However, different hohlraum designs have been proposed and are under
investigation.36-38 In the indirect drive approach currently used at the NIF, the laser
light is converted into X-rays that are absorbed by the target, which cause a more
symmetric implosion of the target. (Figure 1-1 a)
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Figure 1-1: Indirect drive approach to inertial confinement fusion. a) The energy of the laser is directed into a
hohlraum, converting the light into X-rays. b) The X-rays rapidly heat the outer layer of the target, the ablator
(gray). As the ablator blows off rapidly, the fuel (blue) is compressed as the remaining part of the shell implodes.
This causes the target to be heated to more than 106 K and densified to roughly 1000 g/cm3 creating energies on
the order of 10 to 35 MJ.

The X-rays inside of the hohlraum rapidly heat the outer layer of the target and as this
ablator blows off, the DT fuel inside of the shell is compressed to densities of the
order 103 times of solid hydrogen. The compression of the target is done within a few
nanoseconds, creating the required energy and density to fulfill the Lawson criterion
and reach conditions for fusion reactions.
Targets for laser driven ICF experiments
The majority of the concepts developed for laser driven inertial confinement fusion
experiments propose hollow spheres as a target with a cryogenic DT fuel layer on the
inside.39-41 The hollow ablator shell used at NIF requires a 60-75 µm thick deuteriumtritium layer inside of a ~2 mm (ID) spherical ablator,35,

42

which is illustrated

schematically in Figure 1-2.
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Figure 1-2: Simplified schematic of a target developed for laser driven inertial confinement fusion experiments. The
hollow ablator shell contains a 60-75 µm thick layer of deuterium-tritium (DT). The radius of the ablator shell is
usually on the order of 1 mm, while its thickness t depends on the material used and the experiment.

The ablator’s thickness depends on the material used and the experiment, which was
summarized well by Haan: “If the ablator is too thin, it burns through and the target
fails to ignite. When the shells are too thick, the velocity is inadequate and again the
target fails. In between is the operating space.”43 The wall thickness can range from
40 to 165 µm42 depending on the experiment. Ablator materials include plastic,43-44
beryllium,43, 45-46 and high density carbon.17, 47-49 Each ablator material has different
properties and requires different capsule dimensions and X-ray drive profiles.
choice

of

ablator

characteristics,

such

material
as

additionally

attainable

includes

surface

“fabrication

finishes,

and

permeability,

The

material
strength,

transparency to radio frequency and infrared radiation, thermal conductivity, and
material homogeneity.”50 Many different target designs for inertial confinement fusion
experiments have been proposed and developed over time. The details of any
particular target design depend on the specific ICF experiment, the ignition type (such
as hot spot ignition or fast ignition) and the driver type (such as direct or indirect
drive). The discussion of the advantages and disadvantages of each target design is
beyond the scope of this thesis, however, Hahn’s,35, 51-52 Dittrich’s,50 and Lindl’s53-54
publications and the references within give a good overview.
As described above, for most of their ICF experiments the NIF uses an indirect drive
approach with a spherical hot spot ignition target. The formation of the 60-75 µm
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thick deuterium-tritium layer inside these spherical targets is a grand technical and
scientific challenge. The common approach of the deuterium-tritium fuel layer
formation for experiments at the National Ignition Facility consists of several steps:
1. Filling the hollow capsule with deuterium-tritium fuel through a small fill hole
via a fill tube
2. Condensing the fuel in the shell and then solidifying the DT
3. Re-melting the solid DT in the shell until only a single seed crystal remains as
DT layers with the fewest defects were found to be single crystalline55-56
4. Re-cooling the shell and slowly forming a DT ice layer in the shell with a
process called beta-layering, which is a consequence of the self-heating of DT
from the radioactive decay that causes the inner ice surface to slowly conform
to the local temperature isotherms.57
A very good overview of the deuterium-tritium fuel layer formation for the National
Ignition Facility is given by Kozioziemski.42 Growing acceptable DT ice layers however
can be difficult and time-consuming. To complement the existing target production it
was, therefore, decided to explore a different approach to build an inertial
confinement fusion target – a foam lined indirect drive ICF target.
Development of foam lined ignition targets: The Chemistry-in-a-Capsule
approach
The approach that was explored was first proposed by R.A. Sacks and D.H. Darling for
direct drive fusion targets, which recommended “the use of a small pore size, open
cell, rigid foam structure as a sponge to precisely define the [fuel] layer contours.”8
Instead of growing an ice layer inside the shell, the deuterium and tritium fuel would
be sustained by a foam matrix made of low density, which has several advantages that
complement the existing layering approach. For example, most of the required
precision manufacturing and characterization can be done at room temperatures
instead of cryogenic temperatures, the laser-coupling efficiency might be increased
compared to pure DT fuel,58 and the foam layer provides the opportunity to bring
dopants in contact with the DT fuel, which may be useful in providing spectroscopic
diagnostics of the implosion.59 Additionally, the foam can be used as a surrogate to
simulate a cryogenic fuel layer. This requires the foam to have a density similar to the
Introduction
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deuterium-tritium at 14K (roughly 250 mg/cm3) and a thickness comparable to the
DT ice layer (roughly 60-75 µm), which may simulate the mass effect of deuteriumtritium ice to measure the implosion velocity. This wetted foam target design would,
however, raise the ignition temperature compared to a pure DT fuel layer in the same
shell as the foam material mixes with the fuel. To minimize this effect, it is therefore
necessary to use ultra-low density (≤50 mg/cm3), low-Z materials for the foam.
Due to their many potential advantages, various foam lined inertial confinement
fusion targets have been developed for direct drive10,

59-64

and fast ignition65-66

experiments. The majority of these approaches use a dual-nozzle-in-orifice droplet
generator, triple-orifice droplet generator, or T-microchannel droplet generator to
integrate hydrocarbon foams into an inertial confinement fusion target.10-11, 65, 67-75 In
these methods, usually, an unsupported foam shell is fabricated using a droplet
generator followed by coating the dried foam shell with a full density permeation
barrier that needs to be deposited for holding the fill gas at room temperature and the
ice at cryogenic temperatures.10 For most current applications, however, these foams
have too high densities, too large pores, do not meet uniformity specifications, or
shrink too much during supercritical drying. In addition, thick uniform ablator layers
are difficult to grow on these foam shells and the ablator foam interface tends to be
rough.

Introduction

7

Figure 1-3: Definition of non-concentricity (mode 1 or thickness non-uniformity) of the inner and outer foam layer
surfaces: a) in the cross-sectional view the inner and outer foam layer surfaces are concentric and the layer has the
same thickness around the full circle of 360°. b) The two wall layer surfaces are not concentric, which leads to a
mode 1 or thickness non-uniformity.

The uniformity specifications are especially critical for the fabrication of ICF targets as
non-uniformities in the target can lead to Rayleigh-Taylor instabilities and nonsymmetric implosions.21, 76-79 The thickness uniformity of a foam layer in an spherical
ignition target is necessary for a successful implosion and efficient burn rate in the ICF
experiments8, 62 and can be measured by analyzing the concentricity and sphericity of
the inner and outer wet gel layers surfaces in a series of cross-sectional images as
illustrated in Figure 1-3. This method has been used extensively for this thesis. Shape
and roughness of the foam layer are analyzed using power spectral density plots
obtained from a Fourier analysis of the inner foam surface radius as a function of the
angular position.80-81
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Due to the constrains mentioned above and to avoid the challenges that arise from
handling freestanding foam shells, our strategy to fabricate foam layered targets that
meet the required specifications for ICF targets consists of a different method: filling a
prefabricated hollow sphere with the required amount of a liquid foam precursor
followed by the continuous rotation of the sphere to form a smooth uniform layer and
subsequent drying. This method is illustrated in Figure 1-4.

Figure 1-4: Schematic fabrication process of foam-lined ICF targets: a) filling a prefabricated hollow ablator shell
with the desired amount of an aerogel precursor solution; b) formation of a smooth and uniform gel layer by
deterministic rotation of the capsule during polymerization; c) removing the solvent by supercritical drying.

During the course of this thesis each step of this approach will be explained in detail:
Chapter 2 covers the synthesis of the polymer foam and the fundamental chemical solgel process behind it. The rheological properties during polymerization are
characterized and a copolymerization approach developed by Kim82 and Dawedeit15 is
described and adapted to coat hollow spheres with uniform films. Additionally, to
better implement the developed materials into functional devices the mechanical
properties of the polymer foam are analyzed. Chapter 3 describes the filling of the
shell and how in situ real-time radiography can be used to monitor the distribution of
liquids in rotating hollow spherical shells. The experiments confirm a surprising
prediction made by computational fluid dynamics simulations, namely, that uniaxial
rotation can result in the formation of extremely uniform thin film layers in hollow
spherical shells if the right combination of the precursor’s viscosity and rotational
velocity is used. Chapter 4 gives a short overview of how the shells can be completely
filled with foam, which enables additional experimental platforms. Proof of principle
Introduction
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experiments are performed and the resulting shells are characterized. Chapter 5
covers the removal of the solvent from the pores of the polymer, which is a key
requirement for ultra-low density coatings in hollow spheres. A solvent exchange
method is developed and a drying method using supercritical carbon dioxide is
implemented and optimized to produce foam-lined ICF targets. In the last chapter of
this thesis the introduction of dopants into the low-density polymer films is
extensively discussed. A doping method developed by Kim14 is described and adapted
to successfully dope low-density polymer films in hollow spheres.
The Chemistry-in-a-capsule approach described in this thesis can be used to fabricate
foam-lined indirect-drive ignition targets based on spin-coating the inside of
prefabricated ablator with a polymer precursor solution and subsequent removal of
the solvent. It demonstrates a credible pathway to a reliable, consistent, and
economical target supply for indirect drive laser ICF experiments by changing the
target production process “from one-of-a-kind to 500,000 high quality ignition targets
per day”83 and has the potential to provide “a cost-effective target supply for inertial
fusion”84 experiments.
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Chapter 2:

Aerogels for ultra-low density coating applications

Of all solid materials, aerogels are quite unique as they combine large intrinsic surface
area, ultra-low density, and continuous open pores. They have received substantial
attention due to their prospective wide range of applications in supercapacitors and
energy storage,85-92 batteries,90, 93-95 thermal and electrical insulators,96-101 catalysis,9091, 102-106

cosmic dust collection,107-109 and life sciences.110-114 Amongst many others,

Hrubesh,115 Pierre,116 and Hüsing117 each give an overview of the wide variety of
properties that aerogel materials posses and outline the vast number of applications
that have been developed for them.
Hüsing and Schubert describe the appearance of aerogels to be closest to “whipped
egg whites or solid bubble bath” as “the main component of this material is air which
is surrounded by a very filigrane, solid network.”117 They define an aerogel to be a
material in which a wet gel’s (see below) “typical structure of the pores and the
network is largely maintained […] while the pore liquid of the gel is replaced by air” –
a definition this thesis will adopt. The formation of the porous, three-dimensional
network is a key step in the synthesis of aerogels and requires understanding of the
fundamental chemical sol-gel process.
This sol-gel process can be described as the method of transforming a colloidal
suspension of solid particles in a liquid (sol) into a continuous three-dimensional
network extending throughout the liquid (gel or wet gel). Brinker and Scherer define a
colloid as “a suspension in which the dispersed phase is so small that gravitational
forces are negligible and interactions are dominated by short-range forces, such as van
der Waals attraction and surface charges.”118 The sol-gel process is schematically
illustrated in Figure 2-1.

Figure 2-1: Schematic of the sol-gel process: Solid nanoparticles are dispersed in a liquid and join together to form a
continuous three-dimensional network extending throughout the liquid.
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The transition from sol to gel occurs when the solid particles in the liquid join
together to form a gel-like material that contains both a liquid and a continuous solid
phase. This transition is called gelation, while the time required to form the gel from
the precursor solution is called gel-time.
The extraction of the liquid from the gel to form a solid (drying) usually requires
special drying techniques, such as freeze drying or supercritical drying, which can lead
to different materials, including, but not limited to xerogels, cryogels, and aerogels.
The removal of the solvent from wet gels for thin ultra-low density coatings inside
hollow spheres is a challenging task and described in great detail in chapter 5.
Most of the applications for aerogel materials mentioned above focus on the use of
bulk aerogels, however, various applications of aerogel and porous polymer coatings
have been reported in the literature.119-122 As mentioned above, the goal of this thesis
is to generate uniform, ultra-low density aerogel coatings on the inside of hollow
spheres, which can be used to fabricate targets for inertial confinement fusion
experiments. The sol–gel chemistry for these particular aerogels should be purely
hydrocarbon based and yield monolithic, low-shrinkage, and mechanically robust
aerogels with ultra-low densities (<35 mg/cm3) that are able to survive wetting with
liquid hydrogen.12 Due to these constrains, our strategy to fabricate foam layered
targets that meet the required specifications is the Chemistry-in-a-capsule approach
that requires the continuous rotation of a precursor filled sphere to form a smooth
uniform layer. Coating a rotating object with a uniform gel layer, however, requires a
sol–gel chemistry that can tolerate a certain amount of shear during gelation.
Therefore, a dicyclopentadiene(DCPD)- based aerogel chemistry101 was further
developed that is based on polymerization of DCPD monomers using a ring opening
metathesis polymerization (ROMP) reaction (Figure 2-2) as described in detail in this
chapter.
Experimental techniques
Porous polymer coatings were prepared from dicyclopentadiene (DCPD, C10H12,
Aldrich) / norbornene (NB, C7H10, 99%, Aldrich) mixtures using a Grubbs’ 1st
generation catalyst, bis(tricyclohexylphosphine)benzylidene ruthenium(IV) dichloride
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(+97%, Aldrich). All chemicals were used as received without further purification. As
supplied, the DCPD monomer is predominantly endo isomer and contains butylated
hydroxytoluene as a stabilizer. Toluene (anhydrous, 99.8%, Aldrich) was purged with
nitrogen gas prior to use. Poly(dicyclopentadiene-random-norbornene) p(DCPD-r-NB)
gels were prepared by ring opening metathesis polymerization (ROMP) with Grubbs’
1st generation catalyst.82, 101, 123-124
Density of the p(DCPD-r-NB) aerogels (25–100 mg/cm3) and gelation time were
adjusted by the DCPD/NB-to-toluene and the DCPD/NB-to-catalyst ratio, respectively.
For example, 50 mg/cm3 p(DCPD-r-NB) aerogels with 10 wt. % NB (relative to
pDCPD) were prepared by mixing 10 ml of a 50 mg/cm3 DCPD/toluene solution with
1 ml of a 50 mg/cm3 NB/toluene solution and adding 0.5 ml of a 2 mg/cm3 catalyst
solution (0.2 wt. % catalyst).
Viscosity changes during gelation at room temperature were measured with a
Rheometrics Fluids Spectrometer (RFS 8400) using the dynamic-time-sweep mode
with a couette geometry (17 mm radius cup and 16 mm radius bob). This geometry
has the advantage of a large contact area that improves the instrumental resolution.
To minimize solvent evaporation, the cup was covered with a custom-built lid. Strain
amplitude (5% of the 1 mm gap between cup and bob, 50 mm) and frequency (1
radian per second) were adjusted to minimize shear force while still providing high
sensitivity (>1mPa·s).
High-density carbon (HDC) shells (2 mm ID)17, 47 with 30 to 50 µm diameter fill holes
(Diamond Materials GmbH, Germany) were used to study the coating behavior of
various foam compositions and densities in

hollow spheres.

To facilitate

characterization, relatively thin-walled (20–30 µm) and transparent micro-crystalline
HDC shells were used. Coating experiments were either performed in a custom-made
positioning machine125 with a frame that is made of titanium and allows for rotation
up to 20 rpm around two independently driven axes or were performed in a custombuilt uniaxial coating setup consisting of a steel frame in the shape of a triangular
prism, with two rolls on top, on which the capsule holder was placed. The coating
setup is described in chapter 3, specifically in Figure 3-3. The rolls are driven by a
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brushless 120 Watt EC-max motor with hall sensors (maxon motor, Switzerland)
through a transfer belt, which allowed adjusting the rotation speeds.
The polymer gels were supercritically dried in a critical point dryer (E3100, Electron
Microscopy Sciences) with liquid CO2 after first exchanging toluene with acetone
using an agitated acetone bath for three days (2-step solvent exchange drying
process). In some experiments, an additional solvent exchange step replacing toluene
against hexane was performed to avoid sample shrinkage during the final CO2 drying
(3-step solvent exchange drying process). The supercritical drying process is described
in detail in chapter 5. The morphologies of the dried aerogels were investigated with a
Jeol JSM-7401F scanning electron microscope at a low acceleration voltage of 2–3 kV
in a lower secondary electron image (LEI) mode.
Radiographic images of foam-coated shells were taken with an Xradia MicroXCT
imaging system using an X-ray source with a tungsten anode that was operated at a
peak voltage of 50 kV and a current of 200 µA. The focal spot size is 7 µm for these
operating conditions. The imaging optics magnification is 10x with an effective
detector pixel width of 1.35 µm and an effective pixel width at the object center of
1.15 µm. Digital radiography data shown in this chapter were collected by John Sain,
LLNL.
Tomography data were acquired at beamline 8.3.2 at the Advanced Light Source,
Lawrence Berkeley National Laboratory,126 using a photon energy of 34 keV. Every 20
views, bright field images were acquired to normalize incident X-ray flux and changes
in the delivered synchrotron X-ray flux at the detector; dark field images were also
acquired. The transmitted X-rays impinge upon a CdWO4 single crystal scintillator and
were recorded by a Cooke PCO 4000 CCD camera. In order to minimize phase effects,
the camera and scintillator box were moved as close as possible to the specimen,
resulting in a distance of about 7 cm between sample and scintillator. Tomographic
slices were reconstructed via filtered back projection using the LLNL-developed
ImageRec code as well as the commercially available Octopus package (Ghent
University, Belgium).
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Synthesis of ultra-low density pDCPD aerogels
To synthesize pDCPD wet gels, DCPD monomers were crosslinked via ring opening
metathesis polymerization with Grubbs’ 1st generation catalyst82, 101, 123-124 at room
temperature and atmospheric pressure to form the three-dimensional network using
toluene as the solvent. Figure 2-2 shows the scheme of the reaction to form p(DCPD-rNB) copolymer gels from the ROMP reaction of a mixture of DCPD and NB in toluene.

Figure 2-2: Ring opening metathesis polymerization (ROMP) of dicyclopentadiene (DCPD) and norbornene (NB) in
toluene using Grubbs 1st generation catalyst.

The dicyclopentadiene molecule contains two carbon-carbon double bonds that can
both undergo metathesis. Davidson and Wagner report that polymerization of the
strained norbornene ring in the DCPD monomer occurs first and is then followed by
the metathesis of the cyclopentene unit127 to form a crosslinked pDCPD polymer.
When using a Grubbs catalyst, linear and crosslinked DCPD polymers may coexist. 101
The

exact

curing

kinetics

of

ring

opening

metathesis

polymerization

of

dicyclopentadiene have been studied extensively128-133 and a good overview about
olefin-metathesis catalysts for the preparation of molecules and materials can be
found in Grubbs’ Nobel Lecture from 2005.134
During the polymerization of dicyclopentadiene the precursor solution goes from a
transparent solution to an opaque gel. The opaqueness is a first indicator that the
feature size of the wet gel is larger than the wavelength of visible light.

Figure 2-3: Phase transition of a p(DCPD) aerogel (50 mg/cm3, 10% NB, 0.2 wt.% catalyst) from a transparent
solution to an opaque gel as crosslinking of the polymer increases.
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The evolution of the storage shear modulus G’ and loss shear modulus G” during
polymerization of a 50 mg/cm3 p(DCPD) in toluene using 0.2 wt.% Grubbs 1st
generation catalyst at room temperature is illustrated in Figure 2-4a). The gel point, or
the initial formation of an infinite continuous three-dimensional network extending
throughout the liquid, is defined (in this thesis) as the crossover of the storage shear
modulus G’ and loss shear modulus G”135. However, it should be noted that several
different methods to determine the gel point have been reported in the literature.136137

During the first 400 s the viscosity of the precursor solution is determined by the

viscosity of toluene (575.3 µPa·s),138 but increases rapidly by several orders of
magnitude in the vicinity of the sol-gel transition. (Figure 2-4b)

Figure 2-4: Polymerization of a 50 mg/cm3 dicyclopentadiene gel in toluene using 0.2 wt.% Grubbs 1st generation
catalyst. a) Evolution of the storage shear modulus G’ and loss shear modulus G” during polymerization of p(DCPD)
at room temperature. The gel point of the system was determined from the crossover of G’ and G”. b) Viscosity of
the reaction as a function of reaction time. Once the gel point is reached the viscosity increases very rapidly by
several orders of magnitude. The inlet shows the viscosity as a function of reaction of reaction time around the gel
point.

Comparing the viscosity of the material during the reaction as a function of reaction
time for p(DCPD) gels in toluene using 0.2 wt.% Grubbs 1st generation catalyst at
room temperature and at different densities illustrates how the time to reach the gel
point is dependent on the density of the aerogel. (Figure 2-5)
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Figure 2-5: Polymerization of dicyclopentadiene gels in toluene using 0.2 wt.% Grubbs 1st generation catalyst at
different densities. The viscosity of the reaction as a function of reaction time shows that the time to reach the gel
point is dependent on the density of the aerogel. Once the gel point is reached the viscosity increases very rapidly
by several orders of magnitude.

Since the sol-gel chemistry changes depending on the properties of the precursor
solution, the rheological properties have to be tuned depending on the experiment.
These modifications will be discussed in the next chapter.
The solvent (toluene in our case) can be removed from the pDCPD gels via
supercritical drying, which is described in great detail in chapter 5. The morphology
of a 30 mg/cm3 pDCPD dried aerogel is fibrous and web-like as illustrated in Figure
2-6.

Figure 2-6: a) Scanning electron microscopy image of a p(DCPD) aerogel (30 mg/cm3, 0.1 wt.% catalyst) illustrating
the web-like morphology of the ultra-low density material. (image credit: Sung Ho Kim, LLNL) b) Transmission
electron microscopy image of a p(DCPD) aerogel (30 mg/cm3, 0.1 wt.% catalyst) showing the fibers and pores of
the material. The majority of space within the aerogel is occupied by air. (image credit: Y. Morris Wang, LLNL)
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The three-dimensional porous network of the aerogel consists of randomly oriented
fibers with an irregular pore structure. Transmission electron microscopy images of
the same p(DCPD) aerogel (30 mg/cm3, 0.1 wt.% catalyst) show the fibers and pores
of the ultra-low density material in great detail. (Figure 2-6) As implied by the name,
the majority of space within the aerogel is occupied by air.
Tuning rheological properties of aerogels
Coating a rotating object with a uniform layer of a liquid precursor solution results in
shear forces due to the velocity gradient within the liquid that is caused by friction
and gravity. This velocity gradient within a liquid inside a uniaxially rotating hollow
sphere is illustrated schematically in Figure 2-7. The velocity of the liquid tangential
to the wall 𝑢(x, ℎ(𝜃, 𝑡)) in the cross section perpendicular to the rotational axis
depends on the distance to the sphere’s inner wall x, the angle θ and the time t.

Figure 2-7: Schematic representation of the shear flow due to the velocity gradient 𝑢(x, ℎ(𝜃, 𝑡)) within the liquid
that is caused by friction and gravity.

If we assume that the liquid film thickness, ℎ, is small compared to the hollow
sphere’s radius, R, the steady state thin layer (lubrication) approximation of the
Navier-Stokes equation can be written as
𝜇

𝜕 2 𝑢(𝑥, 𝜃)
= 𝑔 cos 𝜃,
𝜕𝑥 2

where µ is the liquid’s viscosity and 𝑔 cos 𝜃 is the tangential component of
gravitational acceleration.139-140 At the free liquid boundary 𝑥 = ℎ the boundary
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condition is

𝜕𝑢
𝜕𝑥

= 0 and at the capsule wall 𝑥 = 0 the liquid’s velocity is 𝑢(0, ℎ(𝜃, 𝑡)) =

𝜔𝑅. Using these boundary conditions, the equation of motion for the circumferential
component of velocity can be solved for thin films on the surface of rotating cylinders.
ℎ

Moffat139 obtained for the flux 𝑄(𝜃, 𝑡) = ∫0 𝑢d𝑥 at the angle θ with a local film
thickness h
𝑔 cos 𝜃 [ℎ(𝜃, 𝑡)]3
𝑄(𝜃, 𝑡) = ℎ(𝜃, 𝑡)𝑅𝜔 −
.
3𝜇
Melo used this work when studying the profiles and dynamics of disturbances of a
fluid in a partially filled cylinder that rotates horizontally.140 He found that the shear
rate, which is proportional to the angular velocity ω, experienced by the liquid in a
rotating cylinder is inversely “proportional to the dynamic viscosity of the liquid µ
𝜔>

2.14𝑔𝜌ℎ2
,
𝑅𝜇

where g is the acceleration of gravity, 𝜌 the fluid density, R the cylinder radius, and h
the layer thickness.”15
This knowledge can partly be transferred to polymer coatings in hollow spheres.
While the flow of liquids on the outside of spherical surfaces has been studied
extensively139,

141-145,

few publications addressed thin films flowing on the inner

surface of a rotating sphere146-152 with most of them focusing on granular mixtures in
spherical tumblers.
Initial experiments with pure pDCPD coatings in 2 mm inner diameter rotating hollow
spheres (25 mg/cm3 DCPD, 0.2 wt.% catalyst, filled with a pressure differential
Δp = 83.5 Torr (see chapter 3), and rotated for ~16 h on the positioning machine
with one axis rotation set to 10 rpm and the other to 14.142 rpm) revealed that the
above mentioned shear forces on the polymer during the gelation cause the inner
surface of the hollow sphere to be covered with irregular foam fragments. (Figure
2-8) The initially weak gel network is irreversibly broken up by the shear forces
during rotation, leaving an inhomogeneous coating.
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Figure 2-8: Cross-sectional radiographic image of a 2 mm diamond sphere coated with a p(DCPD) foam layer (25
mg/cm3 DCPD, 0.2 wt.% catalyst, filled with Δp = 83.5 Torr, and coated on the positioning machine with the axis
rotation set to 10 rpm and 14.142 rpm, respectively, for 16h). The coating is clearly inhomogeneous due to the
shear forces exerted onto the polymer during rotation. (radiographs taken by John Sain, LLNL)

Although the irregular foam fragments are distributed on the entire inner surface of
the hollow sphere, the heterogeneity of the foam layer is evident. To further illustrate
the distribution of the inner surface coating the hollow sphere was rotated by 90° and
an additional cross-sectional radiographic image was taken. (Figure 2-8, image on the
right) It seems that, on top of the irregular foam fragments in the shell, the foam layer
is thicker on two poles and thinner or even absent around the equator. This thickness
non-uniformity is a result of the rotational parameters which are addressed in detail
in chapter 3 of this thesis. This chapter focuses on the foam fragments caused by shear
forces during rotation and on how to avoid them. Since the comprehensive three
dimensional foam structure is not known from the two radiographs alone a
computerized tomography (CT) scan and additional 3D rendering of the foam only
was done at beamline 8.3.2 at the Advanced Light Source, Lawrence Berkeley
National Laboratory126 by Trevor Willey and Tony van Buuren, LLNL. (Figure 2-9)
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Figure 2-9: Three dimensional rendering of only the p(DCPD) foam coating inside a 2 mm diamond sphere (25
mg/cm3 DCPD, 0.2 wt.% catalyst, filled with Δp = 83.5 Torr, and coated at 10/14.142 rpm for 16 hours). The
heterogeneity of the foam layer is even more evident than in Figure 2-8. (image credit: Trevor Willey and Tony van
Buuren)

The irregular foam fragments are clearly visible and are an indicator that pure pDCPD
gels do not form uniform thin films under rotation in hollow spheres. Instead, the
inner surface is covered with irregularly shaped lumps of foam, which is consistent
with the observations of pure pDCPD coatings in cylinders.15,

34, 82

The effect was

reproducible for different densities and layer thicknesses as illustrated in Figure 2-10.
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Figure 2-10: Cross-sectional radiographic image of two different 2 mm diamond spheres coated with p(DCPD) foam
layers. a) 50 mg/cm3 DCPD, 0.1 wt.% catalyst, filled with Δp = 95 Torr, and coated at 10/14.142 rpm for 16h. b) 50
mg/cm3 DCPD, 0.1 wt.% catalyst, filled with Δp = 100 Torr, and coated at 10/14.142 rpm for 1h. The coatings in
both cases are clearly inhomogeneous due to the shear forces exerted onto the polymer during rotation.
(radiographs taken by John Sain, LLNL)

These experiments clearly show that in order to achieve uniform coatings of spheres,
the aerogel must be able to withstand shear forces during polymerization under
rotation. As we learned above from Melo’s and Moffat’s calculations, an elevated
viscosity at the gel point can reduce the shear that the pDCPD gel experiences during
polymerization. One approach to control the gel point viscosity is to copolymerize the
DCPD-based polymer aerogels with norbornene – a monomer that can only form
linear chains in the network. This copolymerization, in theory, influences the
rheological properties of the gel by increasing the gel time and viscosity at the gel
point, which would reduce the amount of shear-induced damage in the forming
polymer network. The increase in gel time and viscosity can be explained with the
classical theory of gelation118, 153 that states that for a polymer with a functionality z
the critical condition for gel formation is that the fraction of all bonds 𝑝c that could be
formed in the polymer network is118:
𝑝c =
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Adding norbornene with its single double bond (z=2) to the precursor solution
decreases the average functionality of the system compared to pure p(DCPD) with its
two double bonds and a functionality of z=4. Since the average functionality of the
system is decreased, the fraction of all bonds required for gelation increases, which
then increases the gel time and viscosity at the gel point.15 Dawedeit15, Kim82, and
Braun34 used this copolymerization approach to achieve uniform coatings in cylinders,
which can be transferred to polymer coatings in hollow spheres.
Comparing the viscosities of 35 mg/cm3 p(DCPD-r-NB) aerogels with increasing
norbornene concentrations as a function of reaction time shows how copolymerization
with norbornene delays the gelation. (Figure 2-11) Adding 2.5% NB delays the
35 mg/cm3

gelation time by 170 s, which increases the viscosity at the gel point from 𝜂pure_DCPD =
35 mg/cm3

0.013 Pa · s for pure pDCPD to 𝜂2.5% NB

= 0.046 Pa · s for a ratio of DCPD to NB =

(100:2.5). The same trend can be observed for higher norbornene concentrations as
the gel time and the viscosity at the gel point increases with increased ratio of
norbornene with its single double bond (z=2).

Figure 2-11: Polymerization of 35 mg/cm3 p(DCPD-r-NB) wet gels in toluene using 0.2 wt.% Grubbs 1st generation
catalyst. a) Viscosity of the polymerization reaction of p(DCPD-r-NB) wet gels at room temperature reaction as a
function of reaction time for different norbornene concentrations. Once the gel point is reached the viscosity
increases very rapidly by several orders of magnitude. b) Gelation time as function of norbornene concentration. As
predicted, increasing the norbornene concentration in the precursor solution delays the gels time.

For a ratio of DCPD to NB = (100:10) the gelation time increases to 𝑡gel = 3500 s
35 mg/cm3

with a gel point viscosity of 𝜂10% NB

= 0.065 Pa · s. This is an increase by a factor of

5 for the viscosity at the gel point.
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The same effect can be observed for p(DCPD-r-NB) aerogels at different densities as
illustrated in Figure 2-12 (80 mg/cm3) and Figure 2-13 (100 mg/cm3). For an 80
mg/cm3 p(DCPD-r-NB) wet gel in toluene, the gel time increases almost linearly with
the norbornene concentration, while for the 100 mg/cm3 wet gel, the effect of
norbornene addition on the gel time becomes weaker for higher norbornene
concentrations.

Figure 2-12: Polymerization of 80 mg/cm3 p(DCPD-r-NB) wet gels in toluene using 0.2 wt.% Grubbs 1st generation
catalyst. a) Viscosity of the polymerization reaction of p(DCPD-r-NB) wet gels at room temperature reaction as a
function of reaction time for different norbornene concentrations. Once the gel point is reached the viscosity
increases very rapidly by several orders of magnitude. b) Gelation time as function of norbornene concentration
seems to indicate a linear behavior for 80 mg/cm3 wet gels.

Figure 2-13: Polymerization of 100 mg/cm3 p(DCPD-r-NB) wet gels in toluene using 0.2 wt.% Grubbs 1st generation
catalyst. a) Viscosity of the polymerization reaction of p(DCPD-r-NB) wet gels at room temperature reaction as a
function of reaction time for different norbornene concentrations. Once the gel point is reached the viscosity
increases very rapidly by several orders of magnitude. b) Gelation time as function of norbornene concentration.
The function shows a different behavior than for 35 mg/cm3 and 80 mg/cm3.
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As expected, the overall gel time decreases with higher densities. It can also be
observed that the effect of norbornene addition on the viscosity at the gel point
becomes more pronounced at higher densities. Figure 2-14 illustrates how adding
norbornene to the precursor solution increases the gel point viscosity by several orders
of magnitude.

Figure 2-14: a) Gel point viscosity for p(DCPD-r-NB) wet gels in toluene at different densities using 0.2 wt.% Grubbs
1st generation catalyst as a function of norbornene concentration. Adding norbornene increases the gel point
viscosity by several orders of magnitude. b) The normalized relative viscosity for the aerogels shows that the effect
becomes more pronounced at higher densities.

For example, for an 80 mg/cm3 p(DCPD-r-NB) wet gel in toluene, the gel point
80 mg/cm3

80 mg/cm3

viscosity increases from 𝜂pure_DCPD = 0.08Pa · s for pure pDCPD to 𝜂2.5% NB
80 mg/cm3

1.05Pa · s for a ratio of DCPD to NB = (100:2.5) and to 𝜂10% NB

=

= 14.22Pa · s for a

ratio of DCPD to NB = (100:10).
As outlined above, a higher gel point viscosity has the potential to reduce the amount
of shear experienced by the developing polymer network and thus reduce the shearinduced damage in the wet gel. Coating 2 mm inner diameter rotating hollow spheres
with wet gels containing 10% norbornene (35 mg/cm3 DCPD, 10% NB, 0.2 wt.%
catalyst, filled with Δp = 102.6 Torr, and rotated at 10/14.142 rpm for ~17h)
revealed that the initially weak gel network is considerably stronger, as the coating
uniformity of the inner surface of the hollow sphere significantly improves. (Figure
2-15)
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Figure 2-15: Cross-sectional radiographic image of 2 mm diamond spheres coated with a p(DCPD) and a p(DCPD-rNB) wet gel layer: a) 30 mg/cm3 DCPD, 0.2 wt.% catalyst, filled with Δp = 81 Torr, and rotated at 10/14.142 rpm for
~2.5h. b) 35 mg/cm3 DCPD, 10%NB, 0.2 wt.% catalyst, filled with Δp = 102.6 Torr, and rotated at 10/14.142 rpm
for ~17h). The coating of the inner surface of the hollow sphere becomes very homogeneous and smooth,
rendering the addition of norbornene a success. (radiographs taken by John Sain, LLNL)

Comparing to the pure pDCPD wet gel layer in a hollow sphere to the p(DCPD-r-NB)
wet gel layer illustrates the vital effect of norbornene addition to the precursor
solution.
Additionally to the effect of changing the rheological properties of the wet gel during
gelation, norbornene addition changes the morphology and densities (see chapter
5.2.1) of the resulting aerogels formed by supercritical drying. p(DCPD-r-NB) aerogels
that were copolymerized with norbornene show the same structure of randomly
oriented fibers as the pure pDCPD aerogels (compare to Figure 2-6), but, with an
increasing norbornene concentration, the length of the individual fibers decreases.
(Figure 2-16)
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Figure 2-16: Scanning electron microscopy image of p(DCPD-r-NB) aerogels (50 mg/cm3, 0.1 wt.% catalyst) with
increasing norbornene concentration. p(DCPD-r-NB) aerogels copolymerized with NB have the same web-like
morphology as pDCPD aerogels, but the length of the individual fibers decreases with higher norbornene
concentration. The inlet in the picture for each norbornene concentration shows a photograph of the respective
p(DCPD-r-NB) wet gel in a 2 ml vial. (image credit: Sung Ho Kim and Christoph Dawedeit, LLNL)

The length of the individual fibers decreases from a few micrometers in pure pDCPD
aerogels to hundreds of nanometers with higher norbornene concentrations in the
p(DCPD-r-NB) aerogels. The same effect can be observed in pDCPD aerogels with
different densities as illustrated in Figure 2-17.

Figure 2-17: Scanning electron microscopy image of p(DCPD-r-NB) aerogels (25 mg/cm3, 0.2t.% catalyst) with
increasing norbornene concentration. As with the 50 mg/cm3 pDCPD aerogels the 25 mg/cm3 aerogels
copolymerized with NB have a web-like morphology, with a decreasing length of the individual fibers for higher
norbornene concentrations. (image credit: Sung Ho Kim, LLNL)

The 25 mg/cm3 p(DCPD-r-NB) aerogels have a very similar morphology, which also
depends on the concentration of the added norbornene copolymer.
A systematic study in a cylindrical geometry revealed that the ideal ratio of DCPD to
norbornene depends on different factors, such as desired density of the coating,
catalyst concentration34, and thickness. For 25 mg/cm3 p(DCPD-r-NB) aerogel
coatings, a combination of 15% norbornene and 0.2 wt.% catalyst was found ideal to
produce uniform coatings in hollow spheres. Figure 2-18 shows two representative
radiographs of wet gel coatings in hollow 2 mm inner diameter diamond spheres.
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Figure 2-18: Cross-sectional radiographic image of 2 mm diamond spheres coated with p(DCPD-r-NB) wet gel layers:
a) 25 mg/cm3 p(DCPD-r-NB), 15%NB, 0.2 wt.% catalyst, filled with Δp = 104.5 Torr, and rotated at 10/14.142 rpm
for ~17 h. The coating appears to be homogeneous and smooth, albeit some excess solvent present at the bottom
of the shell. b) 25 mg/cm3 p(DCPD-r-NB), 15%NB, 0.2 wt.% catalyst, filled with Δp = 422 Torr, and rotated at
10/14.142 rpm for ~16 h). The coating of the inner surface of the hollow sphere appears to be homogeneous for
thicker wet gel layers as well. (radiographs taken by John Sain, LLNL)

For a 50 µm thick 25 mg/cm3 p(DCPD-r-NB) wet gel layer (Figure 2-18a) the coating
appears to be homogenous and free of irregular foam fragments. Increasing the
thickness of the 25 mg/cm3 p(DCPD-r-NB) wet gel layer to 350 µm (Figure 2-18b)
and keeping the norbornene concentration in the precursor solution constant also
results in a smooth gel layer. However, increasing the density of the wet gel requires
adjusting the ratio of DCPD to norbornene in the precursor to achieve optimal
conditions for coatings free of irregular gel fragments. For example, for 50 mg/cm3
p(DCPD-r-NB) aerogels, a combination of 10% norbornene and 0.1 wt.% catalyst was
found ideal to achieve uniform layers.34 The combination of added norbornene,
catalyst concentration, and rotational parameters needs to be adjusted specifically for
the different desired properties (thickness, density, dopants, etc.) of the resulting
foam layer.
It should be noted that a detailed analysis of the wet gel layers rotated under two-axis
rotation as shown in Figure 2-18 in concentricity, sphericity, and roughness revealed
non-uniformities mostly dominated by the non-concentricity (mode 1 thickness nonuniformity) of the inner and outer wet gel layers surface. This issue and its solution
are particularly addressed in chapter 3.
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The morphology of p(DCPD-r-NB) aerogels formed under rotation was assessed by
cracking open a 2 mm HDC capsule (ID) that was coated with a p(DCPD-r-NB)
aerogel (50 mg/cm3 DCPD, 10 wt.% NB, 0.1 wt.% catalyst, filled at Δp=102.1 Torr,
rotated at 10/14.142 rpm for ~2.5 hours), doped with liquid phase iodine, and then
supercritically dried. It is identical to the non-rotated aerogels and shows the same
web-like morphology and pore distribution. (Figure 2-19)

Figure 2-19: Scanning electron microscopy image of a p(DCPD-r-NB) aerogel (50 mg/cm3 DCPD, 10 wt.% NB, 0.1
wt.% catalyst) that was coated into a 2 mm HDC capsule (ID) (filled at Δp=102.1 Torr, rotated at 10/14.142 rpm for
~2.5 hours, doped with liquid phase iodine) and then supercritically dried. The ultra-low density foam still has the
same web-like morphology as the non-rotated foams do. (SEM taken by Monika Biener, LLNL)

Mechanical properties of p(DCPD-r-NB) aerogels
As noted in the introduction of this thesis, low density porous materials have a wide
range of applications. Polymer foams are of particular interest due to their
interconnected pore structure, ultralow densities, and their importance in fabrication
of various materials.97, 117, 154-155 Incorporating these materials into functional devices,
however, requires detailed understanding of their mechanical properties as some
applications are limited by the above mentioned properties.156-157 Several reports that
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investigate the mechanical properties of low density porous materials can be found in
the literature.97, 117, 124, 156-161
Spherical nanoindentation tests, or “depth-sensing indentation testing,”162 allow the
characterization of elastic and inelastic behavior of materials by using the measured
depth of penetration of the indenter and its known geometry. For this purpose, a
spherical indentation probe with radius R is brought into contact with the sample and
whilst being indented into it, the load-displacement data are recorded. Figure 2-20
shows the schematic cross section of an indentation test and the respective schematic
load as a function indenter displacement. It illustrates the necessary parameters used
in this chapter.

Figure 2-20: Schematic representation of spherical indentation: a) Geometry of elastic/plastic indentation, where P
is the indentation load, R the radius of the spherical indenter, a the radius of the contact boundary, hmax the total
displacement into the sample’s surface, he the elastic depth of penetration, and hc is the vertical distance along
which contact is made; b) Schematic representation of the load P as a function of indenter displacement h, adapted
from Oliver, Pharr (1992), where hmax is the indenter displacement at peak load, hfinal the final depth of contact
impression after unloading, and S the initial unloading stiffness.

The displacement at peak load hmax can be written as
ℎmax = ℎe + ℎfinal
where he is the elastic depth of penetration and hfinal is the final depth of contact
impression after unloading. Figure 2-20 a) shows that the displacement at peak load
hmax can also be written as
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ℎmax = ℎc +

ℎe
,
2

where hc is the vertical distance along which contact is made, or “contact depth.”163
Field and Swain164 used Sneddon’s work165 to show that the “elastic displacements of
a plane surface above and below the circle of contact” (see Figure 2-20 a) are equal
for elastic loadings. Therefore, if the penetration depth is small compared to the
radius of the indenter, the depth of penetration he can be written as
ℎe =

𝑎2
𝑅

,

where a is the radius of the circle of contact. The elastic modulus or Young’s modulus
of the sample Esample can then be derived from the elastic part of the load displacement
curve using Hertz’s well documented theories165-167 with the indentation load P for a
sphere with radius R
𝑃=

4
⁄
𝐸effective √𝑅ℎe3 2
3

and
1
𝐸effective

=

2
1 − 𝜈sample

𝐸sample

+

2
1 − 𝜈indenter
,
𝐸indenter

where Eindenter and νindenter are the elastic modulus and the Poisson’s ratio of the
indenter. Combining these equations yields
4
𝑎2
𝑃 = 𝐸effective √𝑅 ( )
3
𝑅

3⁄2

=

4𝜋
𝑎𝑎2
𝐸effective √𝑅 (
)
3𝜋
√𝑅𝑅

=

4𝜋
𝑎𝑎2
𝐸effective (
).
3𝜋
𝑅

This equation can be rewritten to
𝑃
4
𝑎
=
𝐸effective ( ).
2
𝜋𝑎
3𝜋
𝑅
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The term 𝑃⁄ 𝜋𝑎2 is usually referred to as the Meyer hardness163, mean contact
pressure164, or indentation stress.168-169 The term 𝑎⁄ 𝑅 on the right side of the
equation is commonly referred to as the indentation strain.164

168, 170-171

It should be

noted that different definitions for the indentation strain have been adopted in the
literature,169, 172 however, in this thesis the most widely adopted one is used.
Using the Oliver-Pharr method163, the elastic modulus of the sample Eeffective can then
𝑑𝑃

be derived from the unloading stiffness 𝑆 = (𝑑ℎ) by linear fitting the initial part of the
unloading curve, (see Figure 2-20 b) which yields
𝑑𝑃
)
𝑑ℎ
𝑑 4
⁄
=
( 𝐸
√𝑅ℎe3 2 )
𝑑ℎ 3 effective

𝑆=(

⁄2

= 2𝐸effective √𝑅ℎe1

= 2𝐸effective √𝑅ℎe
= 2𝐸effective √𝑅

𝑎2 𝜋
𝑅𝜋

𝐴
= 2𝐸effective √ .
𝜋
3𝑃

Consequently, the depth of penetration he can be rewritten as ℎe = 2 𝑆 . Field and
Swain showed164 that the contact depth below the circle of contact hc (Figure 2-20 a)
must be rewritten when it includes a plastic component. It then is calculated by ℎc =
1

𝑅 − √𝑅 2 − 𝑎2 , which yields 𝑎 = √2𝑅ℎc − ℎc 2 with ℎc = ℎmax − 2 ℎe . (Figure 2-20)
It should be noted that this derivation is motivated by the spherical geometry of the
indenter and needs modifications for different indenter shapes.163
For the depth sensing indentation experiments of p(DCPD-r-NB) aerogels, 1 ml of
p(DCPD-r-NB) wet gels at different densities (20, 30, 40, and 50 mg/cm3) with 5
wt.% NB (relative to pDCPD) were synthesized in a 1 cm3 glass cube with open ends
on two parallel sides using 0.2 wt.% Grubbs’ 1st generation catalyst101. Both open
ends of the cube were capped with a glass microscope slide before gelation to ensure
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the exposed surface is perfectly flat. After gel formation was complete, the microscope
slides were removed and the wet gels in the open ends cube were dried supercritically
with carbon dioxide (see chapter 5) to convert them into aerogels. One open surface
of the aerogel in each cube was then tested at room temperature with an MTS XP
Nanoindenter using a spherical sapphire indenter tip with a radius of R=986 µm. The
Poisson’s ratio of the sapphire is assumed to be 0.234 and its elastic modulus to be
441 GPa.163 For each sample a series of partial indents with multiple load and unload
cycles was performed, each with an unloading percentage of 100%. The elastic
modulus and indentation stress are calculated according to the Oliver-Pharr method163
based on the slope of the linear fit at the initial part of the unloading curve as
described above. The indentation stress and strain curves are derived with the
methods described above.
Figure 2-21 a) shows the load-displacement curves for different series of partial
indents with multiple load and unload cycles for the p(DCPD-r-NB) aerogel with a
density of 40 mg/cm3. The load-displacement results are reproducible, which is a
good indicator that the aerogel’s mechanical properties are uniform on a large length
scale as each indentation test series was done at least 2 mm apart from the previous
test. The elastic modulus, obtained from the analysis of partial load- and unload data
as described above, appears to be independent from the indenter penetration depth h
as illustrated in Figure 2-21 b).
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Figure 2-21: a) Load-displacement curves for a 40 mg/cm3 p(DCPD-r-NB) aerogel (5%NB, 0.2 wt.% Grubbs’ 1st
generation catalyst) indented with a spherical sapphire tip with a radius of 986 µm. The curves for different test
series lay essentially on top of each other, showing that the material’s mechanical properties are uniform
throughout the sample; b) Elastic modulus as a function of displacement. The unloading elastic modulus is
independent from indenter penetration depth h.

The 40 mg/cm3 p(DCPD-r-NB) aerogels with 5 wt.% NB measured here have an
elastic modulus or Young’s modulus of (1.49±0.08) MPa, which is comparable to
other ultra-low density foams such as boron nitride foams,159 carbon nanotube
foams,173 silica aerogels,174 or even pDCPD aerogels175. The indentation data can now
be converted to representative stress-strain curves for the material as illustrated in
Figure 2-22. It shows the indentation stress-strain values for the p(DCPD-r-NB)
aerogel with a density of 40 mg/cm3.

Figure 2-22: Indentation stress-strain curves for a 40 mg/cm3 p(DCPD-r-NB) aerogel (5% NB, 0.2 wt.% Grubbs’ 1st
generation catalyst) indented with a spherical sapphire tip with a radius of 986 µm. The dashed line is to guide the
eyes.
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The indentation stress, or Meyer hardness, of the aerogel increases with increasing
indentation strain, which suggests that the Mayer hardness is a function of the
indentation depth. This is in accordance with indentation measurements on different
low-density, nanoporous materials.156 The mechanisms of deformation in the p(DCPDr-NB) aerogels are most likely defined by elastic bending, fracturing of the ligaments,
densification, and collapse of pores. Therefore, the hardness of the material depends
on the strength of the individual ligaments and the porosity of the material.
Comparing the load-displacement curves for p(DCPD-r-NB) aerogels with different
densities shows a density dependence for the elastic modulus as illustrated in Figure
2-23.

Figure 2-23: a) Comparison of load-displacement curves for p(DCPD-r-NB) aerogels (different densities, 5% NB, 0.2
wt.% Grubbs’ 1st generation catalyst) indented with a spherical sapphire tip with a radius of 986 µm. b) Log-logplot of the elastic modulus as a function of density. The dashed line is to guide the eyes.

As expected, the elastic modulus increases as function of the aerogel density 𝜌; in fact,
the elastic modulus E appears to have a power law dependency over the range of the
observed densities as illustrated in the log-log-plot in Figure 2-23. This power-law
density dependency can be expressed as 𝐸~𝜌𝑛 with n ≈ 2.41. The same power law
density has been observed in many other man-made low-density materials, such as
different carbon aerogels,158 3D graphene-derived carbons,160 or silica aerogels.176-177
In comparison, in naturally occurring porous materials such as wood or bone the
modulus scales roughly quadratically with the relative density,178 however, at higher
bone densities, the exponent can increase to n = 3.179 At low densities the bone
structure can be imagined as rods forming an open cell network, while at higher
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densities the cell walls fill in to form plates and the structure becomes a closed cell
network.179 Gibson and Ashby178 propose a model in which the exponent n can then
be “attributed to the bending moment of the struts comprising the cell walls”180 and
that, therefore, the Young’s modulus varies differently for open and closed cell
structures. However, these scaling laws “assume some degree of uniformity in the
distribution of mass between the interconnecting lattice ‘beams’ and the nodes that
define their intersections”181 and many aerogel samples with ultra-low densities
(aerogel density less than 1% of its constituent density) show higher scaling
exponents.158 One explanation proposed in the literature is the presence of mass in
the material that is disconnected from the load-bearing structure, which adds mass,
but does not carry or transfer loads.181 A different model to interpret the power law
exponent is the aggregation of fractal clusters that are connected via thin struts,182
which are affected in all mechanical transformations and, therefore, change the
exponent.183 Finite-element modeling and X-ray diffraction imaging experiments of
ceramic nanofoams revealed structures consisting of clusters that are connected by
thin beams,181 which could explain the higher scaling exponents.

Aerogels for ultra-low density coating applications

36

Chapter 3:

Coating the inner surface of hollow spheres

The majority of this chapter was published184 and is reprinted (adapted for this thesis)
here with permission from Braun, T.; Walton, C. C.; Dawedeit, C.; Biener, M. M.; Kim, S.
H.; Willey, T. M.; Xiao, X.; van Buuren, A.; Hamza, A. V.; Biener, J., In Situ Real-Time
Radiographic Study of Thin Film Formation Inside Rotating Hollow Spheres. ACS Applied
Materials & Interfaces 2016, 8 (4), 2600-2606. Copyright (2016) American Chemical
Society.

As mentioned in the introduction, the uniformity of coatings inside hollow spheres is
crucial for the performance of each respective application and requires deterministic
control of the coating process.3, 18-21 Most spherical coatings, however, are not ideal,
which can lead to potential error18 and performance deterioration.9, 21-22 Imperfections
in the foam or ice layer of a target used for inertial confinement fusion experiments
could seed Rayleigh-Taylor instabilities leading to a non-symmetric implosion.57, 76-79,
185-186

The Rayleigh-Taylor instability growth on low-density foam targets has been

extensively studied,21, 66 showing how the uniformity of the polymer foam is essential
for successful inertial confinement fusion experiments.
In this chapter, the fabrication of uniform thin films on the inside of hollow spheres by
using a uniaxial rotation process is described. The decision to explore a uniaxial
rotation coating approach was motivated by the results of computational fluid
dynamics (CFD) simulations that suggested the formation of more uniform films than
those fabricated by the previously reported two-axis rotation approach.12 In-situ realtime radiography and spatio-temporal image analysis provided critical data on the
effect of liquid viscosity and rotational velocity on the resulting coating uniformity.
Finally, the new uniaxial coating approach on sol-gel chemistry derived porous
polymer coatings on the inside of 2 mm diameter spherical shells was tested. The
results demonstrate that the uniaxial coating approach can produce highly uniform
porous polymer film coatings with deterministic thickness control.

Coating the inner surface of hollow spheres

37

Experimental techniques
Computer Fluid Dynamics Simulations
Computational fluid dynamics (CFD) simulations were performed by C.C Walton,
LLNL, using the commercial software package (Star-CCM+ by CD-Adapco, Melville,
NY, USA) based on the Navier–Stokes equations. In short, the volume-of-fluid (VOF)
method was used to track the air/liquid interface. The center region (containing air
only) was meshed with coarse polyhedral elements and a stack of 60 thin prism layers
(each 2.5 µm thick) was used for the liquid region near the shell wall. The prism layer
thickness was a compromise between resolving the thin liquid layers while keeping a
reasonable computation time (about 150 hours on 16 processors for 360 s of
simulated time). The liquid was initialized as a uniform coating and allowed to settle
2 minutes, then rotation was started, with ω(t) following a sigmoid function to
provide a gentle start. The liquid was modeled as having a surface tension of
0.02 N/m and a contact angle of 0°, based on manufacturer’s properties of the oil
(surface tension taken from a similar viscosity-standard oil). The computations were
3D at the actual physical scale and no parameters were adjusted to improve
agreement with the experiment. The simulation was sensitive to accumulating
numerical residuals and had to be checked carefully for conserving the total fluid
volume, which was kept within about ±5%.
Filling setup
Various methods have been developed and tested in order to fill the capsules.
Wittstock and Worsley developed a direct filling method for capsules with fill holes
well above 50 µm using a commercial syringe pump (Harvard Scientific). In order to
accomplish this, a micro syringe (Hamilton) is filled with the precursor solution and
attached to a micro pipette via PTFE tubing. The micropipette’s position in three
dimensional space can be controlled with a micro manipulation stage, which is
needed to accurately insert the pipette into the capsule’s fill hole. The syringe is then
placed onto the syringe pump and the micropipette is carefully introduced into the
capsule’s fill hole using the manipulation stage. The syringe pump allows for the
adjustment of the plunger’s position, enabling a flow of precursor solution into the
capsule. The entire setup is illustrated in Figure 3-1.
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Figure 3-1: Syringe filling setup developed by Wittstock and Worsley: a) The syringe filled with the precursor
solution is attached to a micro pipette via PTFE tubing. The micropipette’s position can be controlled by a micro
manipulation stage, allowing a precise insertion of the pipette into the capsule’s fill hole. The syringe is then placed
onto a syringe pump, which can adjust the plunger’s position and, therefore, control the flow of precursor solution
into the capsule. b) Once the precursor solution flows, a droplet forms at the tip of the micropipette. This prevents
an accurate control of the liquid level in the capsule as the size of the droplet is very difficult to control.

However, due to the high pressure needed to get the liquid through the thin tip of the
pipette, it is very difficult to precisely control the flow of precursor solution.
Additionally, Wittstock and Worsley observed the formation of a droplet at the tip of
the micropipette before the liquid drops into the capsule. The droplet has a volume of
roughly 1 µl before it detaches itself from the micropipette, but its size is not always
reproducible, which prevents an accurate control of the liquid fill level inside of the
sphere. Since the diameter of the shells used for indirect drive laser fusion
experiments is around 2 mm and consequently its volume is
4

𝑉 = 3 𝜋(1 mm)3 = 4.2 mm3 = 4.2 μl,
the size of the droplet equates to almost one fourth of the size of the sphere and,
therefore the direct filling method using a syringe was not suitable for the required
precision. Dawedeit, also mentioning this method, reports that the “liquid
immediately plugged the gap between the fill hole and the glass-capillary” and that,
consequently, “accurate control of the fill volume was not achieved”.187
The film layer thickness inside of the spherical shell needs to be controlled
reproducibly on a µm-scale. Therefore, a different filling method was developed using
Coating the inner surface of hollow spheres

39

a pressure gradient that allowed reproducibly injecting precursor solution into the
capsule with 0.01 µl precision. The injected volume of precursor solution ∆𝑉 would,
for a constant shell volume, solely depend on an applied pressure differential ∆𝑝,
which can easily be derived from the ideal gas law
∆𝑉 = (𝑉s ⁄𝑝0 ) ∆𝑝,
where 𝛥𝑉 is the injected volume, 𝛥𝑝 is the applied pressure differential, and 𝑉s and 𝑝0
are the shell volume (4.2 µl) and standard pressure (760 Torr), respectively.
The setup is described in detail by Braun34, Biener12, and Dawedeit187: a vial
containing the precursor solution and a linear feedthrough to which the ablator shell
is attached are placed in a small vacuum chamber (Figure 3-2 a). The chamber is then
under-pressurized (the pressure differential depends on the desired foam layer
thickness) while the capsule is not in contact with the precursor solution. This
prevents the formation of air-bubbles attached to the fill hole, which is critical for
achieving the required reproducibility. The under-pressurized capsule is then
submerged in the precursor solution and filled by re-pressurizing the chamber to
atmospheric pressure.

Figure 3-2: Pressure filling setup: (a) the filling setup consists of a small vacuum chamber that contains a vial with
the aerogel precursor solution and a linear feedthrough to which the ablator shell is attached. To achieve high
reproducibility with high accuracy, it is crucial to underpressurize the capsule before submerging it into the
precursor solution. b) injected liquid and corresponding layer thickness versus applied pressure differential. The
injected volume, as derived from weight gain measurements, follows the linear behavior (dashed line) expected
from the ideal gas law and is almost independent of the hole diameter. 12, 34
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The injected volume in dependence of the pressure differential ∆p (Figure 3-2 b) was
determined by weight gain measurements using the density of toluene under ambient
conditions (0.867g/cm3). It increases linearly with the applied pressure differential
and is also almost independent of the fill hole diameter.
The pressure differential filling setup has the required accuracy to precisely control
the layer thickness in a spherical shell and has the advantage that is can easily be
modified for different shell sizes and volumes. This self-developed method provides a
novel tool to accurately fill hollow shells with nanoliter precision. The setup was
further modified to completely fill a hollow sphere as described in chapter 4.
Coating Setup
All coating experiments were performed in a custom-built uniaxial coating setup
consisting of a steel frame in the shape of a triangular prism, with two rolls on top, on
which the capsule holder was placed (Figure 3-3). The rolls were driven by a
brushless 120 Watt EC-max motor with hall sensors (maxon motor, Switzerland)
through a transfer belt, which allowed adjusting the rotation speeds. For in-situ realtime radiography experiments the entire setup was placed on a high-precision
translation sample stage that allowed precise alignment of the shell with the X-ray
beam. To generate cross-sectional radiographs covering the full solid angle of 4π
inside of the shell, most experiments were performed in two configurations with the
rotational axis either coinciding (imaging axis ║ω
⃗⃗ ) or perpendicular (imaging axis
⃗⃗ ) to the X-ray beam (Figure 3-3a). For the imaging axis
ω

⃗⃗
┴ω

┴

configuration, the

capsule holder blocked the X-ray beam twice every revolution, but the spatio-temporal
film distribution is still clearly observable. Between each experiment enough time was
allowed for the liquid to completely settle at the bottom of the shell to guarantee
identical starting conditions.
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Figure 3-3: Experimental uniaxial coating setup used to analyze film formation in rotating spherical shells.
Schematic (a) and photograph (b) of the uniaxial coater. The capsule, filled with enough liquid to allow formation
a uniform film of the desired thickness, is placed on center axis of a small cylinder. Rotational axis and X-ray beam
were adjusted to be either parallel or perpendicular to each other. (c) The cross-sectional radiographic image of the
shell reveals how the liquid is distributed in the shell at a particular time. (d) These cross-sectional radiographs are
subsequently analyzed with the measured data shown in solid blue. Analysis of the series of images taken during
the experiment enables the reconstruction of the liquid’s spatio-temporal distribution.

Imaging of the shells
The in-situ real-time radiography experiments, described in chapter 3.3, were
performed at beamline 2BM-B at the Advanced Photon Source (APS), Argonne
National Laboratory using a monochromatic beam with an energy of 24.3 keV. A
100 μm thick LuAG:Ce scintillator was used and the resulting image was projected
through a 10x lens onto a PCO.Dimax detector with a frame size of 2016x2016. With
the camera’s pixel size of 11x11 μm2 the effective pixel size for this experiment was
1.1x1.1 µm2. The high X-ray flux and temporal resolution of beamline 2BM-B enabled
in-situ observation of the distribution of the liquid in the rotating shell with a frame
rate of 10 Hz which afforded a direct view on the influence of rotation speed and
viscosity on concentricity, sphericity, and roughness of the resulting film layer. The
spatio-temporal distribution of the liquid layers formed inside the shells was analyzed
using self-written software.
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Radiographs of foam coated shells were taken with the same X-ray setup described in
chapter 2.1.
Coatings and Shells
Liquid coatings were prepared from General Purpose Viscosity Standards N4, N7.5,
N14, N26, and N44 (Cannon Instruments). Viscosity Standards, based on the National
Institute of Standards and Technology (NIST) value of 1.0016 mPa s (centipoise) for
water at 20°C (68°F), were used as received. The dependence of the liquid’s viscosity
on temperature was taken into account by measuring the temperature under which
experiments were performed (23.3°C) and calculating the viscosity for that respective
temperature.
Porous polymer coatings were prepared from dicyclopentadiene with the same
chemicals, compositions, method, and setup that are described in chapter 2.1.
For shells, 2 mm diameter high-density carbon (HDC, diamond) shells17, 47 (Diamond
Materials, Germany) were used because of their excellent mechanical properties and
sphericity. To facilitate characterization, relatively thin-walled (20–30 μm) and
transparent micro-crystalline HDC shells were used. Using a 30–50 μm diameter hole
in the shell wall, the viscosity standards, toluene, or the polymer precursor solution
were filled into the shells using the pressure-differential filling method as described in
detail in chapter 3.1.2. The shells were then placed in the custom-built holder shown
in Figure 3-3, which was sealed with polyimide film to prevent evaporation of the
viscosity standards and precursor solution during rotation.
Fluid dynamics simulation experiments
Three-dimensional (3D) Computational Fluid Dynamics simulations performed by C.
C. Walton, LLNL, for two different liquids under uniaxial rotation are shown in Figure
3-4. The steady state distribution of a liquid with a viscosity of 20 cP in a 2 mm sphere
rotating at 20 rpm (liquid fill level equal to 50 µm uniform coating) is shown in
Figure 3-4 a,b. The shell rotation pulls the liquid puddle up on the ascending side of
the sphere where it stays, as the rotational velocity is not high enough to overcome
the gravitational pull, resulting in a non-uniform coating. Slicing through the center
plane of the sphere (Figure 3-4 a) shows that the thickest part of the liquid is at -50°
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in latitude. The complete 4π picture of the liquid’s distribution inside the hollow
sphere (Figure 3-4 b), obtained by unwrapping the three-dimensional thickness
distribution onto a longitude and latitude map, reveals that the thickest part of the
liquid stays in the ascending hemisphere. If, however, the viscosity of the liquid and
the rotational velocity are increased to 40 cP and 40 rpm (average coating thickness
stays the same), a uniform steady state (Figure 3-4 c,d) is reached. The liquid is not
only uniformly distributed along the center plane of the sphere (Figure 3-4 c), but
over the full solid angle of 4π inside of the shell thus suggesting that uniform spherical
coatings can be obtained by uniaxial rotation. The simulations also demonstrate the
importance of choosing the correct parameter space of film thickness (fill volume),
viscosity, and rotational velocity, similar to the well-documented pattern formation in
rotating cylinders139-141, 152, 188-191. Moffat and Melo used the lubrication approximation
(thin film layers and negligible inertial effects) of the Navier-Stokes equation and
found that critical rotational velocities in an otherwise constant parameter space can
describe the transitions between different steady states in cylindrical coatings.139-140,
188

A similar approach was taken by analyzing the effects of the liquid’s viscosity and

the rotational velocity on coating uniformity since radius and film thickness
(determines the volume of liquid) are usually predetermined by the desired
application.
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Figure 3-4: Three-dimensional (3D) Computational Fluid Dynamics (CFD) simulation of liquids in a 2 mm hollow
spherical shell under uniaxial rotation. The liquid fill level is equal to a 50 µm uniform layer. (a) Snapshot of the
steady state reached of a 20 cP liquid rotated with constant 20 rpm by slicing through the center plane of the
sphere along 90° to 270° (longitude). The liquid is getting dragged up, but cannot overcome the gravitational pull
and, therefore, the thickest part of the liquid stays at -50° (latitude). (b) Unwrapping the three-dimensional
thickness distribution onto a longitude and latitude map gives a complete 4π picture of the liquid’s distribution
inside the hollow sphere during rotation. (c) and (d) The slice and the 3D thickness distribution of a 40 cP liquid
rotated with 40 rpm show that uniaxial rotation can lead to uniform spherical coatings. The dots in the 3D
thickness distribution are artifacts. (CFD simulations performed by C.C. Walton, LLNL)

In situ synchrotron experiments
Guided by these simulations, extensive in-situ real-time radiographic studies of the
thin film formation in spherical shells were performed to explore the effect of liquid
viscosity and rotational velocity of the spherical shell on the uniformity of the coating.
A typical snapshot from an in-situ real-time radiography experiment in the imaging
axis ║ω
⃗⃗ configuration and its image analysis is shown in Figure 3.3 c,d. A complete
spatio-temporal image analysis for a 10 cP viscosity standard rotating at 9.8 rotations
per minute is shown in Figure 3-5. Without rotation, the measured liquid distribution
(shown in solid blue) is solely determined by its wetting angle. All viscosity standards
used in this study have a low contact angle thus allowing for good wetting. Without
rotation (Figure 3-5a), the liquid is distributed between 87° and 272°, with the
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thickest part of the liquid layer (115 µm) at the bottom of the shell (180°). Once the
shell starts rotating, the liquid becomes more evenly distributed (Figure 3-5 d) and
forms a continuous, but not yet uniform, film after ~ 7 rotations (66 s). After ~22
rotations (216 s), the film layer thickness equilibrates to 28(±3) µm.

Figure 3-5: Spatio-temporal analysis of the uniform distribution of a 10 cP viscosity standard inside a hollow high
density carbon sphere (2 mm ID) during uniaxial rotation with =9.8 rpm. (a) At initial conditions (t=0 s) all the
liquid is distributed at the bottom of the sphere due to gravity. b) After t=66 s of rotation with =9.8 rpm, the
viscosity standard is distributed completely around the shell, but hasn’t reached steady state. (c) A uniform steady
state is reached after t=216 s due to the right combination of rotational velocity and viscosity. (d) Complete spatiotemporal distribution of the rotation shows how the liquid is distributed in the capsule and forms a uniform film
over time. (e) Power-mode spectrum of the liquid’s inner surface after 216 s. The inlet is the thickness measurement
at that time measured from the capsule middle point to the liquid-air interface and shell wall over the full 360°.

To further analyze the concentricity of the liquid film formed by uniaxial rotation, the
power-mode spectrum of the liquid’s inner surface after 216 s was computed (Figure
3-5e). It reveals a 2.2 µm2 power in mode 1 (concentricity between capsule inner wall
and liquid-air interface) and an out of roundness of the liquid’s inner surface very well
below 1 µm2. This thickness variation is within the experimental error given the
effective pixel size of 1.1x1.1 µm2 during data collection and assuming an error of 2
pixels per axis per image with a frame size of 2016x2016 pixels for the image
analysis.
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Experiments performed in the complementary imaging axis

⃗⃗
┴ω

configuration reveal

very similar results thus demonstrating the formation of a film with uniform thickness
over the full solid angle of 4π inside the shell.

Figure 3-6: Spatio-temporal analysis of the uniform distribution of a 20.88 cP viscosity standard inside a hollow high
density carbon sphere (2 mm ID) during uniaxial rotation with =1.95 rpm in the imaging axis

⃗⃗
┴ω

configuration.

(a) The cross-sectional radiographic image of the shell taken at 216 s reveals the steady state reached. Although the
capsule holder blocks the view partially, it is evident that the liquid is distributed uniformly in the sphere. (b) These
cross- sectional radiographs are subsequently analyzed with the measured data shown in solid blue. (c) The series
of all images taken during the experiment allows a precise analysis of the liquid’s spatio-temporal distribution. At
initial conditions (t=0 s) all the liquid is distributed at the bottom of the sphere due to gravity. Once rotation is
started the viscosity standard is distributed completely around the shell reaching a uniform steady state due to the
right combination of rotational velocity and viscosity.

Here, the viscosity standard’s initial distribution in the shell before rotation is, as
expected, identical to that observed in the imaging axis ║ω
⃗⃗ configuration, with a
liquid puddle between 87° and 272°. As rotation begins, the liquid begins to distribute
and starts to form a continuous film around the capsule. The film thickness in the left
and right hemispheres (0° to 180° and 180° to 360°) stays symmetrical during the
entire time of rotation, which can be attributed to the fact that the rotation axis is
perpendicular to the gravity vector, allowing even distribution of the liquid over both
sides. Experiments done under the same conditions, but with a purposely tilted axis,
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indeed yield non-uniform films regarding concentricity between the capsule’s inner
wall and the liquid’s inner surface. With a well aligned rotational axis, however, the
film layer thickness reaches a uniform steady state of 27(±3) µm after 206 s.
By systematically changing the viscosity of the liquid and the rotational velocity of the
capsule, three different characteristic steady state film configurations were identified.
If the rotational velocity is too low for a given viscosity, the liquid cannot completely
overcome the gravitational pull and therefore stays near the bottom of the shell. This
is illustrated in Figure 3-7a, which shows the film thickness development for three
rotations of a 10 cP viscosity standard, which was uniaxially rotated at 1.3 rpm. The
liquid layer is thicker on the ascending side of the sphere (around 150°) and thinner
on the descending side, reaching a steady state as the rotational velocity is not high
enough to overcome the gravitational pull.
If, on the other hand, the rotational velocity is too fast or the liquid too viscous, the
initially present liquid puddle is pulled over top point of the sphere and dragged
around with the same rotational velocity as the capsule (Figure 3-7c). For a viscosity
of 10 cP, this condition is reached at 65 rpm. However, the combination of viscosity
and rotational velocity can be adjusted in such a way that, over time, the liquid
becomes uniformly distributed inside of the sphere, reaching a uniform steady state
(Figure 3-7b). Similar steady states have been observed in rotating cylinders.140, 192-193
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Figure 3-7: Summary of the results from different viscosity / rotational velocity combinations and the resulting
steady states. (a) If the rotational velocity for a given viscosity is too slow, the liquid cannot overcome the
gravitational pull and remains in same position during rotation. (b) If the combination of rotational velocity and
viscosity is right, the liquid reaches a steady state forming a uniform film layer. (c) Combinations of high rotational
velocities and high viscosity cause the liquid pool to be carried up and over the top before being completely
distributed in the shell. (d,e) Stability regions of the steady states (a-c) in the viscosity / rotational velocity phase
space for the imaging axis ║ ω
⃗⃗ (d) and imaging axis ┴ ω
⃗⃗ configuration (e).

Over 30 different combinations of viscosity and rotational velocity were tested and the
results for both configurations are summarized in Figure 3-7d (imaging axis ║ ω) and
Figure 3-7e (imaging axis

┴

ω). For each tested viscosity, the rotational velocity was

adjusted multiple times to identify the liquid’s different steady states and their
transition points. For toluene (0.56 cP194), a rotational velocity of 65 rpm is needed to
form a uniform continuous film. Lower velocities lead to non-uniform films with the
thicker part of the liquid on the ascending side of the sphere (around 150° for 10 rpm
and 90° for 39 rpm). Higher rotational velocities were not tested due to safety
concerns as the capsule holder was not secured to the roller. These results were
confirmed when repeating the experiment with the X-ray beam perpendicular to the
rotational axis. At 10 rpm some of the liquid moves out of the observable plane, but
the majority remains at the bottom of the shell. The same effect can be observed when
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increasing the rotational velocity to 39 rpm with the exception that the liquid is
moved out of the observable plane in a way that the resulting layer appears thinner,
but uniform. This is why more films in the perpendicular view appear uniform, but
when combining the parallel and perpendicular view of the experiments, we learn
that the resulting overall 4π-film thickness is not uniform, but rather non-concentric.
This can be illustrated when, for example, comparing the parallel and perpendicular
view of the 0.56 cP liquid rotated at 39 rpm. The film appears to be uniform when
looking from the 90°-view, but is actually non-concentric. The only experiment in the
imaging axis

┴

⃗⃗ configuration that is not symmetrical when comparing the left and
ω

right hemisphere is the 0.56 cP liquid rotated with 65 rpm (Figure 3-7d), which can
be attributed to the capsule holder being slightly tilted.
The green regions in Figure 3-7d,e indicate the parameter space that results in the
formation of uniform films. For example, for a liquid with a viscosity of 10 cP and a
targeted film layer thickness of 28 µm, a uniaxial rotation with a velocity of 9.8 rpm
results in the formation of a spherical uniform coating with 2 µm2 out-of-roundness
(mode 1) deviation, although maintaining a spherical concentricity of better than 4
µm was considered uniform. For liquids with viscosities of 20.88 cP and above, the
window of rotational velocities that yield uniform coatings seems very narrow. For
example, increasing the rotational velocity of the sphere from 2.6 rpm to 3.9 rpm for
the 40.54 cP viscosity standard results in two distinctly different steady states. At 2.6
rpm the liquid cannot overcome the gravitational pull and at 3.9 rpm the liquid is
already being dragged around the capsule, even though the uniformity of the film
layer thickness in this case improves with time suggesting that eventually a uniform
film may be formed.
Coating of polymer films in hollow spheres
With the guidance of simulations and the above obtained results, it was possible to
uniformly coat the inside of 2 mm diameter HDC shells with uniform
dicyclopentadiene-based polymer gel films of different densities by using uniaxial
rotation. These sol-gel systems differ from the viscosity standards discussed above in
that their viscosity increases with time until the system transitions into the solid state
at the sol-gel transition. To achieve spherical coatings for sol-gel systems, the film
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needs to be in a uniform steady state before the transition from the liquid to the solid
state is completed. Previous coating experiments with polymer aerogels described in
chapter 2.3 revealed that the gelation time and viscosity at the gel point can be
controlled by adjusting the amount of cross-linking through copolymerization with a
monomer that only forms linear chains. For a 50 mg/cm3 p-DCPD aerogel with a 5
wt.% (bis)iodo-norbornene, NB-I2 co-polymer14 and 0.2 wt.% Grubbs catalyst, the
aerogel has a viscosity of 2350 cP at the gel point.14 However, the viscosity around the
sol-gel point increases rather rapidly15 and the coating should already be uniform.
Based on Figure 3-7, a rotational velocity of 1.95 rpm was chosen to generate 30 µm
thick coatings inside a 2 mm spherical shell using the uniaxial coating process. The
reason for adding (bis)iodo-norbornene instead of norbornene is described in great
detail in chapter 6. For the experiments performed here, the (bis)iodo-norbornene
was added to increase contrast in the radiographic images. The capsule was placed in
a saturated toluene vapor environment to prevent densification of the gel around the
capsule’s fill hole and rotated for 23 h to ensure gelation was complete. The wet gel
was subsequently supercritically dried by direct solvent exchange with carbon
dioxide.82 The resulting foam layer, characterized by phase contrast enhanced X-ray
imaging,195 is extremely uniform, as Figure 3-8 illustrates.
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Figure 3-8: (a) Cross-sectional radiographic image of a 2 mm diamond sphere coated with a 30 μm thick (bis)iododoped p(DCPD-r-NB-I2) foam layer (50 mg/cm3 DCPD, 5 wt.% NB-I2, 0.2 wt.% catalyst, filled with ΔP = 104.5Torr,
and uniaxially rotated at 1.95 rpm for 23 h). The polymer foam is distributed evenly in the hollow sphere and
adheres well to the shell. The inlet shows an SEM image of the cross section of the foam-diamond-layers. (b) Two
representative power spectra taken from orthogonal views of the inner foam surface summarizing the currently
achieved foam shell uniformity.

The film is uniform around the shell and, as the analysis with scanning electron
microscopy reveals, adheres well to the high density carbon shell. Concentricity,
sphericity, and roughness of the foam layer were assessed by a Fourier analysis of the
inner foam-air interface radius as a function of the angular position. To get a complete
picture of the layer’s distribution in the shell, it was imaged from an orthogonal view
and analyzed (labeled as “90°” in Figure 3-8). The resulting power spectral density
(PSD) plot shows that the foam layer’s concentricity (expressed by mode 1 thickness
uniformity) is well below 1 µm² and sphericity and roughness (higher modes) are
below 0.6 µm². These results are very reproducible for different densities and layer
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thicknesses if the rotational velocities are adjusted accordingly as illustrated in Figure
3-9. It was possible to achieve uniform coatings for different densities (25 mg/cm3 to
250 mg/cm3) and thicknesses (15 µm to 70 µm) and it was possible to get 150 µm
thick coatings with an above 1 µm² non-uniformity.

Figure 3-9: Cross-sectional radiographic images of 2 mm diamond spheres each coated with a uniform DCPD
aerogel layer. a) 50 mg/cm3 p(DCPD-r-NB-I2), 5%NB-I2, 0.2 wt.% catalyst, filled with Δp = 103.8 Torr, uniaxially
rotated at 1.95 rpm for 22 h, and dried supercritically with CO2 (see also chapter 6.1.2). b) 250 mg/cm3 p(DCPD-rNB) wet gel, 5%NB, 0.015 wt.% catalyst, filled with Δp = 148.7 Torr, and uniaxially rotated at 1.95 rpm for 20 h.

Summary and Outlook
In-situ real-time radiography was used to monitor the distribution of liquids in
rotating hollow spherical shells. The experiments confirmed a surprising prediction
made by computational fluid dynamics simulations, namely, that uniaxial rotation can
result in the formation of extremely uniform thin film layers in hollow spherical shells
if the right combination of the liquid’s viscosity and rotational velocity are used. The
universality of these model experiments was confirmed by fabricating uniform sol-gel
chemistry derived porous polymer films inside 2 mm inner diameter high density
carbon shells. The uniaxial coating process seems to be highly scalable and can easily
be modified to generate porous coatings of different densities and thicknesses as well
as using hollow spheres with different inner volumes. With a functional and
reproducible process in place, work is currently in progress to expand the process to
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different sphere diameters, foam compositions (see chapter 6), and geometries. As
demonstrated above, the process requires precise control on various parameters and
needs to be adjusted accordingly depending on a variety of parameters, including, but
not limited to gel chemistry, density, layer thickness, and volume. Recent experiments
with smaller (inner diameter) spherical shells and an optimized coating process, for
example, yielded foam layers inside hollow spheres with all modes below 0.70 µm².
The uniaxial rotation approach described here could potentially increase the use of
coatings in a wide range of applications in the fields of material, industrial, and
environmental science.
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Chapter 4:

Complete filling of shells

Some experiments at the National Ignition Facility can utilize shells that are
completely filled with low density foams. For example, capsules filled with deuterated
plastic foam and tritium gas could be imploded to measure the degree to which the
foam and gas mixed,196 which allows quantifying the effect of heterogeneous mix on
fusion burn. In order to provide a complementary path for the fabrication of these
targets, the existing filling setup was modified and proof of principle experiments
were implemented to demonstrate its feasibility. The completely filled shells were
then characterized using radiography.
Principle and modification to the filling procedure
One additional advantage of the filling procedure that is described above is that it can
be modified to completely fill a capsule with low or high density foams. The flexibility
of the sol-gel process, as described in the previous chapters, allows for generating
complete porous fillings of different densities, porosities, or including dopants, as
demonstrated in chapter 6. The setup additionally has the advantage that it is
universal for hollow spheres with different inner volumes and wall thicknesses.
As previously discussed, the filling setup relies on a pressure differential to fill the
capsule. Since the under-pressurized capsule is submerged in the precursor solution,
and filled by re-pressurizing the chamber to atmospheric pressure,12 a small air bubble
remains in the capsule. (Figure 4-1 a) Its size depends on the vacuum that can be
reached.
Increasing the pressure differential to ∆𝑝 = 700 Torr and repeating the filling
procedure multiple times did not remove the air bubble.
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Figure 4-1: Picture of a 2 mm inner diameter hollow high density carbon shell (fill hole diameter 30 μm) submerged
in a 50 mg/cm3 DCPD/toluene solution. (a) After submerging the capsule in the precursor solution and applying a
pressure differential of ΔP=700 Torr multiple times, an air bubble remains in the shell. (b) With the fill hole
orientation pointing up an additional pressure cycle removes the air bubble – leading to a completely filled shell.

The setup was therefore modified by adding a third step to the fill procedure. During
this step, the capsule holder containing the capsule was removed from the linear
feedthrough and placed in the precursor solution with the capsule’s fill hole pointing
upwards. The vial with the precursor solution remained in the vacuum chamber
(Figure 4-2 c), which was then underpressurized again. Due to the orientation of the
fill hole, part of the remaining air bubble expanded to the outside of the capsule
during underpressurization. Lightly vibrating the entire setup released the air bubble
from the capsule leaving a completely filled shell.

Figure 4-2: Schematic of the modified filling setup: (a) A vial with the precursor solution is placed in a vacuum
chamber with a linear feedthrough to which the capsule is attached. The fill hole of the capsule is pointing down
when the system is underpressurized (b) and the capsule is submerged. (c) After repressurization the capsule is
removed from the linear feedthrough and placed in the same precursor solution with the fill hole orientation
pointing up. The pressure differential is reapplied to force the remaining air out.
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The last step of underpressurizing the system and vibrating the chamber was repeated
until the air bubble had been removed. This led to reproducible results. Figure 4-1 b)
shows an image of the completely filled shell after it has been removed from the
capsule holder.
After completely filling the capsule with the precursor solution, it stayed submerged in
the solution during gelation to prevent any air from entering the hollow sphere. The
capsule sat in a PTFE capsule holder to ensure the fill hole position remained constant
and for better visualization (Figure 4-3). No air bubble formed inside or on the outer
surface of the capsule. Additionally, the gel inside the capsule seemed to behave as
the gel surrounding the capsule (Figure 4-3 a - c), thus whatever is observed in the
bulk gel was most likely the same for the gel inside the capsule.
Even though the gel point for a 50 mg/cm3 DCPD/toluene aerogel is roughly reached
after 550s and after 1000s for a 25 mg/cm3 DCPD/toluene as described in (chapter
2.2), the capsule was left in the precursor solution for 24 hours to ensure gelation is
complete.

Figure 4-3: Picture of the completely filled capsule after the remaining air has been forced out. The capsule sits in a
PTFE capsule holder with the fill hole direction still pointing upwards. Therefore, only the capsule’s upper part is
visible. The capsule is left in the precursor solution during gelation to ensure no additional air can get in.

After gelation, the bulk piece of aerogel with the capsule and its holder inside was
supercritically dried by direct solvent exchange with carbon dioxide. The capsule was
subsequently removed from the surrounding foam and capsule holder, leaving a
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completely foam filled shell. The capsule then had to undergo additional cleaning
steps to ensure the outside surface is free of any foam remains.
Radiographic analysis
Figure 4-4 shows the radiographic image of two different 2 mm inner diameter high

density carbon shells that were completely filled with a 50 mg/cm3 DCPD wet gel
using the above mentioned method. The cross sectional radiographic image on the left
(Figure 4-4 a) illustrates that foam densification or collapse are easily visible. The foam
is clearly collapsed towards the fill hole as the solvent exchange from toluene to liquid
carbon dioxide was not complete before reaching supercritical conditions. A detailed
explanation of the failure’s causes during supercritical drying can be found in chapter
5 of this thesis. The foam inside of the shell illustrated in Figure 4-4 b) does not show
any signs of collapse or densification, which indicates that the shell is completely
filled with intact foam. However, the cross sectional radiographic image does not give
conclusive proof that the shell is indeed completely filled with foam as it is
indistinguishable from a radiographic image of an empty shell.

Figure 4-4: Cross-sectional radiographic image of two different 2 mm diamond spheres completely filled with
p(DCPD) foam (50 mg/cm3 DCPD, 0.2 wt.% catalyst, filled by using the method described above) after supercritical
drying with liquid CO2. a) The foam is clearly collapsed towards the fill hole as solvent exchange from toluene to
liquid carbon dioxide was not complete before reaching supercritical conditions. (for a detailed explanation see
chapter 5); b) The radiographic image indicates that the foam inside the shell is intact and shows no signs of
collapse. Weight gain measurements confirm that the shell indeed contains foam.
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Weight measurements of the empty shell and the filled shell using a XP56
microbalance (±0.001 mg, Mettler-Toledo, Switzerland) were therefore performed.
These measurements indicated that the shell was completely filled with foam. Future
experiments will include tomographic analysis of completely filled shells, doping of
the foam after drying (see chapter 6 of this thesis) to increase the X-ray contrast, and,
using destructive analysis, optical and scanning electron microscopy of the inside of
the shells after breaking them open.
These proof of principle experiments show that the filling procedure can easily be
modified to completely fill a hollow sphere with low- or high-density foams. The setup
is universal for hollow spheres with different inner volumes and wall thicknesses and
is advantageous for hollow spheres with small fill holes and fragile, ultra-low density
foams. The foam can easily be modified to generate complete porous fillings of
different densities, porosities, or include dopants, as demonstrated in chapter 6.
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Chapter 5:

Supercritical Drying

Part of this chapter was published and is reprinted (adapted for this thesis) here with
permission from Braun, T.; Walton, Kim, S. H.; Biener M.M.; Hamza, A. V.; Biener, J.,
Supercritical Drying of Wet Gel Layers Generated Inside ICF Ablator Shells, Fusion
Science and Technology 2018. This is an Accepted Manuscript of an article published by
Taylor & Francis in Fusion Science and Technology on December 17th 2017, available
online: http://www.tandfonline.com/10.1080/15361055.2017.1392203 on behalf of
the American Nuclear Society, http://www.ans.org/.
In the previous chapters the successful synthesis and coating of the inner surface of
hollow spheres with ultralow density p(DCPD-r-NB) wet gel layers was demonstrated.
The pDCPD based wet gels were synthesized using a sol-gel process via ring opening
metathesis polymerization (ROMP) with Grubbs’ 1st generation catalyst and, as
mentioned above, the transition from sol to gel occurs when the solid particles in the
liquid join together to form a continuous solid phase. However, once this sol-gel
process is completed, the wet gel still contains the organic solvent in its pores. In our
case, toluene is used as the solvent, which needs to be removed to achieve ultra-low
density materials.
Different techniques are commonly used to dry wet gels, resulting in different
materials, such as xerogels, cryogels, and aerogels. (Figure 5-1)

Figure 5-1: Different methods of preparing and drying wet gels, adapted from Garcia-Gonzalez (2012). Freeze
drying techniques usually lead to cryogels, while ambient air drying is used to produce xerogels. Supercritical drying
leaves the gel and pore structure mostly intact and is, therefore, the method of preference.
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1. The evaporation of the liquid out of the gel matrix in ambient conditions or at
elevated temperatures leads to xerogels,197-198 a dense, solid material. Using this
drying technique, it is usually not possible to conserve the gel structure as the
capillary forces acting on the pore walls are high enough to collapse the
nanoporous structure. This results in large shrinkage of the material and the
destruction of the highly porous network. It should be noted that drying the gel
under ambient conditions can lead to aerogels as well if certain steps are taken
beforehand,199-201 but were found not suitable for our purposes.
2. A different route to remove liquids from a gel structure is freeze drying. For

this technique, the temperature of the liquid is lowered below its freezing point
and the pressure is subsequently lowered to allow the now frozen solid in the
gel to sublimate. The material obtained using this method is called cryogel.202
During the crystallization of the liquid in the gel’s pores, stress might be
induced due to the volume change of the liquid, resulting in the potential
destruction of the porous network. Because of this, cryogels are often obtained
as powders.117 Various attempts to produce aerogels from freeze drying have
been reported in the literature.203-206
3. Supercritical drying on the other hand allows for the removal of liquid from the

gel matrix without changing its open pore structure and large surface area,
leading to a material called aerogel97, 117, 207-208. For this drying method, the
liquid in the pore network is brought to supercritical conditions by taking it
beyond its critical temperature (Tc) and pressure (Pc). Matson and Smith define
a supercritical fluid as “a substance existing at temperatures and pressures
above those at its critical point, or the precise conditions at which the liquid
and gaseous phases of the substance are indistinguishable.”209 This
indistinguishable phase has the advantage that it prevents any vapor-liquid
interfaces and, therefore, capillary forces acting on the pore walls are avoided.
Consequently, once supercritical conditions are reached in the system, the
supercritical

fluid

can

be

removed

from

the

porous

material

by

depressurization under isothermal conditions, preventing a collapse of the
fragile network structure. The process is illustrated schematically in Figure 5-2
using carbon dioxide as a supercritical fluid.
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Figure 5-2: Principle of supercritical drying with carbon dioxide as the supercritical fluid. The sample is placed in a
pressure chamber and exchanged with liquid CO2. (Starting point A) The temperature and pressure in the chamber
is then raised slightly above the critical point (A to B) bringing the fluid to supercritical conditions. The supercritical
fluid is removed from the material by depressurization under isothermal conditions (B to C). After cooling the
chamber (C to D) the sample is dried.

Depending on the critical temperature of the fluid, supercritical drying is often
categorized into high210 and low temperature211 supercritical drying.
High temperature supercritical drying usually uses the organic solvents that were
utilized during wet gel preparation as the supercritical fluid. However, these solvents
often have very high critical temperatures as listed in Table 5-1, which could alter the
internal structure of the aerogel. Wang et al. did small angle X-ray scattering
experiments on samples that were dried with methanol as a supercritical fluid
(Tc=239.4°C) and confirmed that the size distribution of the gel particles was
narrowed during the process.212 Additionally, it has been shown that certain
functional organic groups incorporated in the network might be destroyed during high
temperature supercritical drying.213 It should also be mentioned that due to the high
critical temperatures, high critical pressures, and flammability of most of the solvents
used during high temperature supercritical drying additional safety precautions have
to be taken into consideration. In 1984, a gasket in an autoclave used to produce large
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aerogel samples in a facility in Sweden failed, which caused the release of over
1000 liters of methanol and ultimately considerable damage to the entire facility.97
Low temperature supercritical drying, as the name suggests, is done at much lower
critical temperatures. Liquid carbon dioxide is one of the most commonly used
supercritical fluids since it is non-flammable, inexpensive, chemically inert, and has
the advantage of a very low critical temperature (Tc=31°C, see Table 5-1). Wang
repeated his small angle X-ray scattering experiments on the aerogel samples, but
used low temperature CO2 supercritical drying. He found that it “can hardly affect the
particle structure of the gel body.”212 However, using liquid CO2 as a supercritical
fluid requires exchanging the solvent in the gel matrix with liquid CO2, which can be
very time-consuming as the solvent exchange process in the network structure is done
by diffusion. Additionally, not all solvents are miscible with CO2, so sometimes an
intermediate solvent exchange is necessary.214 (Figure 5-1)
Table 5-1: Critical point parameters of common fluids209

Fluid

critical temperature Tc (°C)

critical pressure Pc
(atm)

Water

374.1

217.6

Methanol

239.4

79.9

Ethanol

243.0

63.0

Toluene

318.6

40.55

Acetone

235.0

46.4

1-Propanol

263.5

51.0

2-Propanol

235.1

47.0

carbon dioxide

31.0

72.8

Other drying techniques have also been reported in the literature such as microwave
drying215-216 and vacuum drying216. Supercritical drying in a low temperature process
using liquid CO2 as the supercritical fluid, however, was found most suitable for our
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purposes as it can lead to ultra-low density materials and doesn’t change the intrinsic
open pore structure and large surface area.
Although supercritical drying of wet gels with liquid CO2 is commonly used and well
described in the literature, no process has been developed for the specific conditions
required for the synthesis of functional thin ultra-low density coatings inside hollow
spheres. The commonly known processes require several adaptations as certain
challenges arise since the aerogel is usually casted as a thin film on the inside of a
hollow sphere and has an ultra-low density. In order to optimize the supercritical
drying process for functional thin ultra-low density coatings inside hollow spheres, an
in-depth knowledge of the different aspects of supercritical drying inside a hollow
sphere is required.
As described above, the p(DCPD-r-NB), p(DCPD-r-NB-I2), or p(DCPD-r-NB-r-NB-Sn)
wet gel layers are prepared by using a ring opening metathesis polymerization
(ROMP) of DCPD and norbornene in toluene (see chapter 2). To remove the toluene
from inside of the porous polymer network via supercritical drying, it first needs to be
exchanged with liquid CO2, which can be quite challenging as this is a timeconsuming, diffusion limited process. The wet gel layer is casted on the inside of a
hollow sphere with a wall thickness of 50 µm or more13 and a fill hole diameter of less
than 30 µm. This means that the entire solvent exchange of toluene inside of the
sphere and liquid CO2 on the outside of the sphere takes place through the small fill
hole of the shell.
On top of that, it needs to be taken into account that the wet gel layers that were cast
into the shells usually have ultra-low densities. These ultra-low density materials need
to withstand the solvent exchange without significant shrinkage or structural changes.
Kim et al. showed how in some p(DCPD-r-NB) aerogel compositions a sudden
decrease in BET surface area and deviation from the target density can be observed
during solvent exchange from toluene to liquid CO2.82 Furthermore, some aerogels
noticeably shrink during the drying process, which makes it difficult to obtain a layer
of controlled, specific size and density. Most of the shrinkage in silica aerogels, for
example, takes place during the decompression of CO2 at the end of the drying
process,217 making it necessary to precisely control this step.
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The combination of these challenges requires exact control of the drying parameters
during this key aspect of the synthesis of functional thin ultra-low density coatings
inside hollow spheres, which will be addressed in this chapter.
Solvent exchange time
One crucial stage in the drying process of p-DCPD aerogels is the solvent exchange
from toluene to liquid CO2. Since this process is mostly diffusion driven,
understanding the diffusion kinetics of solvents in nano- and mesoporous materials is
essential for designing a successful drying process. C.A. García-González reports that
“as a rule-of-thumb, materials engineers overestimate the drying time to ensure that
no remnant liquid is present in the dried gel, so that aerogels are formed.”218 This is
certainly true for our aerogel system, as slight remaining amounts of the original
solvent after supercritical drying would cause the aerogel to shrink or collapse. Figure
5-3 illustrates how an incomplete solvent exchange leads to collapsed foam in the
shell. A 35 mg/cm3 aerogel p(DCPD-r-NB) layer (5 wt.% NB, 0.2 wt.% catalyst, filled
at Δp= 105.4 Torr, single axis rotation at 2 rpm for 24 hours) was casted in a shell by
single axis rotation at 2 rpm for 24 hours. After exchanging the toluene for liquid CO2,
the capsule was placed in the critical point dryer and brought to supercritical
conditions. The radiograph of the capsule shows that, after depressurization under
isothermal conditions, the foam thickness was reduced from its original 50 µm to less
than 10 µm (collapse, see Figure 5-3 a, inlet). The foam appears to still adhere to the
wall, which is not always the case during collapsing. Figure 5-3 b) illustrates how the
collapse of a foam layer can result in the foam almost completely detaching from the
capsule wall. The cause of the incomplete solvent exchange seems to be a plugged fill
hole (Figure 5-3 b, inlet), which reduced the amount of liquid that can get in and out
of the capsule. The wet gel in the fill hole can, for example, partly collapse when
exposed to air causing it to significantly densify and forming a plug. Figure 5-14 b)
illustrates how severe the collapse of the aerogel can be, which causes an
impenetrable barrier for any liquids. In the case of the two shells illustrated in Figure
5-3, remnant solvent was present in the shell and, when brought to supercritical
conditions, caused the foam to collapse.
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Figure 5-3: Cross-sectional radiographic image of HDC capsules after unsuccessful supercritical drying: a) Radiograph
of a 1.688 mm HDC capsule (ID) with collapsed p(DCPD-r-NB) foam (35 mg/cm3 DCPD, 5 wt.% NB, 0.2 wt.%
catalyst, filled at Δp= 105.4 Torr, single axis rotation at 2 rpm for 24 hours). The radiograph was taken after
supercritical drying and the shell appears to be empty. After cracking open the shell and taking an SEM image
(inlet), it is revealed that the foam in the shell is collapsed towards the wall. b) Radiograph of a 2 mm HDC capsule
(ID) with collapsed p(DCPD-r-NB) foam (250 mg/cm3 DCPD, 5 wt.% NB, 0.02 wt.% catalyst, filled at Δp= 186.4 Torr,
single axis rotation at 2 rpm for 18 hours). The radiograph was taken after supercritical drying and shows a
complete collapse of the foam caused by a plugged fill hole.

It is, therefore, obvious that to achieve the anticipated density and thickness for the
porous film layer in a hollow sphere, one must ensure that the solvent exchange is
completed until there is only liquid CO2 remaining in the pores. This solvent exchange
step is the most time-consuming part of the entire synthesis process of forming thin
ultra-low density coatings inside hollow spheres and, therefore, needs to be studied in
great detail as a function of time. This allows for the optimization of the process, so
that drying time does not need to be overestimated and can be controlled precisely.
Analytical approximation
The solvent exchange into and out of the capsule happens through the fill hole, which
has a diameter of less than 30 µm and a length of up to 65 µm depending on the wall
thickness of the capsule. However, after casting the aerogel film into the spherical
shell the fill hole often contains some part of the wet gel material, which needs to be
taken into account when calculating and optimizing the solvent exchange rate. This is
illustrated in Figure 5-4, which shows the radiograph of a 2 mm HDC shell coated
with a 50 mg/cm3 p(DCPD-NB) wet gel layer. The wet gel was doped with liquid
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phase iodine (1.5 mg/cm3 iodine/toluene, see chapter 6) for two days after rotation,
which explains the excess solvent inside of the shell. The magnification of the fill hole
shows a mostly intact wet gel inside of it, which means that the excess solvent in the
capsule went through the material that plugs the fill hole.

Figure 5-4: Radiograph of a 2 mm HDC capsule (ID) coated with a p(DCPD-r-NB) wet gel layer (50 mg/cm3 DCPD, 10
wt.% NB, 0.1 wt.% catalyst, filled at Δp=102.1 Torr, rotated at 10/14.142 rpm for ~2.5 hours, doped with liquid
phase iodine). The wet gel in the fill hole is still intact, but didn’t prevent excess toluene from entering the shell.

Since intact aerogels can have a porosity up to 99.8%219, a fairly free solvent exchange
into and out of the capsule is imaginable. This is also true for p(DCPD-r-NB) aerogel
films formed in hollow spheres under rotation as shown in Figure 5-5. To illustrate
the pore structure of the 50 mg/cm3 p(DCPD-r-NB) aerogel film in a hollow sphere, a
capsule with said film was deliberately fractured and imaged with scanning electron
microscopy. The image (Figure 5-5) shows the high porosity of the foam, which is
exemplified in the magnified image (inlet). Therefore, relatively unrestricted solvent
exchange through the porous network can be assumed if the wet gel remains
undamaged.
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Figure 5-5: Scanning electron microscopy image of a p(DCPD-r-NB) foam layer (10 wt.% NB, 0.1 wt.% catalyst)
casted in an HDC shell. The foam has a very high porosity, which is illustrated in the magnified image (inlet) and,
therefore, relatively unrestricted solvent exchange through the porous network can be assumed.

As a first approximation, the plug of wet gel in the fill hole can be considered a
cylinder with a diameter of 30 µm and a height of 50 µm. Using the early work of
Fourier220 and Fick221 on liquid diffusion, the rate of transfer of diffusing substance
through a unit area of a section can be expressed as
𝐹 = −𝐷 𝜕𝐶 ⁄𝜕𝑥,

“where F is the rate of transfer per unit area of section, C the concentration of
diffusing substance, x the space coordinate measured normal to the section, and D is
called the diffusion coefficient”222 with its dimension of area per unit time. Using the
cylindrical geometry of the fill hole and assuming one-dimensional diffusion with a
constant diffusion coefficient, but changing concentration over the length of the fill
hole (Figure 5-6), the rate of transfer of diffusing substance through two different unit
areas F1 and F2, can be expressed as
𝐹1 = −𝐷{𝜕𝐶 ⁄𝜕𝑥}1
and
𝐹2 = −𝐷{𝜕𝐶 ⁄𝜕𝑥}2 .
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Figure 5-6: Schematic illustration of the cylindrical fill hole with two different unit areas F1 and F2, separated by a
distance of 𝜕𝑥. The rate of transfer of diffusing substance through the two different unit areas F1 and F2 is different
depending on the gradient of concentration along the x-axis. As a Gedankenexperiment, where the solvent in the
fill hole is completely exchanged, but the solvent inside of the sphere is not, the concentration change in the fill
hole over time can be illustrated by the blue curves.

The rate of change in concentration in the volume element due to diffusion, can
therefore be expressed by
𝜕𝐶 (𝐹1 − 𝐹2 )
=
,
𝜕𝑡
𝜕𝑥
which can be converted to
𝜕𝐶
𝜕 2𝐶
=𝐷 2
𝜕𝑡
𝜕𝑥
using the equation from above 𝐹 = −𝐷 𝜕𝐶 ⁄𝜕𝑥 and assuming that the diffusion
coefficient D is constant. One solution for this equation is

𝐶=
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with A being a constant.222 For diffusion through the fill hole, the equation for
concentration at point x at time t, can be expressed by

𝐶(𝑥, 𝑡) =

1
𝑥
𝐶0 erf
,
2
2√𝐷𝑡
2

𝑧

2

where 𝐶0 is the initial concentration at the time 𝑡 = 0 and erf(𝑧) = 𝜋 ∫0 𝑒 −𝑦 d𝑦. The
complete derivation of the solution for the diffusion problem was eloquently described
by Crank (1975)222 and is recommended for further studies.

Estimation of the diffusion time
The equation for the concentration at point x at time t depends on the initial
concentration and diffusion coefficient and, therefore, allows to estimate the time
needed for a complete exchange of the solvent inside of the fill tube and ultimately for
the entire hollow shell with liquid carbon dioxide. Lai and Tan report a diffusion
coefficient for toluene in supercritical carbon dioxide of 𝐷 = 2.81 ∙ 10−4 cm2 ⁄s at a
temperature of 34.9°C and a pressure of 1089.2 psi.223 However, the solvent in the
capsule is exchanged with liquid carbon dioxide before reaching supercritical
conditions, so the diffusion coefficient used in the calculation needs to be adjusted.
Novak and Knez reported the diffusion coefficient of ethanol in liquid carbon dioxide
inside a silica aerogel at 20°C to be 𝐷 = 3.18 ∙ 10−9 m2 ⁄s.224
Using this value as an approximation and assuming an infinite supply of supercritical
carbon dioxide on the outside of the sphere, it can be illustrated how the
concentration distribution in a 60 µm fill hole filled with an aerogel changes over
time.
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Figure 5-7: Concentration distribution at various times in the fill hole (length 60 µm) with initial concentration C0=0
and surface concentration Cs. The supply of supercritical CO2 on the outside of the fill tube is assumed infinite.

After 𝑡 = 10−3 s the edge of the concentration profile has advanced 5 µm into the fill
tube and after 𝑡 = 0.1 s the diffusion front has moved completely through the fill hole,
suggesting a very quick solvent exchange. In order to estimate the amount of time
needed to completely exchange the solvent in the entire sphere, the equations from
above can be used by doing some approximations and using a 1 dimensional model.
Assuming the wet gel layer has the same thickness as the fill hole diameter and that
there is no excess solvent present in the hollow sphere, the diffusion front moves
through the fill hole and continues to advance along a semicircle with a length of 1⁄2 ∙
2𝜋𝑟 = 𝜋𝑟.
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Figure 5-8: Converting the three dimensional problem of solvent exchange in thin aerogel film layers in hollow
spheres into a one dimensional model to estimate diffusion time. Assuming an infinite supply of liquid CO2 on the
outside of the shell, the diffusion front in the wet gel moves through the fill hole and along the semicircles over the
length of πr.

For a sphere with a radius of 𝑟 = 1 mm and a fill hole length of 60 µm the diffusion
front will move by 𝜋 ∙ 1000 μm + 60 μm ≈ 3200 μm. After 𝑡 = 1 s the diffusion front
has moved through the fill hole, which is consistent with the calculations above. The
concentration distribution for the sphere (Figure 5-9) indicates that the edge of the
concentration profile has advanced over 2000 µm into the semicircle after 𝑡 = 100 s,
but that it takes more than a day to completely exchange the solvent with liquid
carbon dioxide. This is consistent with our observations (see below and chapter 5.2.2)
and experiments done on similar aerogels. In these experiments, the solvent removal
time for a free standing piece of aerogel with a length of 3 cm and a diameter of 1.2
cm has been reported to take up to 𝑡 = 20 min218 or even 𝑡 = 100 min for a 1 cm
diameter aerogel.225
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Figure 5-9: Concentration distribution for a 2 mm inner diameter sphere layered with a wet aerogel layer at
different times t in the fill hole (length 60 µm) and semicircle (length πr = 3140 µm) with initial concentration C0=0
and surface concentration Cs. The supply of liquid CO2 on the outside of the sphere is assumed infinite.

The model used in this study to estimate the solvent exchange time in an aerogel layer
inside of a hollow sphere does not take the following aspects not into consideration:
•

The diffusion coefficient is a function of temperature226 and concentration,222,
227

but was assumed to be constant here. It increases with higher

temperatures226 and is reported to change by up to two orders of magnitude
depending on the molar fraction of CO2.228 A method to measure the diffusion
coefficient as a function of the CO2 molar fraction inside an aerogel was
recently proposed in the literature.228
•

The porous network’s structure has an influence on the diffusion coefficient in
certain aerogels.229 The pore size distribution, total pore volume, tortuosity,
and connectivity of the pores affect the mass transport capabilities in the
aerogels. Better connected pores lead to higher mass transport in the
aerogel.229
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•

Perfect and instantaneous fluid mixing outside of the hollow sphere can be very
difficult to achieve. Additionally, the concentration of liquid CO2 directly on the
outside of the shell might not be constant at all times as some solvent that
diffuses out of the hollow sphere remains there before being transported away.

•

Radial diffusion in the cylindrical fill hole and wet gel layer is not being
considered in this model.

•

The drying front velocity depends on the distance of the drying front from the
outer surface. The drying front velocity initially depends on the flow rate of the
CO2, but equalizes once the drying front penetrates a certain distance into the
aerogel.217

The simplified model does, however, give an estimation of the time required to
completely replace the solvent in the aerogel with liquid carbon dioxide and was,
therefore, used as a starting point for further experiments.
Diffusion through a p(DCPD) bulk piece
Due to the small size of the fill hole and the capsule itself, it was difficult to observe
the solvent exchange process inside of the shell. Thus, different sets of diffusion
experiments on bulk aerogels that were casted under stationary conditions, but were
otherwise identical to the ones used inside of the hollow sphere were conducted. This
allowed for the observation of the diffusion inside of the aerogels and a precise
understanding and control over the solvent exchange process and its parameters. In
order to estimate the time that is required for the solvent to diffuse through the
pDCPD wet gel, 10 ml of 50 mg/cm3 pDCPD gels were synthesized in a 20 ml glass
vial. After gelation was complete, 1 ml of a 2 mg/cm3 solvent blue 35/ toluene
solution was added. Solvent Blue 35 or 1,4-bis[Butylamino]-9,10-anthraquinone
(VWR) acts as a neutral dye and since the dyed toluene solution is blue in color it was
possible to observe how the diffusion front moved through the white colored wet gel
cylinder over time.
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Figure 5-10: Photographs of a 20 ml glass vial filled with 10 ml of 50 mg/cm3 p(DCPD) wet gel (0.1 wt.% catalyst,
gelled stationary for ~5 hours). 1 ml of a 2 mg/cm3 solvent blue 35/toluene solution was added after gelation was
complete to observe the diffusion front moving through the wet gel. At t=0s the wet gel is translucent and white in
color and the dyed toluene solution has not moved through the wet gel. (a) After t=30 minutes the diffusion front
has moved by ~4 mm and has advanced an additional ~4 mm after t=60 minutes (b) and it can be seen to move
further as time progresses (c) – (f), although at higher times the diffusion front seems to move slightly slower. f)
After t=180 minutes the diffusion front has moved a bit further than halfway through the wet gel in the cylinder.

The initial pDCPD wet gel is translucent and white in color. After 𝑡 = 30 minutes, the
diffusion front had moved roughly 4 mm through the wet gel. It proceeded to advance
to 12 mm after 𝑡 = 120 minutes and to 14.5 mm after 𝑡 = 150 minutes. Within 3
hours the diffusion front has moved almost 17 mm through the sample, which suggest
a diffusion coefficient of 𝐷 ≈ 1.1 ∙ 10−9 m2 ⁄s.222 This is consistent with the values that
were used for the estimation of the diffusion time in the previous chapters and values
reported in the literature.224, 230-231
With the understanding of how much time is required for the solvent to diffuse
through the pDCPD wet gel, we have one milestone that is crucial to gain precise
understanding and control over the solvent exchange process. It is, however, also
essential to analyze how long it takes to completely remove the solvent out of the wet
gel and replace it. As previously discussed, during supercritical drying with liquid
carbon dioxide, no remnant liquid can be present in the gel as minor traces of solvent
in the wet gel could cause shrinking or collapse. To analyze and optimize a complete
solvent exchange, 1 ml of 50 mg/cm3 pDCPD/toluene wet gels were synthesized in a
1 cm3 glass cube with open ends on both sides and after completion of gelation the
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wet gel was dyed with a 2 mg/cm3 solvent blue 35/ toluene solution. This causes the
wet gel in the cube to turn dark blue as Figure 6-11 a) illustrates.

Figure 5-11: Photographs of 1 cm3 cubical glass cuvettes open on two parallel sides filled with 50 mg/cm3 p(DCPD)
wet gel (0.1 wt.% catalyst, gelled stationary for ~5 hours, dyed with 2 mg/cm3 solvent blue 35/ toluene solution
after gelation was complete) that were placed in a 20 ml vial filled with 10 ml pure toluene at room temperature.
a) Initially, the wet gel is dark blue in color, but as the cube is placed in the toluene (d), the dyed toluene is being
washed out of the gel (e). After exchanging the toluene in the vial for fresh toluene a few times (f-g), the dyed wet
gel in the cube is removed (b), leaving a white and translucent wet gel (c).

The cube with blue dyed wet gel was then placed in a 20 ml vial filled with 10 ml of
pure toluene, which caused the dyed toluene to be washed out of the gel (Figure 5-11
d-e). After 6.5 hours, the blue color of the wet gel inside of the cube is much lighter
(Figure 5-11 b). The cube was placed in a vial with pure toluene once again (Figure
5-11 f) and left for an additional 16 hours. After this exchange, the wet gel looks
white and translucent in color since almost all of the dyed toluene was washed out.
An elongated exchange time with fresh toluene did not yield different results.
For the experimental setup, it was not possible to observe how the diffusion front
moved through the wet gel; however, this experiment shows that the immersion fluid
should be replaced regularly during the solvent exchange phase and should be much
larger in volume compared to the volume of the fluid that is exchanged. The
experiments were repeated with acetone as the immersion fluid and yielded similar
results with the exception that the wet gel lost its translucency.
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With the understanding of how the diffusion front moves inside of the wet gel and
how to completely replace the solvent in pDCPD gels, we possess almost all key
ingredients for understanding the solvent exchange step during the supercritical
drying of p-DCPD wet gel liners inside of spherical capsules with their small fill holes.
The question that remains: how can the solvent exchange in a pDCPD wet gel that is
coated into a 2 mm spherical high density carbon shells be optimized so that the
solvent exchange time is not underestimated and can be controlled precisely? As will
be discussed in the next chapter, for wet gels that are coated inside of spherical shells,
it is extremely challenging to tell if the solvent exchange from toluene to liquid carbon
dioxide is complete.
To gain knowledge on the solvent exchange in spherical shells with small fill holes, a
hollow 2 mm HDC capsule (ID) with a wall thickness of 30 µm was filled with a 1.5
mg/cm3 iodine/toluene solution using a pressure differential of ΔP = 461.0 Torr and
submerged it into hexane. (Figure 5-12) The pressure differential was chosen so that
the initial conditions of the shell are as close as possible to a gel layered shell before
solvent exchange. (compare to Figure 5-4)

Figure 5-12: Solvent exchange in a hollow 2 mm HDC shell through a 30 µm fill hole. The capsule, partly filled with
1.5 mg/cm3 iodine/toluene (red in color), is submerged in hexane (clear) and a picture is taken every 5 minutes for
11 days. a) At initial conditions (t=0 hours), the gas bubble in the shell is clearly visible and the liquid in the shell is
dark red. b) As time progresses, the remaining gas escapes the shell through the fill hole, which causes the gas
bubble inside of the shell to shrink. d-e) After all remaining gas has escaped the shell and the process becomes
completely diffusion driven and as time progresses a noticeable color change is visible. f) After 11 days the color of
the shell doesn’t change and the solvent exchange is complete.
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Since the iodine/toluene solution is red in color, the hexane is transparent, and the
shell has a wall thickness of ~30 µm, it was possible to observe the diffusion in and
out of the shell. As time progresses, the gas bubble escapes the shell through the fill
hole, which causes the gas volume inside of the shell to decrease. (Figure 5-12 b)
Once the escaping gas bubble on the outside of the shell gets big enough, it detaches
from the shell and rises to the top of the hexane.
This process repeats multiple times until all remaining gas has escaped the shell and
the solvent exchange process becomes completely diffusion driven. After 24 hours a
significant amount of the iodine/toluene solution has diffused out of the shell and a
noticeable color change is visible. This becomes even more apparent after 48 hours.
Finally, after 11 days, no color change is observable as the solvent exchange is
complete. (Figure 5-12 f) Using the correlation for diffusion through the fill hole from
above, the described capsule dimensions, and assuming the capsule is completely
filled the corresponding diffusion constant can easily be derived from this experiment
to be 𝐷exp ≈ 0.5 ∙ 10−10 m2 ⁄s. Compared to the literature values for the diffusion
constant of toluene in hexane 𝐷 = 4.21 ∙ 10−9 m2 ⁄s,231 the experimental determined
diffusion constant seems to differ by a factor of 80. However, as mentioned above the
diffusion coefficient is a function of temperature and concentration. Also,
228223, 228223, 228223, 228223, 228223, 228perfect

222, 227223,

and instantaneous fluid mixing outside of the

hollow sphere can be very difficult to achieve. The hexane in the vial was, for
example, not stirred during the experiment, which could’ve facilitated the mixing.
Therefore, the concentration of toluene directly on the outside of the shell might not
have been constant at all times and some solvent that diffuses out of the hollow
sphere remained there before being transported away.
With the information from this empirical study, each solvent exchange step was set to
a minimum of 11 days to ensure all solvent has been fully exchanged. Depending on
different factors, such as fill hole size, shell wall thickness, foam layer thickness, or
foam layer density, the solvent exchange time needed to be adjusted.
Supercritical drying of pDCPD aerogels
With the knowledge of the required time for a complete solvent exchange, the
remaining solvent can be removed out of the gel layer with supercritical drying. The
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supercritical drying of the different aerogel samples and aerogel lined hollow spheres
was performed in a commercially available critical point dryer E3100 (Quorum
Technologies), which is comprised of a cylindrical, water-cooled pressure chamber
(60 mm internal diameter x 78 mm long) with a wall thickness of 25 mm. (Figure
5-13)

Figure 5-13: Critical Point Drying setup: The samples are placed in a 60 mm internal diameter x 78 mm long pressure
chamber that is temperature controlled via a water chiller. The chamber is completely filled with the solvent that is
present in the wet gel and cooled to 10°C. After the samples are placed into the chamber containing the solvent,
the access is door is sealed and the CO 2 inlet valve is opened. Once the medium working pressure is reached, the
drain valve is opened slightly until all the solvent is exchanged for liquid CO2. The supercritical conditions are
reached by closing all valves and increasing the temperature and controlling the pressure with the vent valve. After
supercritical conditions are reached, the chamber is depressurized under isothermal conditions and subsequently
cooled to extract the supercritically dried samples. Not shown is a safety valve, which is attached to the pressure
chamber that bursts if the pressure in the chamber reaches critical levels.

The wall itself contains water pathways to precisely control the chamber’s
temperature when connected to a temperature controlled water supply. Pressure and
temperature gauges allow for monitoring the conditions inside the chamber. The
drying process is controlled with inlet and outlet valves, which are screwed directly
into the chamber and sealed against a solvent resistant O-ring.
To dry the wet gel samples or the wet gel coated ablator shells, they are placed in the
pressure chamber, which is cooled to 10°C and completely filled with the solvent that
is present in the wet gel. After the samples are placed into the chamber containing the
solvent, the access door is sealed and the CO2 valve and the inlet valve are opened.
The pressure in the chamber increases under isothermal conditions until the pressure
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in the chamber is the same as in the CO2 cylinder. Once the pressure has equalized,
the drain valve is opened slightly to start the solvent exchange. The solvent drips out
of the drain valve into a beaker and is properly disposed. This process can take up to a
few days (see chapter 5.1.2) depending on the sample size. After all the solvent in the
samples and the chamber is exchanged with liquid CO2, all valves are closed and the
temperature is increased to supercritical conditions. The pressure in the chamber can
be controlled with the vent valve to avoid critical pressure levels. After supercritical
conditions are reached, the chamber is depressurized under isothermal conditions and
subsequently cooled to extract the supercritically dried samples. A detailed scheme of
the drying process of a wet gel lined hollow sphere is shown in chapter 5.2.2.
Drying Bulk
Before drying a gel layer inside a hollow sphere, the influence of supercritical drying
on the gel chemistry was analyzed in bulk pieces. For that, 5 ml to 10 ml of precursor
solution was usually casted in different 20 ml glass vials (sometimes also 1 ml
precursor solution in a 2 ml glass vial depending on the experiment) and then
supercritically dried. Although not gelled under rotation, the bulk pieces served as a
first indicator if the aerogel with its newly developed chemistry is capable of surviving
the drying process.

Figure 5-14: Comparing the wet gels and dried foams of different bulk pieces of DCPD allows for the exploration of
the robustness of different precursor solution compositions, solvent exchange techniques, or drying procedures: a)
p(DCPD-r-NB) wet gel and corresponding intact dried aerogel foam (250 mg/cm3 DCPD, 10 wt.% NB, 0.015 wt.%
catalyst). The aerogel shows no signs of shrinkage after supercritical drying and keeps its shape during the process.
b) Not allowing sufficient solvent exchange time caused the dried p(DCPD-r-NB) foam (35 mg/cm3 DCPD, 10 wt.%
NB, 0.2 wt.% catalyst) to collapse to less than 5% of its original size, which when taking place in the fill hole, can
hinder solvent into and out of the hollow sphere. c) Dried p(DCPD-r-NB) aerogel foams (35 mg/cm3 DCPD, 10 wt.%
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NB) prepared with different catalyst concentrations show partial signs of collapse except for the developed
standard formulation.

Additionally, many experiments on the influence of changing the gel chemistry or the
incorporation of dopants into the gel network on the dried aerogel could be done with
a bulk piece of aerogel. For these experiments, low-density (0.05 g/cm3) p(DCPD-rNB-R) gels were prepared by ring opening metathesis polymerization (ROMP) of
DCPD and norbornene (NB-R) in toluene employing a first generation Grubbs’ catalyst
as the catalyst/initiator. Different p(DCPD-r-NB-R) (100/x) (wt./wt.) copolymer wetgels were obtained by controlling the feed ratios of DCPD and NB-R by weight. For
example, to fabricate 50 mg/cm3 p(DCPD-r-NB-R) (100/20) (wt./wt.) aerogels,
separate 50 mg/cm3 solutions of DCPD and NB-R monomers in toluene were prepared
and then mixed as needed (0.83 ml of the DCPD and 0.17 ml of the NB-R solution for
a (100/20) (wt./wt.) aerogel). After adding an aliquot of the catalyst (0.1 mg)
dissolved in toluene, the mixture was gelled in a sealed vial under ambient conditions.
The wet gels were then placed in different solvents for 7 days each and afterwards
supercritically dried. A picture was taken between each solvent exchange step. The
drying setup remained the same as described in Figure 5-13. The vial containing the
wet gel was placed in the supercritical dryer and underwent complete solvent
exchange. The vial contained a custom-built lid that allowed free flow in and out of
the vial while keeping the wet gel in place and underwent complete solvent exchange.
Subsequently, the sample was brought to supercritical conditions and kept there for 2
to 4 hours. The chamber was then isothermally depressurized until reaching
atmospheric conditions and the samples extracted and analyzed.
The addition of a linear cross linker such as norbornene into the polymer network
significantly increases the uniformity of aerogel coatings as described in chapter 2.3
and by Braun34 and Dawedeit15. Drying wet gels containing a high amount of
norbornene, however, can affect the final density of the resulting aerogel as illustrated
in Figure 5-15.
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Figure 5-15: Effect of norbornene addition to 50 mg/cm3 p(DCPD-r-NB) precursor on the final density of the
aerogel. Increasing the norbornene content leads to shrinkage for all foams with a >10 wt.% norbornene content
after a 2-step solvent exchange drying process. (toluene to acetone to liquid CO 2). (image credit: C. Dawedeit,
LLNL)

With increasing concentrations of norbornene the aerogel is more susceptible to
shrinkage during supercritical drying. Pure pDCPD and p(DCPD-r-NB-R) (100/10)
(wt./wt.) aerogels keep their shape during the solvent exchange phase (toluene to
acetone to liquid CO2) and drying process, but higher additions of norbornene lead to
considerable shrinkage. The reason for the additional solvent exchange from toluene
to acetone before exchanging with liquid CO2 is that p(DCPD-NB) aerogels are fairly
weak after gelation and are therefore aged in acetone to increase their strength.101 As
shown in Figure 5-15, the wet gel becomes increasingly transparent with increasing
norbornene concentration, which indicates a decreasing feature size and, therefore,
more difficult diffusion. In our case, it was found advantageous to first place the wet
p(DCPD-NB) gels into an agitated acetone bath before transferring them into liquid
CO2.82, 188 However, to minimize the shrinkage caused by the addition of >10 wt.%
norbornene, a third solvent exchange step with hexane and ethyl ether was explored.
For that, the toluene was exchanged with either hexane or ethyl ether for seven days
before being replaced with acetone. Figure 5-16 and Figure 5-17 illustrate how the
shrinkage can be completely avoided even for very high norbornene concentration
using a three-step solvent exchange drying process.
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Figure 5-16: 50 mg/cm3 p(DCPD-NB) wet and aerogels with different concentrations of norbornene (percentage of
norbornene relative to pDCPD is shown on vial caps) undergoing a three step solvent exchange. The toluene is
exchanged for ethyl ether for seven days before acetone and liquid CO2. The dried foam shows no sign of
shrinkage. (image credit: S. H. Kim, LLNL)

Figure 5-17: 50 mg/cm3 p(DCPD-NB) wet and aerogels with different concentrations of norbornene (percentage of
norbornene relative to pDCPD is shown on vial caps) undergoing a three step solvent exchange. The toluene is
exchanged for hexane before immersion into acetone and liquid CO 2. The dried foam shows no sign of shrinkage.
(image credit: S. H. Kim, LLNL)

The solvent exchange step, however, is the most time consuming part of the drying
process. Using the above developed model and a diffusion constant for toluene in
hexane of 𝐷 = 4.21 ∙ 10−9 m2 ⁄s ,231 the additional step of exchanging toluene to
hexane in a wet gel layer inside a hollow sphere would add quite a significant amount
of time in the order of days to the drying process. Therefore, for the application of
coating uniform layers into hollow spheres, the addition of 10 wt.% norbornene
“provides the best compromise as it is sufficient to allow for the formation of uniform
thin gel films under rotation while it does not yet affect the robustness during
supercritical drying.”15 This eliminates the need of an additional solvent exchange
step with hexane or ethyl ether as the p(DCPD-r-NB-R) (100/10) (wt./wt.) aerogels
keep their shape during the solvent exchange phase (toluene to acetone to liquid CO2)
and the drying process. (Figure 5-15)
In summary, drying experiments on bulk pieces provide a unique opportunity to
quickly assess the strength of different aerogel compositions and their potential to
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form uniform foam layers in hollow spheres. If the bulk piece shrinks during solvent
exchange or supercritical drying, the precursor’s components such as norbornene or
catalyst concentration need to be modified or the solvents used for substituting the
liquids need to be changed.
Drying of thin aerogel layers in hollow spheres
As mentioned above, the supercritical drying of thin ultra-low density p(DCPD-NB)
aerogel layers in hollow spheres requires an in-depth understanding of the different
aspects and steps involved in the process. The influence of different solvent exchange
times, usage of different solvents, the order they are applied, and the precursor’s
composition on the aerogel’s drying behavior have been discussed above and
optimized to cast uniform foam layers in hollow spheres. However, if the procedure is
not properly controlled, the fragile polymer network can be damaged and thus
interfere with the drying process. This chapter will describe the process developed to
successfully dry p(DCPD-r-NB) copolymer aerogel layers in hollow spheres.
The p(DCPD-r-NB) copolymer aerogel layers were prepared from ring opening
metathesis polymerization (ROMP) in high-density carbon (HDC) shells using the
above mentioned methods. Layer thicknesses ranged from 15 to 200 µm and fill hole
sizes from 30 – 50 µm in diameter and coatings were performed using the uniaxial
coating setup (chapter 3.1.3) at room temperature. The gel-coated ablator shells
underwent solvent exchange in acetone at room temperature for 11 days as described
above and then liquid CO2 for 11 days at 10°C and 900 psi in a Polaron critical point
dryer (Figure 5-13) to replace the toluene in the gel pores with liquid CO2.
Every wet gel layer in a shell was accompanied by its own 10 ml witness piece in a 20
ml vial from which the precursor solution in the shell was drawn. These witness pieces
allowed to extrapolate the state of the layer in the capsule to a certain degree without
the need of X-ray imaging. For example, if the witness piece did not gel properly or
shrank during supercritical drying, the aerogel layer inside the capsule also did not
meet specifications.
Once only liquid CO2 was assumed to be present in the pores of the gel network (see
chapter 5.1.2), the temperature and pressure in the critical point dryer were increased
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to reach the supercritical regime. Della Porter reported that an “[alginate] aerogel
with a uniform internal nanostructure and the lowest shrinkage of 0.3% was obtained
operating at 1450 psi and 38° C”,232 which is quite different from the parameters that
were found optimal for the drying process (50° C and 1600 psi). The pressure was
then allowed to slowly decrease to atmospheric pressure while keeping the
temperature constant. A detailed step by step scheme of the drying procedure for wet
gel layers in hollow spheres is illustrated on the following pages.
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Slight deviations of the developed procedure often lead to collapsed or damaged
foams inside the hollow sphere. For example, the magnitude of the flux of liquid
carbon dioxide into the chamber during the first purge had an influence on the layer
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quality. A high flux and therefore a fast increase in pressure inside of the chamber
were found to be beneficial as it might have helped clear a potentially plugged fill
hole. This prevented the obstruction of solvent diffusion in and out of the capsule and,
therefore increased the chance of a successful drying without foam collapse, but it
also increased the risk of pushing the wet gel plug into the sphere (Figure 5-18).

Figure 5-18: Radiograph of a 2 mm HDC capsule (ID) coated with a p(DCPD-r-NB) wet gel layer (50 mg/cm3 DCPD,
10 wt.% NB, 0.1 wt.% catalyst, filled at Δp=102.1 Torr, rotated at 10/14.142 rpm for ~2.5 hours, doped with 1
mg/cm3 iodine/toluene for 5 days [see chapter 6]) directly before and after supercritical drying. The wet gel in the
fill hole is still intact and was pushed inside of the shell during the supercritical drying process.

Once the foam plug was inside the shell, it was impossible to remove it without
damaging the shell. A process was therefore developed to prevent the plug from
forming altogether (see chapter 5.3.1).
Additionally, a fast pressure increase in the drying chamber and, therefore, in the
capsule itself could cause delamination of the foam around the fill hole as the influx
of liquid CO2 presses against the wet gel layer. (Figure 5-19)
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Figure 5-19: Radiograph of a 2 mm HDC capsule (ID) coated with a p(DCPD-r-NB-I2) wet gel layer (50 mg/cm3 DCPD,
5 wt.% NB-I2, 0.2 wt.% catalyst, filled at Δp = 105.9 Torr, uniaxial rotation at 2 rpm for 24 hours). The foam layer
delaminated around the fill hole during supercritical drying as a result of the CO2 influx into the hollow shell.

The foam layer was detached from the high density carbon wall around the fill hole
150 µm in each direction. It seemed to be completely intact and the rest of the foam
was well adhered to the shell wall. This still rendered the capsule unusable and,
therefore, needed to be avoided. Although delamination of the foam layer during
supercritical drying rarely occurred, it might be helpful for future experiments to
develop a procedure to prevent it.
Following the above mentioned supercritical drying procedure for thin film layers in
hollow spheres allowed reproducibly producing uniform polymer aerogel layers in
hollow spheres and significantly increasing the yield.
Optimization of the drying process
Although the supercritical drying procedure was successfully optimized to our needs,
there are several improvements to the process that can be considered and investigated
to further improve the drying process. The main source of failure during supercritical
drying of wet gel layers in hollow spheres is, as discussed above, partly or completely
collapsed foam in the fill hole, which hinders or prevents solvent exchange entirely.
Different techniques to either prevent any wet gel from forming in the fill hole
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altogether, clearing the fill hole after a plug has been formed, and stimulate a faster
solvent exchange rate in and out of the capsule were explored.
Preventing wet gel from forming inside the fill hole
One of the approaches that was developed to optimize the drying process is an
artificial plug that can be inserted into the fill hole directly after filling the capsule
with precursor solution. This prevents any wet gel formation in the fill hole during the
coating process and would, after removal of the artificial plug, decrease the time
required for complete solvent exchange.
Additionally, as outlined in chapter 5.1, any residual foam in the fill hole needs to be
removed before the fill tube can be attached to the capsule. Figure 5-20 shows the
cross sectional view of the fill hole of a 1.6 mm HDC capsule (ID) coated with a 35
mg/cm3 p(DCPD-r-NB) aerogel layer that was successfully dried with foam residue in
the fill hole.

Figure 5-20: Cross sectional (tomographic) view of the fill hole of a 1.6 mm HDC capsule (ID) coated with a p(DCPDr-NB) aerogel layer (35 mg/cm3 DCPD, 5 wt.% NB, 0.2 wt.% catalyst, filled at Δp = 144.8 Torr, uniaxial rotation at 2
rpm for 24 hours). The 30 μm diameter fill hole contains residual foam, which needs to be removed before fill tube
insertion. (tomography taken by Haibo Huang, General Atomics; analysis and picture extraction: Tom Braun)

In this case, the wet gel in the fill hole did not prevent complete solvent exchange and
was supercritically dried as the rest of the foam layer inside of the capsule. Even
though the upper part of the fill hole is empty, a fill tube cannot be attached to this
capsule without removing the rest of the foam in the fill hole. An artificial plug that
can be removed could consequently prevent the wet gel from forming inside of the fill
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hole altogether with the additional advantage of decreasing solvent exchange time
leading to a faster supercritical drying procedure.
Therefore, a structure that has a cone frustum with the inverse shape of the fill hole
attached to a bigger base for handling purposes was built using additive
manufacturing techniques. (Figure 5-21) The base would sit on the outside of the
sphere while the cone frustum is inserted into the fill hole.

Figure 5-21: Artificially plugging the fill hole of the ablator shell - from design to completion. a) The plug consists of
a cone frustum with the inverse shape of the fill hole attached to a bigger base for handling purposes. b) SEM
image of the additively manufactured plug with the exact dimensions of the fill hole to fit precisely. (plugs designed
by Tom Braun and printed by Julie Jackson, LLNL; SEM taken by Patrick Campbell, LLNL)

Due to the precise fit of the cone frustum in the fill hole, the plug is level with the
inside wall of the hollow sphere, allowing for a uniform foam layer. The plug will be
inserted into the fill hole after filling the precursor solution into the capsule and
remain there for the entirety of the coating process. Once the wet gel layer inside of
the hollow sphere is formed, the plug will be removed to allow solvent exchange in
and out of the shell. Since the fill holes for the same batch of capsules are identical,
the plug might be reusable.
For a proof of principle experiment, a plug was manufactured in cooperation with
Julie Jackson, LLNL, using projection microstereolithography from a photosensitive
polymer resin bath using 1,6-hexanediol diacrylate (HDDA).233 As illustrated in Figure
5-21, the cone frustum has the exact dimensions of the fill hole and a stable base
attached to it to support the insertion process into the fill hole. A test piece of the
manufactured material with similar dimensions was submerged into toluene for
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24 hours to test its ability to withstand exposure of the solvent. It did not show any
sign of shrinkage or decomposition. The plug’s cone frustum was then inserted into
the fill hole of an empty 1.6 mm HDC capsule (ID) using a modified vacuum tool kit
with a self-developed tip. (Figure 5-22) It seemed to form an exact fit and was held in
place solely by friction without the use of any adhesive. It did not detach when
rotating the shell in any direction or during a rocking motion. Using the modified
vacuum tool kit, the plug was removable undamaged from the hollow sphere.

Figure 5-22: Photomicrograph of the plug inserted into the fill hole of a 1.6 mm HDC capsule (ID) with a fill hole
length of 60 μm. The plug is held in place solely by friction without the use of any adhesive. It fits exactly into the fill
hole and is easily removable.

These experiments have demonstrated that an additively manufactured plug can be
inserted into the fill hole of a 1.6 mm HDC capsule (ID) and that it does not detach
during rotation of the shell. The plug can be removed without any damage, which is a
requirement for successfully implementing this approach.
Future experiments will include casting a foam layer inside the shell while the plug is
in place and demonstrating that the removal of the manufactured plug does not
damage the foam layer. Additionally, it needs to be tested that the foam surface
directly next to the plug still allows for sufficient solvent exchanged after removal of
the plug.
Clearing the fill hole
The second approach that was developed to optimize the drying process was the
mechanical removal of the wet gel inside of the fill hole directly after the coating
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process. Although the p(DCPD-r-NB) is very elastic in its wet gel stage, it might be
possible to clear the fill hole mechanically by inserting a sharp needle-like object into
it. This would clear the wet gel from the fill hole and accelerate the solvent exchange.
The size of the fill hole (<30 µm) makes this a difficult task with the added
complication that the capsule has to be submerged in the same solvent that is present
in the wet gel to prevent collapse of the aerogel in the otherwise exposed fill hole. For
the experiment, a hollow 2 mm HDC capsule (ID) was submerged into water with the
fill hole pointed upwards. A sharp nano-tip that allowed control in spatial dimensions
with sub-micron precision was then inserted into the fill hole. (Figure 5-23).

Figure 5-23: Photographs of the tip insertion process into the fill hole of a 2 mm HDC capsule (ID) submerged in
water. a) The insertion tip was brought into the right position using two cameras mounted perpendicular to each
other and then slowly lowered. The insertion tip was further lowered until it (b) penetrated the liquid’s surface and
then is (c) inserted into the fill hole. d) Once the tip is removed from the fill hole, no damage to the HDC capsule or
fill hole was observed.

In order to observe the tip’s position relative to the fill hole, two cameras were
mounted perpendicular to each other pointing at the fill hole. The insertion tip was
then slowly lowered into the liquid and carefully inserted into the fill hole. The
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refraction indices of the respective liquids used have to be taken into consideration to
avoid damage to the shell and the tip during the insertion process. Once the tip is
successfully inserted into the fill hole, it can be removed to start the solvent exchange.
Since the fill hole is cleared of any potentially collapsed or densified wet gel, the
solvent exchange may be accelerated.
However, when performing this experiment with a layered capsule, an inherent risk of
pushing the wet gel into the capsule and delaminating the layer around the fill hole
exists. The experiment was repeated with a 2 mm HDC capsule (ID) coated with a
p(DCPD-r-NB-I2) aerogel layer (50 mg/cm3 DCPD, 5 wt.% NB-I2, 0.2 wt.% catalyst,
filled at Δp=100.9 Torr, uniaxial rotation at 2 rpm for ~27 hours). (Figure 5-24). It
needs to be noted that the insertion tip was slightly bent from a previous experiment.

Figure 5-24: Photographs of the tip insertion process into the fill hole of a 2 mm HDC capsule (ID) coated with a
p(DCPD-r-NB-I2) aerogel layer (50 mg/cm3 DCPD, 5 wt.% NB-I2, 0.2 wt.% catalyst, filled at Δp=100.9 Torr, uniaxial
rotation at 2 rpm for ~27 hours). a) The nano-tip was inserted into the shell which slightly delaminated the layer
directly around the fill hole. b) and c) During further tip insertion the delamination of the aerogel layer around the
fill increases. d) Once the insertion tip is removed from the shell, the layer does not go back into its original shape
and stays delaminated. e) The inlet shows a radiograph of the original uniform aerogel layer inside of the shell.
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The aerogel inside of the shell formed a uniform layer (Figure 5-24 - e) before the
clearing attempt of the fill hole. A close radiograph of the fill hole was not obtained,
so it was unclear before the experiment if the fill hole itself contained any wet gel.
However, once the nano-tip was inserted into the fill hole, layer delamination around
the fill hole could clearly be observed. The layer delaminated further the deeper the
nano-tip was inserted into the layered capsule. The insertion tip went well beyond the
fill hole length into the shell during the attempt of piercing the aerogel with the tip.
After completely removing the nano-tip from the fill hole, the layer around the fill
hole did not return into its original position and stayed delaminated.
A different approach that is starting to be explored is motivated by the particle
extraction technique used to extract organics from aerogels captured from Comet
81P/Wild 2 by the Stardust Spacecraft, which was developed at the Space Sciences
Laboratory, U.C. Berkeley.234 Glass needles are pulled to fabricate microneedles which
then are repetitively poked into the aerogel to cut it. To test this approach,
prefabricated glass micropipette tips (Origio) with a diameter of 20 µm were used to
successfully insert the micropipette tip into the sphere (Figure 5-25) and remove it
undamaged. However, further studies are needed to determine if the wet gel inside of
the fill hole was in fact pierced.
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Figure 5-25: Glass micropipette tip inserted into the fill hole of a 1.6 mm (ID) high density carbon NIF ablator target.
The fill hole size of this particular ablator shell is 30 µm, three times less than the average diameter of the human
hair.

As demonstrated, it is feasible to clear the fill hole mechanically by inserting a sharp
needle-like object into it in order to remove the wet gel inside of the fill hole directly
after the coating process. Future experiments require a detailed study on how the
piercing affects the aerogel in the fill hole and if this method is suitable to increase the
solvent exchange rate. Given the wet gel’s elasticity, the fill hole might close up after
the sharp object is removed, rendering this approach ineffective. However, with the
ability of inserting a micropipette into the sphere, it might be possible to facilitate the
solvent exchange from toluene to acetone by piercing the micropipette tip through the
wet gel and forcing acetone into the capsule through the pipette.
A laser drilling approach comparable to what is currently used to drill the micronsized fill hole into the ablator shell47, 235 might also be considered if accuracy permits.
In cooperation with General Atomics, this approach is currently being used to remove
dried foam residues from the fill hole.
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Pressure gradient
A different method to increase the speed of the solvent exchange process that was
developed is to not solely rely on diffusion, but rather force liquid in and out of the
wet gel layered shell by submerging it in the second solvent and creating a pressure
gradient. This process uses the same principle as the filling setup and has the potential
to vastly decrease solvent exchange times. As shown in Figure 5-4 at the beginning of
this chapter, the layered hollow spheres usually have solvent in the wet gel and some
additional solvent, but also contain a gas bubble. This gas bubble can be compressed
under pressure, which, when the hollow shell is submerged in a liquid, forces the
liquid into the capsule. After depressurization, the gas bubble expands and liquid is
pushed out of the shell.
To demonstrate this, a 2 mm HDC capsule (ID) was filled with 2 mg/cm3
iodine/toluene using the standard filling setup and then submerged into a 20 ml vial
filled with liquid hexane. The capsule sank to the bottom of the vial and due to the
small wall thickness of the high density carbon shell the size of the gas bubble could
clearly be distinguished. (Figure 5-26)

Figure 5-26: Photographs of a hollow 2 mm HDC capsule (ID) filled with 2 mg/cm3 iodine/toluene submerged in
liquid hexane undergoing cyclical pressurization and depressurization. a) The gas bubble in the submerged capsule
under atmospheric conditions is well discernible due to the small wall thickness of the shell. b) Pressurizing the
setup causes the gas bubble to compress and forces liquid hexane into the capsule. c) During depressurization, a jet
of liquid is ejected out of the shell’s fill hole as the gas bubble increases in size. d)-f) Cycling through pressurization
and depressurization of the submerged capsule forces the solvents into and out of the capsule, which considerably
decreases solvent exchange time.
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A 100 ml syringe was then attached to the top of the vial and sealed, which allowed
controlling the pressure inside the vial by changing the syringe’s plunger position.
Pressurizing the setup caused the gas bubble inside of the hollow sphere to compress
and forced liquid hexane into the shell. Releasing the syringe’s plunger to its original
positions depressurized the setup, which prompted a jet of liquid from the inside of
the shell out of the fill hole as the gas bubble increased in size. (Figure 5-26 – c) With
the help of a syringe pump, it was possible to cycle through pressurization and
depressurization of the submerged capsule, which significantly increased the solvent
exchange rate.
The experiment was repeated with a layered sphere to test if the pressure cycling can
be done successfully with a layered sphere. For that, a 2 mm HDC capsule (ID) was
coated with a p(DCPD-r-NB) aerogel layer (25 mg/cm3 DCPD, 15 wt.% NB, 0.2 wt.%
catalyst, filled at Δp=250.1 Torr, uniaxial rotation at 10 rpm for ~23 hours) and
submerged the shell in a 1.5 mg/cm3 iodine/toluene solution. (Figure 5-27)

Figure 5-27: Photographs of the pressurization of a 2 mm HDC capsule (ID) coated with a p(DCPD-r-NB) aerogel
layer (25 mg/cm3 DCPD, 15 wt.% NB, 0.2 wt.% catalyst, filled at Δp=250.1 Torr, uniaxial rotation at 10 rpm for ~23
hours). a) The gas bubble in the hollow shell does not rise to the top edge of the shell (compare to Figure 5-26), but
rather to the inner aerogel surface. b) Once the setup is pressurized, the gas bubble contracts even though an
aerogel layer is present in the shell.

As in the previous experiment, the 100 ml syringe was attached to the top of the vial
and sealed to control the pressure in the vial. Under atmospheric conditions, the gas
bubble did not rise to the top of the shell as compared to the previous experiment
(Figure 5-26 a), but rather to the inner surface of the aerogel layer. Pressurizing the
setup caused the gas bubble inside of the hollow sphere to compress even though an
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aerogel layer was present. During depressurization, the bubble expanded to its
original size. A radiograph after pressure cycling confirmed that the aerogel layer did
not delaminate during the process. (Figure 5-28)

Figure 5-28: Radiograph of the 2 mm HDC capsule (ID coated with a p(DCPD-r-NB) aerogel layer (25 mg/cm3 DCPD,
15 wt.% NB, 0.2 wt.% catalyst, filled at Δp=250.1 Torr, uniaxial rotation at 10 rpm for ~23 hours) after pressure
cycling. The foam layer does not seem to have delaminated after pressure cycling the capsule.

As just demonstrated, the pressure cycling method is a viable tool to increase the
solvent exchange rate in and out of the capsule. Future experiments will involve
pressure cycling a capsule with a wet gel layer with liquid CO2 inside of the critical
point dryer, which if applicable, has the potential to vastly decrease solvent exchange
times.
Conclusions
Supercritical drying of the wet gel layers inside of hollow spheres is currently the most
successful approach to remove the solvent from the porous network. Liquid carbon
dioxide is used as the supercritical fluid as it is a non-flammable liquid, chemically
inert, inexpensive, and has a very low critical temperature of Tc=31°C. This, however,
requires the solvent in the gel network to be exchanged for the supercritical fluid,
which is a time-consuming process, especially for an aerogel in a hollow sphere. The
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time required for solvent exchange in and out of the fill hole and the sphere was
estimated to a first degree using a diffusion based model. Experiments on bulk pieces
of p(DCPD-r-NB) aerogels allowed assessing the strength of different precursor
compositions during the supercritical drying process and to identify different
combinations of norbornene and catalyst concentration that do not shrink or collapse
during solvent exchange and supercritical drying. Different solvents were tested and,
in the case for producing foam layers in hollow spheres, solvent exchange from
toluene to acetone to liquid carbon dioxide produced the most reproducible results.
These extensive tests allowed developing and implementing a procedure to
successfully dry p(DCPD-r-NB) copolymer aerogel layers in hollow spheres. Small
changes in the procedure, however, can lead to collapsed foams, which is why
different methods to optimize the process were developed and tested. The most
promising methods were as follows:
1. Artificially plugging the fill hole after capsule filling. This procedure would
prevent any wet gel formation in the fill hole during the coating process and
would, after removal of the artificial plug, decrease the time required for
complete solvent exchange.
2. Clearing the fill hole mechanically by inserting a sharp needle-like object into
it. This has the potential to remove the wet gel from the fill hole and accelerate
the solvent exchange.
3. Forcing liquid in and out of the wet gel layered shell by applying a pressure
gradient.
All methods have the potential to further optimize the supercritical drying process of
aerogel layers in hollow spheres. Further improvements that are currently under
development are a stirring mechanism inside of the critical point dryer and immersion
sonication during solvent exchange with liquid carbon dioxide.
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Chapter 6:

Doping of p-DCPD aerogel coatings with high-Z tracer elements

The intentional introduction of dopants into low-density polymer films is extensively
discussed in the literature. The addition of such dopants into low-density polymer
foams is utilized in a variety of different experiments such as long scale length plasma
experiments,236-237 extreme ultraviolet generation,238 plasma radiation,239 high energy
density physics experiments,240 laser plasma interaction experiments,241 X-ray drive
symmetry,11 diagnostic analysis in laser interaction experiments,242 and direct and
indirect drive inertial confinement fusion experiments.12, 243-248
In the inertial confinement fusion community, doped low-density polymer films inside
of spherical shells are being produced to bring dopants for diagnostics and nuclear
physics experiments in direct or close contact with the deuterium-tritium fuel.12, 14 To
fabricate these doped foam lined shells two different options were explored:
1) Completely filling (see chapter 4) or casting an undoped pDCPD aerogel layer
in a spherical target (see chapter 3) and doping the final aerogel structure by
halogenation of the unsaturated DCPD backbone using iodine or bromine.14, 249251

The pDCPD polymer contains remaining C=C double bonds that can react

with iodine or bromine.
2) Copolymerizing the aerogel with functionalized monomers while casting the foam
in the shell. Functionalized monomers, such as NB-R, could be incorporated
into the pDCPD polymeric structure using a ring opening metathesis
polymerization (ROMP) reaction, which would yield p(DCPD-r-NB-R) aerogels.
These aerogels can be casted in the hollow sphere during polymerization.
Both approaches allow the incorporation of high-Z tracer elements in to the polymer
backbone and are discussed below. Doping of the foam liners in spherical shells allows
for an increased use of polymeric aerogels and coatings in a wide range of
applications and experiments. It has the additional advantage of increasing the foam’s
X-ray contrast, which significantly facilitates non-destructive characterization
techniques of the aerogel layers in spherical hollow spheres.
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Halogenation of the unsaturated pDCPD backbone
To achieve halogenation of the remaining C=C double bonds in the pDCPD polymer,
two different approaches were explored: 1) immersion the polymerized wet gel into a
solution of a halogen in toluene (liquid phase doping) or 2) exposing the dried
aerogels to volatile reactants such as iodine.

Figure 6-1: Ring opening metathesis polymerization (ROMP) of dicyclopentadiene (DCPD) and norbornene (NB) in
toluene using Grubbs 1st generation catalyst followed by halogenation of the unsaturated DCPD backbone with
iodine in toluene.

For the liquid phase doping, a pDCPD wet gel liner was usually casted in a hollow
sphere and the entire sphere was then submerged into a solution of 1 mg/cm3
iodine/toluene for seven days. In order to estimate the time that is required for the
liquid phase doping of the DCPD wet gels with liquid iodine/toluene, 50 mg/cm3
p(DCPD) wet gels were first synthesized in a 1 cm inner diameter glass cuvette with
open ends on both sides. The cylinder was placed on top of the gap between two
microscope slides that were 0.9 cm apart from each other to leave the bottom surface
of the aerogel exposed. The microscope slides with the cylinder on top were then
placed in a 1 mg/cm3 iodine/toluene bath in a way that the bottom of the cylinder
was exposed to the iodine/toluene bath, but left the rest of the glass cylinder exposed.
(Figure 6-2) Since the iodine/toluene solution has a reddish color it was possible to
observe the diffusion through the white colored aerogel cylinder over time. However,
compared to chapter 5.1.3 in which a similar experiment was conducted the exact
location of the diffusion front was not as clearly observable.
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Figure 6-2: Photographs of a cylindrical glass cuvette open on both ends filled with 50 mg/cm3 p(DCPD) wet gel
(0.1 wt.% catalyst, gelled stationary for ~5 hours). One end of the glass cuvette with the wet gel is placed in a 1
mg/cm3 iodine/toluene bath to observe diffusion in the wet gel. a) At t=0s the wet gel is translucent and white in
color and the iodine solution has not moved through the wet gel. b) After t=30 minutes the diffusion front has
moved by ~2 mm and can be seen to move further as time progresses (c) – (f). f) After t=360 minutes the diffusion
front has moved completely through the wet gel in the cylinder.

After 𝑡 = 30 minutes the diffusion front had moved roughly 2 mm through the wet
gel. The front advanced to 4.5 mm after 𝑡 = 120 minutes and to 5.5 mm after 𝑡 =
200 minutes. Within 6 hours the diffusion front had moved completely through the
sample. These results suggest a diffusion constant of 𝐷exp ≈ 3 ∙ 10−10 m2 ⁄s, which is
an order of magnitude slower than what was found in chapter 5.1.3. This result was
therefore used as a lower limit to approximate diffusion times. With the analytical
solvent exchange time approximations described in chapter 5.1.1, doping times
between two and seven days were selected, depending on the fill hole size and wet gel
layer parameters.
Figure 6-3 compares the pDCPD wet gel liner inside a hollow sphere before and after
doping it with liquid phase iodine.
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Figure 6-3: Cross-sectional radiographic image of a 2 mm diamond sphere coated with a 40 μm thick p(DCPD-NB)
wet gel layer (50 mg/cm3 DCPD, 10 wt.% NB, 0.1 wt.% catalyst, filled with ΔP = 102.1 Torr, and rotated at
10/14.142 rpm for ~2.5 hours). a) The wet gel layer is distributed evenly in the hollow sphere and is adhering well
to the shell. Some excess solvent can be seen at the bottom, but is undistinguishable from the actual wet gel layer.
b) After liquid phase iodine doping, the doped wet gel layer is intact and distinguishable from the excess solvent.
The additional solvent entered the hollow sphere while it was submerged in the solution of 1 mg/cm3
iodine/toluene.

The undoped wet gel layer inside of the hollow sphere was evenly distributed and
adheres well to the wall. Although the layer appeared to be thicker in the bottom of
the shell, it can be shown by rotation of the shell that it was, in fact, excess solvent.
This is due to the fact that the spheres that contain wet gel layers were stored in
toluene to prevent evaporation of solvent out of the shell, allowing excess solvent to
enter the hollow sphere. Figure 6-3 b) illustrates this especially well. As mentioned
above, the shell was submerged in a solution of 1 mg/cm3 iodine/toluene during
liquid phase doping. After seven days of doping, the shell contained more excess
liquid than before doping. Now, however, the wet gel layer was clearly distinguishable
from the excess solvent as the iodine-doped p(DCPD-NB) wet gel provided a higher Xray contrast than the undoped p(DCPD-NB) gel.
After removal of the solvent by supercritical drying (see chapter 5) the spherical shell
contained an iodine doped aerogel layer. (Figure 6-4)
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Figure 6-4: Cross-sectional radiographic image of a 2 mm diamond sphere coated with a 40 μm thick p(DCPD-NB)
foam layer (50 mg/cm3 DCPD, 10 wt.% NB, 0.1 wt.% catalyst, filled with ΔP = 102.1 Torr, rotated at 10/14.142 rpm
for ~2.5 hours, and liquid phase iodine doped for 7 days) after supercritical drying.

After liquid phase doping the foam layer now showed a sufficient X-ray contrast due
to the halogenation of the unsaturated pDCPD backbone. One major advantage of
liquid phase doping is that it allows a quick and reliable assessment of the thickness
profile and overall quality of the respective wet gel coating inside hollow spheres
before removing the solvent. However, as outlined in chapter 5, the nondestructive
removal of the solvent from the wet gel required a solvent exchange with acetone and
liquid carbon dioxide. It can be observed that in the majority of the samples during
this step and the supercritical drying, most of the iodine was washed out with the
solvent. Rutherford backscattering spectrometry experiments on free standing pieces
of liquid phase iodine doped foams done by S. H. Kim, LLNL, revealed a composition
of C10H12O1.5I0.005, which indicates that only ~0.02 at.% of the iodine remained in the
sample.14 Repeating the experiment with a solution of bromine revealed a
composition of C10H12Br1.5, which attributes to ~7.6 at.% of bromine.14
Additionally, a second approach for halogenation was explored – gas phase doping.
Here, the solvent was removed from the wet gel layer by supercritical drying, leaving
an undoped foam layer in the shell. The foam filled shell was then exposed to volatile
reactants such as iodine or bromine (iodine vapor pressure at 25°C was measured to
be 0.305 Torr252) for two to three days. In the case of gas phase bromine doping, tests
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on monolithic pieces of pDCPD aerogels showed signs of collapse during doping,14
making this approach unusable. Using iodine vapor, on the other hand, showed
promising results as the composition of the doped aerogel measured by Rutherford
backscattering spectrometry (experiment done by S. H. Kim, LLNL) was C10H12I0.43,
which corresponds to ~1.9% at.% iodine and is an increase of a factor of 100
compared to the liquid phase doping. It is worth mentioning that the iodine detected
after iodine vapor exposure doesn't necessarily need to be chemical bound (via I2
addition to C=C double bonds), but can just be the result of I2 condensation on the
foam surface. Figure 6-5 shows a 2 mm inner diameter diamond hollow sphere that
was completely filled with a 30 mg/cm3 p(DCPD) foam and gelled stationary. The
shell was then kept in a closed 20 ml vial containing iodine crystals for three days and
subsequently analyzed.

Figure 6-5: Gas phase doping of foam shells: a) Cross-sectional radiographic image of a 2 mm diamond sphere
completely filled with a p(DCPD) foam (30 mg/cm3, 0.1 wt.% catalyst, gelled stationary for ~7 hours, and gas phase
iodine doped for three days) after supercritical drying. b) Line intensity profile of an empty shell (black curve), a
shell completely filled with foam before (red) and after gas phase iodine doping (blue), as well as the predicted
intensity profile. The intensity change from an undoped foam in a shell is indistinguishable from an empty shell, but
changes significantly for a doped foam. (image credit: K. J. Wu, LLNL)

Nondestructive X-ray radiography characterization allowed to assess the quality of the
doped foam in the shell using line intensity scans along the equator of the crosssectional radiographic image. At first, an empty shell was imaged to measure the Xray’s intensity change during characterization (Figure 6-5 b), black curve). The
intensity changes by roughly 8% for a 2 mm diamond sphere with a wall thickness of
30 μm. As previously discussed in chapter 4.2, filling the same shell with an undoped
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30 mg/cm3 p(DCPD) foam reveals no change in intensity during the line scan (red
curve) as the undoped foam exhibits too little X-ray contrast to be detected. After
three days of gas phase iodine doping, the line scan (blue curve) shows a significant
change in intensity from 8% attenuation to 34%. The calculated intensity profile
assumes uniform doping of the completely filled shell and is in good agreement with
the experimentally observed intensity profile. This makes doping a viable asset for
nondestructive characterizations of foam coatings in hollow spheres if an undoped
foam layer does not provide enough attenuation.
However, the control over concentration and distribution of the dopant in the shell
was very limited during halogenation of the unsaturated pDCPD backbone. After
liquid phase iodine doping, for example, the solvent still needs to be removed and, as
outlined above, in the majority of the samples most of the iodine is being washed out
with the solvent, which changes the dopant’s concentration in the foam. Additionally,
the distribution of the dopant depends on diffusion kinetics in the porous polymer,
which can lead to unevenly doped foam layers.
Therefore, a different, more deterministic approach was explored: copolymerizing the
pDCPD with functionalized monomers.
Copolymerization with functionalized monomers
To deterministically incorporate high-Z elements into polydicyclopentadiene aerogels,
different functionalized comonomers with the desired high-Z element have been
developed by our group. Two of the monomers that were developed, bis-iodonorbornene (NB-I2) and tin-norbornene (NB-Sn), are shown in Figure 6-6. The
synthesis is described in great detail by Kim et al.14

Figure 6-6: Functionalized comonomers that were synthesized by our group: a) bis-iodo-norbornene monomer (NBI2) and b) tin-norbornene (NB-Sn)
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Similarly, a tin containing monomer (NB-Sn)253-255 can be of interest as an aerogel
layer containing tin in a hollow sphere could potentially help monitoring experimental
conditions in nuclear fusion experiments.14 These functionalized monomers (NB-I2
and NB-Sn) can be incorporated into the pDCPD polymeric structure using a ring
opening metathesis polymerization (ROMP) reaction, yielding p(DCPD-r-NB-I2) and
p(DCPD-NB-r-NB-Sn) aerogels as illustrated in Figure 6-7.

Figure 6-7: Copolymerization approach to iodine and tin doped pDCPD: a) Iodine doped aerogels can be prepared
using a ring opening metathesis polymerization (ROMP) reaction of DCPD and bis-iodo-norbornene (NB-I2) in
toluene. b) Similarly, tin doped aerogels can be prepared using a ring opening metathesis polymerization (ROMP)
reaction of DCPD, norbornene (NB), and tin-norbornene (NB-Sn) in toluene.

Scanning electron microscopy images of p(DCPD-r-NB-I2) aerogels (Figure 6-8) show
that they have the same structure of randomly oriented fibers as the pure pDCPD and
the p(DCPD-r-NB) aerogels (compare to Figure 2-16 and Figure 2-17).

Figure 6-8: Scanning electron microscopy images of p(DCPD-r-NB-I2) aerogels (50 mg/cm3, 0.2 wt.% catalyst) with
increasing bis-iodo-norbornene concentration. p(DCPD-r-NB-I2) aerogels copolymerized with NB-I2 have the same
web-like morphology as p(DCPD-r-NB) aerogels. With higher bis-iodo-norbornene concentration, the length of the
individual fibers decreases and the diameter of the individual fibers increases. The inlet in the picture for each bisiodo-norbornene concentration shows a photograph of the respective p(DCPD-r-NB-I2) wet gel in a 2 ml vial.
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Similarly, to the p(DCPD-r-NB) aerogels, with a higher bis-iodo-norbornene
concentration the length of the individual fibers decreases. However, with an
increasing concentration of bis-iodo-norbornene the diameter of the individual fibers
increases significantly. (Figure 6-8)
Rutherford backscattering spectrometry experiments on free standing pieces of 50
mg/cm3 p(DCPD-r-NB-I2) (DCPD : NB-I2 = 100 : 5) foams copolymerized with bisiodo-norbornene revealed a composition of C10H12I0.15, which corresponds to an
iodine concentration of ~0.81 at.% in the sample.14 Further experiments showed that
the measured iodine concentration in aerogels with different mixing ratios of DCPD
and NB-I2 is in excellent agreement with the predicted iodine concentration,14
allowing a freely tunable, deterministic control of the incorporation of high-Z
elements in polymers.
To test the X-ray absorption contrast in dependence of NB-I incorporation, 25 mg/cm3
aerogel cubes copolymerized with different amounts of NB-I (25 mg/cm3 DCPD-r-NBr-NB-I with a ratio of (DCPD : NB : NB-I) = (100 : 15 : x), and x = percentage of NBI, 0.2 wt.% catalyst) were prepared in a glass mold (1 cm x 1 cm x 1 cm) with two
open sides. (Figure 6-9a)

Figure 6-9: Aerogels copolymerized with different amounts of NB-I (25 mg/cm3 DCPD-r-NB-r-NB-I with a ratio of
(DCPD:NB:NB-I) = (100:15:x) and x = percentage of NB-I, 0.2 wt.% catalyst) show increasing X-ray attenuation
depending on the doping level. a) Photograph of the wet gel in the glass mold with two open sides. The gel was
dyed for the photograph to increase visibility; the X-ray attenuation experiments and RBS measurements were
done without any dye. b) X-ray absorption and measured iodine concentration as a function of added NB-I
copolymer. The measured iodine concentration scales almost linearly with the added copolymer, which influences
the X-ray absorption.

Doping of p-DCPD aerogel coatings with high-Z tracer elements

113

The X-ray attenuation was measured for the different amounts of added copolymer
after drying the aerogel in the cube with the imaging axis going through the two open
sides of the cube. For the undoped 25 mg/cm3 aerogel, the X-ray absorption contrast
was 4%, while it increased to 10% for a NB-I copolymer concentration of 2.5%. For
5% NB-I, the X-ray absorption increased to 15% and, as Figure 6-9b illustrates, kept
increasing almost linearly with increasing copolymer concentration. Rutherford
backscattering spectrometry experiments confirmed the linear behavior of iodine
concentration as a function of NB-I copolymer concentration, demonstrating that this
approach provides precise control over the doping level in pDCPD aerogels even at
very low dopant concentrations. The respective 50 mg/cm3 p(DCPD-r-NB-r-NB-I2) wet
gels in which the norbornene was gradually substituted for bis-iodo-norbornene are
shown in Figure 6-10.

Figure 6-10: Photographs of 50 mg/cm3 p(DCPD-r-NB-r-NB-I2) wet gels in which the norbornene was gradually
substituted for bis-iodo-norbornene: 50 mg/cm3 p(DCPD-r-NB-r-NB-I2) were prepared with 10wt. % NB (containing
x% NB-I2, y% NB), and 0.1wt. % catalyst in which the norbornene was gradually substituted for bis-iodonorbornene. The wet gels become more transparent as the bis-iodo-norbornene concentration increases.

Extensive tests in 2 mm inner diameter hollow spheres revealed that for 50 mg/cm3
p(DCPD-r-NB-I2) wet gels, uniform coatings could be obtained with minimal ratios of
DCPD to NB-I2 = 100:5. (Figure 6-11)
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Figure 6-11: Cross-sectional radiographic image of 2 mm diamond spheres coated with p(DCPD-r-NB-I2) wet gel
layers: a) 50 mg/cm3 p(DCPD-r-NB-I2), 5%NB-I2, 0.2 wt.% catalyst, filled with Δp = 374.3 Torr, and uniaxially rotated
at 1.95 rpm for 24 h. The coating appears to be homogeneous and smooth, albeit there is some excess solvent
present at the bottom of the shell. b) 50 mg/cm3 p(DCPD-r-NB-I2), 5%NB-I2, 0.2 wt.% catalyst, filled with Δp = 103.8
Torr, and uniaxially rotated at 1.95 rpm for 22 h. The coating of the inner surface of the hollow sphere appears to
be very homogeneous.

The doped wet gel layer is clearly distinguishable from the excess solvent in the
capsule and appears to be homogeneous, smooth, and uniform in thickness for
different layer thicknesses. In both wet gel lined capsules, hair-like features can be
seen on the shell, which were deposited during capsule handling and are on the
outside of the shell.
Removing the solvent out of the hollow sphere by supercritical drying with carbon
dioxide (see chapter 5) leaves a uniform p(DCPD-r-NB-I2) doped foam layer. For
example, the wet gel layer shown in Figure 6-11b) remains intact after supercritical
drying yielding a uniform doped foam layer in a hollow sphere as illustrated in Figure
6-12.
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Figure 6-12: Cross-sectional radiographic image of 2 mm diamond sphere coated with a p(DCPD-r-NB-I2) foam layer:
a) 50 mg/cm3 p(DCPD-r-NB-I2), 5%NB-I2, 0.2 wt.% catalyst, filled with Δp = 103.8 Torr, and uniaxially rotated at 1.95
rpm for 22h. The coating of the inner surface of the hollow sphere appears to be very homogeneous. b) Three
dimensional computerized tomography (CT) scan of the same p(DCPD-r-NB-I2) foam coating inside of the 2 mm
diamond sphere. The homogeneity of and within the foam layer is evident in the CT scan.

Since the comprehensive three dimensional foam structure is not known from the
radiographs alone, a computerized tomography (CT) scan of the foam only was done
to help characterize the doped foam layer. The foam appears to be uniform in the
shell and shows no signs of heterogeneity, demonstrating that a uniformly doped,
dried foam shell can be produced using a copolymerization approach with functional
monomers. Different combinations of bis-iodo-norbornene concentrations, layer
thickness, and densities were successfully tested yielding uniform layers.
As mentioned above, aerogel layers containing tin in hollow spheres could potentially
help monitoring experimental conditions in nuclear fusion experiments.14 Therefore, a
tin norbornene monomer (NB-Sn) was synthesized14 and then mixed with DCPD and
norbornene in toluene to prepare tin containing aerogel coatings. The tin doped
aerogels were prepared using a ring opening metathesis polymerization (ROMP)
reaction of DCPD, norbornene (NB), and tin-norbornene (NB-Sn) in toluene. (Figure
6-7 b)
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Scanning electron microscopy images of the p(DCPD-r-NB-r-NB-Sn) aerogels (Figure
6-13) show that they have the same structure of randomly oriented fibers as the pure
pDCPD and the p(DCPD-r-NB) aerogels (compare to Figure 2-6 and Figure 2-16).

Figure 6-13: Scanning electron microscopy image of p(DCPD-r-NB-r-NB-Sn) aerogels (35 mg/cm3, 0.2 wt.% catalyst)
with different norbornene concentration. p(DCPD-r-NB-r-NB-Sn) aerogels copolymerized with NB-Sn have the same
web-like morphology as p(DCPD-r-NB) aerogels. As seen above, with higher norbornene concentration the length
of the individual fibers decreases and the diameter of the individual fibers increases. (SEM taken by: Sung Ho Kim,
LLNL)

As expected, with an increasing norbornene concentration the length of the individual
fibers decreases and the diameter of the individual fibers slightly increases. Pure
norbornene was added in all copolymerization experiments with tin doped aerogels as
the gel point did not increase with the sole addition of NB-Sn. Adding the norbornene
ensured a high gel point viscosity, which increased the gel’s robustness during coating
experiments. For a 50 mg/cm3 tin doped p(DCPD-r-NB-r-NB-Sn) aerogel with a ratio
of DCPD : NB : NB-Sn = 100 : 10 : 1, the final composition measured by Rutherford
backscattering spectrometry is C10H12Sn0.015, which corresponds to ~0.068 at.% of Sn
in the polymer backbone.14
Extensive testing showed that a successful ratio for uniform tin doped 50 mg/cm3
p(DCPD-r-NB-r-NB-Sn)

aerogel

coating

is

DCPD:NB:NB-Sn=100:5:0.7

and

DCPD : NB : NB-Sn = 100 : 5 : 0.8. Both ratios lead to uniform and homogeneous
coating layers in hollow spheres.
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Figure 6-14: Cross-sectional radiographic image of 2 mm diamond spheres coated with p(DCPD-r-NB-r-NB-Sn) wet
gel layers: a) 50 mg/cm3 p(DCPD-r-NB-r-NB-Sn), 5% NB, 0.7% NB-Sn, 0.2 wt.% catalyst, filled with Δp = 106.1 Torr,
and uniaxially rotated at 1.95 rpm for 23 h. The coating appears to be homogeneous and smooth, albeit some
excess solvent present at the bottom of the shell. b) 50 mg/cm3 p(DCPD-r-NB-r-NB-Sn), 5% NB, 0.8% NB-Sn, 0.2
wt.% catalyst, filled with Δp = 100.0 Torr, and uniaxially rotated at 1.95 rpm for 23 h. The coating of the inner
surface of the hollow sphere appears to be homogeneous and uniform.

In summary, copolymerizing the aerogel with functionalized monomers offers several
advantages as it provides precise and deterministic control of the dopant level in the
pDCPD polymers and their coatings. This method is especially suited for low doping
levels of the polymer and has the benefit of yielding very uniform layers in spherical
shells.

Doping of p-DCPD aerogel coatings with high-Z tracer elements

118

Chapter 7:

Conclusions and Outlook

In conclusion, ultra-low density coatings were fabricated inside hollow spheres that
meet the required specifications to be used in indirect drive ICF experiments based on
spin-coating the inside of prefabricated ablator shells with a polymer precursor
solution and subsequent removal of the solvent. The main results of this work can be
summarized as follows:
Synthesizing polymer foams on spherical surfaces requires detailed understanding of
the fundamental chemical polymerization process. By characterizing the rheological
properties and the evolution of the storage shear modulus G’ and loss shear modulus
G” during polymerization, it was possible to understand how the polymer is formed
and how the density of the aerogel influences the gel point. Coating a rotating object
with a uniform layer of the liquid precursor solution results in shear forces due to the
velocity gradient within the liquid that is caused by friction and gravity. The shear
forces can lead to non-uniform coatings, but by adapting a copolymerization approach
using a linear crosslinker and characterizing the rheological properties of the resulting
polymer it was possible to control and manipulate the rheological properties and the
strength at the sol-gel transition and, therefore, drastically increase the uniformity of
the coatings in hollow spheres. The resulting aerogels formed with this
copolymerization approach have similar mechanical properties to many other lowdensity materials.
Injecting precursor solution reproducibly into a hollow sphere with 0.01 µl precision
can be accomplished by using a pressure gradient method that is almost independent
of the fill hole diameter. By doing in situ real-time radiography on rotating shells filled
with the precursor solution, the distribution of liquids in rotating hollow spherical
shells was monitored. The experiments confirm a surprising prediction made by
computational fluid dynamics simulations, namely, that uniaxial rotation can result in
the formation of extremely uniform thin film layers in hollow spherical shells if the
right combination of the precursor’s viscosity and rotational velocity is used. With this
knowledge highly uniform porous polymer films were fabricated inside 2 mm inner
diameter high density carbon shells. The uniaxial coating process seems to be highly
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scalable and can easily be modified to generate porous coatings of different densities
and thicknesses as well as using hollow spheres with different inner volumes.
Once the uniform wet gel layer inside of the hollow sphere is formed, the solvent
needs to be removed from the pores of the polymer. A solvent exchange and a drying
method for the aerogel was further developed using acetone and supercritical carbon
dioxide which was then implemented and optimized to produce foam-lined ICF
targets. Several improvements to the process were considered and investigated to
further optimize the drying process. Different techniques to either prevent wet gel
from forming in the fill hole altogether, clearing the fill hole after a plug has been
formed, and stimulate a faster solvent exchange rate in and out of the capsule were
explored.
Two different approaches to introduce dopants into low-density polymer films in
hollow spheres were discussed. Halogenation of the unsaturated DCPD backbone
using iodine did not yield the required control over concentration and distribution of
the dopant in the shell. However, copolymerizing the aerogel with functionalized
monomers while casting the foam in the shell provides precise and deterministic
control of the dopant level in the pDCPD polymers and their coatings. This method is
especially suited for low doping levels of the polymer and yielded very uniform doped
layers in hollow spherical shells.
The experiments in particular that lead to these conclusions were:
•

Initial rheology measurements during the polymerization of DCPD/toluene wet
gels with different densities (25, 30, 50, 80, 100, 250mg/cc) allowed to find
the optimal combination of catalyst concentration, gel time, and gel point
viscosity to achieve thin film coatings.

•

A theoretical and experimental analysis of the precursor solution’s shear forces
under rotation showed that an elevated viscosity at the gel point can reduce
the shear that the pDCPD gel experiences during polymerization. Using this
knowledge, a copolymerization approach with norbornene was used, which
resulted in more homogeneous wet gel films in hollow spheres.

•

Subsequent rheology measurements during the polymerization of the
copolymerized wet gels with different densities (35, 80, 100 mg/cc) and
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different norbornene concentrations (0, 2.5, 5, 10%) allowed to compare the
viscosity at the gel point for each composition and to find optimal
concentrations of norbornene for different densities.
•

SEM imaging of aerogels with different densities and concentrations of
norbornene enabled the study of morphology and microscopic structure.

•

The elastic and inelastic behavior of the aerogels was characterized with
spherical nanoindentation and showed how the elastic modulus increases as a
function of density. It was shown that the scaling is comparable to various
other man-made ultra-low density materials.

•

Once the optimal composition for the precursor solution was found, it was
shown that a pressure differential filling setup has the required accuracy to
precisely control the layer thickness in a hollow spherical shell and has the
advantage that is can easily be modified for different shell sizes and volumes.

•

A slight modification of the pressure filling setup was developed to completely
fill hollow shell with precursor solution and foams.

•

In-situ real-time radiography was then used to monitor the distribution of
liquids in rotating hollow spherical shells. The experiments confirmed a
surprising prediction made by computational fluid dynamics simulations,
namely, that uniaxial rotation can result in the formation of extremely uniform
thin film layers in hollow spherical shells if the right combination of the liquid’s
viscosity and rotational velocity are used.

•

To remove the solvent from the wet gel and achieve ultra-low density aerogels,
the time for complete solvent exchange of uniform wet gels in hollow spheres
was approximated analytically and the diffusion constant of solvents diffusing
through wet gels was determined. This allowed to establish a lower time limit
for the diffusion driven process.

•

A supercritical drying process with liquid carbon dioxide was further developed
to successfully remove the solvent from the porous network.

•

Drying experiments on bulk pieces of p(DCPD-r-NB) aerogels allowed assessing
the strength of different precursor compositions during the supercritical drying
process. Different combinations of norbornene and catalyst concentration were
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identified that do not shrink or collapse during solvent exchange and
supercritical drying.
•

Different solvents were tested and, in the case for producing foam layers in
hollow spheres, solvent exchange from toluene to acetone to liquid carbon
dioxide produced the most reproducible results.

•

To further improve the drying process, an additively manufactured plug was
developed that would prevent wet gel formation in the fill hole during the
coating process. Subsequently, a process was developed to clear the fill hole
mechanically by inserting a sharp needle-like object into it, which has the
potential to remove the wet gel from the fill hole and accelerate the solvent
exchange.

•

An accelerated solvent exchange technique was developed that forces liquid in
and out of wet gel layered shells by applying a pressure gradient. This has the
potential to vastly decrease solvent exchange time.

•

Lastly, two different methods of doping foam lined shells were explored:
halogenation of the unsaturated DCPD backbone using iodine or bromine and
copolymerizing the aerogel with functionalized monomers. Uniform doped
foam liners were casted in hollow spheres using both methods; however, the
copolymerization approach yielded the most reproducible results.

The combination of these experiments and the successful development of this wetted
foam target design have a broad impact for the inertial confinement fusion
community and beyond. The target design, for example, was recently used to study
new ignition regimes with the first ever liquid deuterium-tritium (DT) fuel layer
implosion

at

the

National

Ignition

Facility,

Lawrence

Livermore

National

Laboratory.244, 256 Beyond that the foam layer in hollow spherical shells enables the
study of hot spot formation and evolution of plasma conditions in nuclear physics
experiments. Functional, uniform thin film coatings on spherical surfaces are also
increasingly being used for spherical reflectors1, integrating spheres2-3, and site4-5 or
time specific6 drug delivery. More uniform coatings in all applications have the
potential to increase performance and decrease error and performance deterioration.
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Figure 1-4: Schematic fabrication process of foam-lined ICF targets: a) filling a prefabricated
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Figure 2-1: Schematic of the sol-gel process: Solid nanoparticles are dispersed in a liquid and
join together to form a continuous three-dimensional network extending throughout the
liquid. ........................................................................................................................... 11
Figure 2-2: Ring opening metathesis polymerization (ROMP) of dicyclopentadiene (DCPD)
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as a function of reaction time. Once the gel point is reached the viscosity increases very
rapidly by several orders of magnitude. The inlet shows the viscosity as a function of
reaction of reaction time around the gel point. .............................................................. 16
Figure 2-5: Polymerization of dicyclopentadiene gels in toluene using 0.2 wt.% Grubbs 1 st
generation catalyst at different densities. The viscosity of the reaction as a function of
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the aerogel. Once the gel point is reached the viscosity increases very rapidly by several
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Figure 2-6: a) Scanning electron microscopy image of a p(DCPD) aerogel (30 mg/cm 3, 0.1
wt.% catalyst) illustrating the web-like morphology of the ultra-low density material.
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(image credit: Sung Ho Kim, LLNL) b) Transmission electron microscopy image of a
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material. The majority of space within the aerogel is occupied by air. (image credit: Y.
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and coated at 10/14.142 rpm for 16h). The coating is clearly inhomogeneous due to the
shear forces exerted onto the polymer during rotation. (radiographs taken by John Sain,
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Figure 2-9: Three dimensional rendering of only the p(DCPD) foam coating inside a 2 mm
diamond sphere (25 mg/cm3 DCPD, 0.2 wt.% catalyst, filled with Δp = 83.5 Torr, and
coated at 10/14.142 rpm for 16 hours). The heterogeneity of the foam layer is even more
evident. (image credit: Trevor Willey and Tony van Buuren) ......................................... 21
Figure 2-10: Cross-sectional radiographic image of two different 2 mm diamond spheres
coated with a p(DCPD) foam layers. a) 50 mg/cm3 DCPD, 0.1 wt.% catalyst, filled with
Δp = 95 Torr, and coated at 10/14.142 rpm for 16h. b) 50 mg/cm3 DCPD, 0.1 wt.%
catalyst, filled with Δp = 100 Torr, and coated at 10/14.142 rpm for 1h. The coatings in
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Figure 2-11: Polymerization of 35 mg/cm3 p(DCPD-r-NB) wet gels in toluene using 0.2 wt.%
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rapidly by several orders of magnitude. b) Gelation time as function of norbornene
concentration. As predicted, increasing the norbornene concentration in the precursor
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Figure 2-12: Polymerization of a 80 mg/cm3 p(DCPD-r-NB) wet gels in toluene using 0.2 wt.%
Grubbs 1st generation catalyst. a) Viscosity of the polymerization reaction of p(DCPD-rNB) wet gels at room temperature reaction as a function of reaction time for different
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rapidly by several orders of magnitude. b) Gelation time as function of norbornene
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Figure 2-13: Polymerization of a 100 mg/cm3 p(DCPD-r-NB) wet gels in toluene using 0.2
wt.% Grubbs 1st generation catalyst. a) Viscosity of the polymerization reaction of
p(DCPD-r-NB) wet gels at room temperature reaction as a function of reaction time for
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using 0.2 wt.% Grubbs 1st generation catalyst as a function of norbornene concentration.
Adding norbornene increases the gel point viscosity by several orders of magnitude. b)
The normalized relative viscosity for the aerogels shows that the effect becomes more
pronounced at higher densities. ..................................................................................... 25
Figure 2-15: Cross-sectional radiographic image of 2 mm diamond spheres coated with a
p(DCPD) and a p(DCPD-r-NB) wet gel layer: a) 30 mg/cm3 DCPD, 0.2 wt.% catalyst,
filled with Δp = 81 Torr, and rotated at 10/14.142 rpm for ~2.5h. b) 35 mg/cm3 DCPD,
10%NB, 0.2 wt.% catalyst, filled with Δp = 102.6 Torr, and rotated at 10/14.142 rpm for
~17h). The coating of the inner surface of the hollow sphere becomes very homogeneous
and smooth, rendering the addition of norbornene a success. (radiographs taken by John
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Figure 2-16: Scanning electron microscopy image of p(DCPD-r-NB) aerogels (50 mg/cm3, 0.1
wt.% catalyst) with increasing norbornene concentration. p(DCPD-r-NB) aerogels
copolymerized with NB have the same web-like morphology as pDCPD aerogels, but the
length of the individual fibers decreases with higher norbornene concentration. The inlet
in the picture for each norbornene concentration shows a photograph of the respective
p(DCPD-r-NB) wet gel in a 2 ml vial. (image credit: Sung Ho Kim, LLNL) ..................... 27
Figure 2-17: Scanning electron microscopy image of p(DCPD-r-NB) aerogels (25 mg/cm3,
0.2t.% catalyst) with increasing norbornene concentration. As with the 50 mg/cm 3
pDCPD aerogels the 25 mg/cm3 aerogels copolymerized with NB have a web-like
morphology, with a decreasing length of the individual fibers for higher norbornene
concentrations. (image credit: Sung Ho Kim, LLNL) ...................................................... 27
Figure 2-18: Cross-sectional radiographic image of 2 mm diamond spheres coated with
p(DCPD-r-NB) wet gel layers: a) 25 mg/cm3 p(DCPD-r-NB), 15%NB, 0.2 wt.% catalyst,
filled with Δp = 104.5 Torr, and rotated at 10/14.142 rpm for ~17 h. The coating
appears to be homogeneous and smooth, albeit some excess solvent present at the
bottom of the shell. b) 25 mg/cm3 p(DCPD-r-NB), 15%NB, 0.2 wt.% catalyst, filled with
Δp = 422 Torr, and rotated at 10/14.142 rpm for ~16 h). The coating of the inner
surface of the hollow sphere appears to be homogeneous for thicker wet gel layers as
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Figure 2-19: Scanning electron microscopy image of a p(DCPD-r-NB) aerogel (50 mg/cm3
DCPD, 10 wt.% NB, 0.1 wt.% catalyst) that was coated into a 2 mm HDC capsule (ID)
(filled at Δp=102.1 Torr, rotated at 10/14.142 rpm for ~2.5 hours, doped with liquid
phase iodine) and then supercritically dried. The ultra-low density foam still has the same
web-like morphology as the non-rotated foams do. (SEM taken by Monika Biener, LLNL)
..................................................................................................................................... 29
Figure 2-20: Schematic representation of spherical indentation: a) Geometry of elastic/plastic
indentation, where P is the indentation load, R the radius of the spherical indenter, a the
radius of the contact boundary, hmax the total displacement into the sample’s surface, he
the elastic depth of penetration, and hc is the the vertical distance along which contact is
made; b) Schematic representation of the load P as a function of indenter displacement h,
adapted from Oliver, Pharr (1992), where hmax is the indenter displacement at peak load,
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hfinal the final depth of contact impression after unloading, and S the initial unloading
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Figure 2-21: a) Load-displacement curves for a 40 mg/cm3 p(DCPD-r-NB) aerogel (5%NB, 0.2
wt.% Grubbs’ 1st generation catalyst) indented with a spherical sapphire tip with a radius
of 986 µm. The curves for different test series lay essentially on top of each other,
showing that the material’s mechanical properties are uniform throughout the sample; b)
Elastic modulus as a function of displacement. The unloading elastic modulus is
independent from indenter penetration depth h. ........................................................... 34
Figure 2-22: Indentation stress-strain curves for a 40 mg/cm3 p(DCPD-r-NB) aerogel (5%NB,
0.2 wt.% Grubbs’ 1st generation catalyst) indented with a spherical sapphire tip with a
radius of 986 µm. The dashed line is to guide the eyes. ................................................. 34
Figure 2-23: a) Comparison of load-displacement curves for a p(DCPD-r-NB) aerogels
(different densities, 5% NB, 0.2 wt.% Grubbs’ 1st generation catalyst) indented with a
spherical sapphire tip with a radius of 986 µm. b) Log-log-plot of the elastic modulus as a
function of density. The dashed line is to guide the eyes. ............................................... 35
Figure 3-1: Syringe filling setup developed by Wittstock and Worsley: a) The syringe filled
with the precursor solution is attached to a micro pipette via PTFE tubing. The
micropipette’s position can be controlled by a micro manipulation stage, allowing a
precise insertion of the pipette into the capsule’s fill hole. The syringe is then placed onto
a syringe pump, which can adjust the plunger’s position and, therefore, control the flow
of precursor solution into the capsule. b) Once the precursor solution flows, a droplet
forms at the tip of the micropipette. This prevents an accurate control of the liquid level
in the capsule as the size of the droplet is very difficult to control. ................................ 39
Figure 3-2: Pressure filling setup: (a) the filling setup consists of a small vacuum chamber that
contains a vial with the aerogel precursor solution and a linear feedthrough to which the
ablator shell is attached. To achieve high reproducibility with high accuracy, it is crucial
to underpressurize the capsule before submerging it into the precursor solution. b)
injected liquid and corresponding layer thickness versus applied pressure differential. The
injected volume, as derived from weight gain measurements, follows the linear behavior
(dashed line) expected from the ideal gas law and is almost independent of the hole
diameter.12, 34 ................................................................................................................ 40
Figure 3-3: Experimental uniaxial coating setup used to analyze film formation in rotating
spherical shells. Schematic (a) and photograph (b) of the uniaxial coater. The capsule,
filled with enough liquid to allow formation a uniform film of the desired thickness, is
placed on center axis of a small cylinder. Rotational axis and X-ray beam were adjusted
to be either parallel or perpendicular to each other. (c) The cross-sectional radiographic
image of the shell reveals how the liquid is distributed in the shell at a particular time.
(d) These cross-sectional radiographs are subsequently analyzed with the measured data
shown in solid blue. Analysis of the series of images taken during the experiment enables
the reconstruction of the liquid’s spatio-temporal distribution. ...................................... 42
Figure 3-4: Three-dimensional (3D) Computational Fluid Dynamics (CFD) simulation of
liquids in a 2 mm hollow spherical shell under uniaxial rotation. The liquid fill level is
equal to a 50 µm uniform layer. (a) Snapshot of the steady state reached of a 20 cP liquid
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rotated with constant 20 rpm by slicing through the center plane of the sphere along 90°
to 270° (longitude). The liquid is getting dragged up, but cannot overcome the
gravitational pull and, therefore, the thickest part of the liquid stays at -50° (latitude). (b)
Unwrapping the three-dimensional thickness distribution onto a longitude and latitude
map gives a complete 4π picture of the liquid’s distribution inside the hollow sphere
during rotation. (c) and (d) The slice and the 3D thickness distribution of a 40 cP liquid
rotated with 40 rpm show that uniaxial rotation can lead to uniform spherical coatings.
The dots in the 3D thickness distribution are artifacts. (CFD simulations performed by
C.C. Walton, LLNL) ....................................................................................................... 45
Figure 3-5: Spatio-temporal analysis of the uniform distribution of a 10 cP viscosity standard
inside a hollow high density carbon sphere (2 mm ID) during uniaxial rotation with
=9.8 rpm. (a) At initial conditions (t=0 s) all the liquid is distributed at the bottom of
the sphere due to gravity. b) After t=66 s of rotation with =9.8 rpm, the viscosity
standard is distributed completely around the shell, but hasn’t reached steady state. (c) A
uniform steady state is reached after t=216 s due to the right combination of rotational
velocity and viscosity. (d) Complete spatio-temporal distribution of the rotation shows
how the liquid is distributed in the capsule and forms a uniform film over time. (e)
Power-mode spectrum of the liquid’s inner surface after 216 s. The inlet is the thickness
measurement at that time measured from the capsule middle point to the liquid-air
interface and shell wall over the full 360°. ..................................................................... 46
Figure 3-6: Spatio-temporal analysis of the uniform distribution of a 20.88 cP viscosity
standard inside a hollow high density carbon sphere (2 mm ID) during uniaxial rotation
with =1.95 rpm in the imaging axis ┴ ω configuration. (a) The cross-sectional
radiographic image of the shell taken at 216 s reveals the steady state reached. Although
the capsule holder blocks the view partially, it is evident that the liquid is distributed
uniformly in the sphere. (b) These cross- sectional radiographs are subsequently analyzed
with the measured data shown in solid blue. (c) The series of all images taken during the
experiment allows a precise analysis of the liquid’s spatio-temporal distribution. At initial
conditions (t=0 s) all the liquid is distributed at the bottom of the sphere due to gravity.
Once rotation is started the viscosity standard is distributed completely around the shell
reaching a uniform steady state due to the right combination of rotational velocity and
viscosity. ....................................................................................................................... 47
Figure 3-7: Summary of the results from different viscosity / rotational velocity combinations
and the resulting steady states. (a) If the rotational velocity for a given viscosity is too
slow, the liquid cannot overcome the gravitational pull and remains in same position
during rotation. (b) If the combination of rotational velocity and viscosity is right, the
liquid reaches a steady state forming a uniform film layer. (c) Combinations of high
rotational velocities and high viscosity cause the liquid pool to be carried up and over the
top before being completely distributed in the shell. (d,e) Stability regions of the steady
states (a-c) in the viscosity / rotational velocity phase space for the imaging axis ║ ω (d)
and imaging axis ┴ ω configuration (e). ......................................................................... 49
Figure 3-8: (a) Cross-sectional radiographic image of a 2 mm diamond sphere coated with a
30 μm thick (bis)iodo-doped p(DCPD-r-NB-I2) foam layer (50 mg/cm3 DCPD, 5 wt.% NBI2, 0.2 wt.% catalyst, filled with ΔP = 104.5Torr, and uniaxially rotated at 1.95 rpm for
23 h). The polymer foam is distributed evenly in the hollow sphere and adheres well to
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the shell. The inlet shows an SEM image of the cross section of the foam-diamond-layers.
(b) Two representative power spectra taken from orthogonal views of the inner foam
surface summarizing the currently achieved foam shell uniformity. ............................... 52
Figure 3-9: Cross-sectional radiographic images of 2 mm diamond spheres each coated with a
uniform DCPD aerogel layer. a) 50 mg/cm3 p(DCPD-r-NB-I2), 5%NB-I2, 0.2 wt.% catalyst,
filled with Δp = 103.8 Torr, uniaxially rotated at 1.95 rpm for 22 h, and dried
supercritically with CO2 (see also chapter 6.1.2). b) 250 mg/cm3 p(DCPD-r-NB) wet gel,
5%NB, 0.015 wt.% catalyst, filled with Δp = 148.7 Torr, and uniaxially rotated at 1.95
rpm for 20 h. ................................................................................................................. 53
Figure 4-1: Picture of a 2 mm inner diameter hollow high density carbon shell (fill hole
diameter 30 μm) submerged in a 50 mg/cm3 DCPD/toluene solution. (a) After
submerging the capsule in the precursor solution and applying a pressure differential of
ΔP=700 Torr multiple times, an air bubble remains in the shell. (b) With the fill hole
orientation pointing up an additional pressure cycle removes the air bubble – leading to a
completely filled shell.................................................................................................... 56
Figure 4-2: Schematic of the modified filling setup: (a) A vial with the precursor solution is
placed in a vacuum chamber with a linear feedthrough to which the capsule is attached.
The fill hole of the capsule is pointing down when the system is underpressurized (b) and
the capsule is submerged. (c) After repressurization the capsule is removed from the
linear feedthrough and placed in the same precursor solution with the fill hole
orientation pointing up. The pressure differential is reapplied to force the remaining air
out. ............................................................................................................................... 56
Figure 4-3: Picture of the completely filled capsule after the remaining air has been forced
out. The capsule sits in a PTFE capsule holder with the fill hole direction still pointing
upwards. Therefore, only the capsule’s upper part is visible. The capsule is left in the
precursor solution during gelation to ensure no additional air can get in. ...................... 57
Figure 4-4: Cross-sectional radiographic image of two different 2 mm diamond spheres
completely filled with p(DCPD) foam (50 mg/cm3 DCPD, 0.2 wt.% catalyst, filled by
using the method described above) after supercritical drying with liquid CO2. a) The
foam is clearly collapsed towards the fill hole as solvent exchange from toluene to liquid
carbon dioxide was not complete before reaching supercritical conditions. (for a detailed
explanation see chapter 5); b) The radiographic image indicates that the foam inside the
shell is intact and shows no signs of collapse. Weight gain measurements confirm that the
shell indeed contains foam. ........................................................................................... 58
Figure 5-1: Different methods of preparing and drying wet gels, adapted from GarciaGonzalez (2012) . Freeze drying techniques usually lead to cryogels, while ambient air
drying is used to produce xerogels. Supercritical drying leaves the gel and pore structure
mostly intact and is, therefore, an excellent candidate to produce aerogels ................... 61
Figure 5-2: Principle of supercritical drying with carbon dioxide as the supercritical fluid. The
sample is placed in a pressure chamber and exchanged with liquid CO2. (Starting point
A) The temperature and pressure in the chamber is then raised slightly above the critical
point (A to B) bringing the fluid to supercritical conditions. The supercritical fluid is
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removed from the material by depressurization under isothermal conditions (B to C).
After cooling the chamber (C to D) the sample is dried.................................................. 63
Figure 5-3: Cross-sectional radiographic image of HDC capsules after unsuccessful
supercritical drying: a) Radiograph of a 1.688 mm HDC capsule (ID) with collapsed
p(DCPD-r-NB) foam (35 mg/cm3 DCPD, 5 wt.% NB, 0.2 wt.% catalyst, filled at Δp=
105.4 Torr, single axis rotation at 2 rpm for 24 hours). The radiograph was taken after
supercritical drying and the shell appears to be empty. After cracking open the shell and
taking an SEM image (inlet), it is revealed that the foam in the shell is collapsed towards
the wall. b) Radiograph of a 2 mm HDC capsule (ID) with collapsed p(DCPD-r-NB) foam
(250 mg/cm3 DCPD, 5 wt.% NB, 0.02 wt.% catalyst, filled at Δp= 186.4 Torr, single axis
rotation at 2 rpm for 18 hours). The radiograph was taken after supercritical drying and
shows a complete collapse of the foam caused by a plugged fill hole. ............................ 67
Figure 5-4: Radiograph of a 2 mm HDC capsule (ID) coated with a p(DCPD-r-NB) wet gel
layer (50 mg/cm3 DCPD, 10 wt.% NB, 0.1 wt.% catalyst, filled at Δp=102.1 Torr, rotated
at 10/14.142 rpm for ~2.5 hours, doped with liquid phase iodine). The wet gel in the fill
hole is still intact, but didn’t prevent excess toluene from entering the shell. ................. 68
Figure 5-5: Scanning electron microscopy image of a p(DCPD-r-NB) foam layer (10 wt.% NB,
0.1 wt.% catalyst) casted in a HDC shell. The foam has a very high porosity, which is
illustrated in the magnified image (inlet) and, therefore, relatively unrestricted solvent
exchange through the porous network can be assumed. ................................................ 69
Figure 5-6: Schematic illustration of the cylindrical fill hole with two different unit areas F 1
and F2, separated by a distance of ∂x. The rate of transfer of diffusing substance through
the two different unit areas F1 and F2 is different depending on the gradient of
concentration along the x-axis. As a Gedankenexperiment, where the solvent in the fill
hole is completely exchanged, but the solvent inside of the sphere is not, the
concentration change in the fill hole over time can be illustrated by the blue curves. ..... 70
Figure 5-7: Concentration distribution at various times in the fill hole (length 60 µm) with
initial concentration C0=0 and surface concentration Cs. The supply of supercritical CO2
on the outside of the fill tube is assumed infinite. .......................................................... 72
Figure 5-8: Converting the three dimensional problem of solvent exchange in thin aerogel film
layers in hollow spheres into a one dimensional model to estimate diffusion time.
Assuming an infinite supply of liquid CO2 on the outside of the shell, the diffusion front
in the wet gel moves through the fill hole and along the semicircles over the length of πr.
..................................................................................................................................... 73
Figure 5-9: Concentration distribution for a 2 mm inner diameter sphere layered with a wet
aerogel layer at different times t in the fill hole (length 60 µm) and semicircle (length πr
= 3140 µm) with initial concentration C0=0 and surface concentration Cs. The supply of
liquid CO2 on the outside of the sphere is assumed infinite. ........................................... 74
Figure 5-10: Photographs of a 20 ml glass vial filled with 10 ml of 50 mg/cm3 p(DCPD) wet
gel (0.1 wt.% catalyst, gelled stationary for ~5 hours). 1 ml of a 2 mg/cm 3 solvent blue
35/toluene solution was added after gelation was complete to observe the diffusion front
moving through the wet gel. At t=0s the wet gel is translucent and white in color and the
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dyed toluene solution has not moved through the wet gel. (a) After t=30 minutes the
diffusion front has moved by ~4 mm and has advanced an additional ~4 mm after t=60
minutes (b) and it can be seen to move further as time progresses (c) – (f), although at
higher times the diffusion front seems to move slightly slower. f) After t=180s the
diffusion front has moved a bit further than halfway through the wet gel in the cylinder.
..................................................................................................................................... 76
Figure 5-11: Photographs of 1 cm3 cubical glass cuvettes open on two parallel sides filled with
50 mg/cm3 p(DCPD) wet gel (0.1 wt.% catalyst, gelled stationary for ~5 hours, dyed
with 2 mg/cm3 solvent blue 35/ toluene solution after gelation was complete) that were
placed in a 20 ml vial filled with 10 ml pure toluene at room temperature. a) Initially the
wet gel is dark blue in color, but as the cube is placed in the toluene (d), the dyed
toluene is being washed out of the gel (e). After exchanging the toluene in the vial for
fresh toluene a few times (f-g), the dyed wet gel in the cube is removed (b), leaving a
white and translucent wet gel (c). ................................................................................. 77
Figure 5-12: Solvent exchange in a hollow 2 mm HDC shell through a 30 µm fill hole. The
capsule, partly filled with 1.5 mg/cm3 iodine/toluene (red in color), is submerged in
hexane (clear) and a picture is taken every 5 minutes for 11 days. a) At initial conditions
(t=0 hours), the gas bubble in the shell is clearly visible and the liquid in the shell is dark
red. b) As time progresses, the remaining gas escapes the shell through the fill hole,
which causes the gas bubble inside of the shell to shrink. d-e) After all remaining gas has
escaped the shell and the process becomes completely diffusion driven and as time
progresses a noticeable color change is visible. f) After 11 days the color of the shell
doesn’t change and the solvent exchange is complete. ................................................... 78
Figure 5-13: Critical Point Drying setup: The samples are placed in a 60 mm internal diameter
x 78 mm long pressure chamber that is temperature controlled via a water chiller. The
chamber is completely filled with the solvent that is present in the wet gel and cooled to
10°C. After the samples are placed into the chamber containing the solvent, the access is
door is sealed and the CO2 inlet valve is opened. Once the medium working pressure is
reached, the drain valve is opened slightly until all the solvent is exchanged for liquid
CO2. The supercritical conditions are reached by closing all valves and increasing the
temperature and controlling the pressure with the vent valve. After supercritical
conditions are reached, the chamber is depressurized under isothermal conditions and
subsequently cooled to extract the supercritically dried samples. Not shown is a safety
valve, which is attached to the pressure chamber that bursts if the pressure in the
chamber reaches critical levels. ..................................................................................... 80
Figure 5-14: Comparing the wet gels and dried foams of different bulk pieces of DCPD allows
for the exploration of the robustness of different precursor solution compositions, solvent
exchange techniques, or drying procedures: a) p(DCPD-r-NB) wet gel and corresponding
intact dried aerogel foam (250 mg/cm3 DCPD, 10 wt.% NB, 0.015 wt.% catalyst). The
aerogel shows no signs of shrinkage after supercritical drying and keeps its shape during
the process. b) Not allowing sufficient solvent exchange time caused the dried p(DCPD-rNB) foam (35 mg/cm3 DCPD, 10 wt.% NB, 0.2 wt.% catalyst) to collapse to less than 5%
of its original size, which when taking place in the fill hole, can hinder solvent into and
out of the hollow sphere. c) Dried p(DCPD-r-NB) aerogel foams (35 mg/cm3 DCPD, 10
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wt.% NB) prepared with different catalyst concentrations show partial signs of collapse
except for the developed standard formulation. ............................................................. 81
Figure 5-15: Effect of norbornene addition to 50 mg/cm3 p(DCPD-r-NB) precursor on the final
density of the aerogel. Increasing the norbornene content leads to shrinkage for all foams
with a >10 wt.% norbornene content after a 2-step solvent exchange drying process.
(toluene to acetone to liquid CO2). (image credit: C. Dawedeit, LLNL) .......................... 83
Figure 5-16: 50 mg/cm3 p(DCPD-NB) wet and aerogels with different concentrations of
norbornene (percentage of norbornene relative to pDCPD is shown on vial caps)
undergoing a three step solvent exchange. The toluene is exchanged for ethyl ether for
seven days before acetone and liquid CO2. The dried foam shows no sign of shrinkage.
(image credit: S. H. Kim, LLNL)..................................................................................... 84
Figure 5-17: 50 mg/cm3 p(DCPD-NB) wet and aerogels with different concentrations of
norbornene (percentage of norbornene relative to pDCPD is shown on vial caps)
undergoing a three step solvent exchange. The toluene is exchanged for hexane before
immersion into acetone and liquid CO2. The dried foam shows no sign of shrinkage.
(image credit: S. H. Kim, LLNL)..................................................................................... 84
Figure 5-18: Radiograph of a 2 mm HDC capsule (ID) coated with a p(DCPD-r-NB) wet gel
layer (50 mg/cm3 DCPD, 10 wt.% NB, 0.1 wt.% catalyst, filled at Δp=102.1 Torr, rotated
at 10/14.142 rpm for ~2.5 hours, doped with 1 mg/cm3 iodine/toluene for 5 days [see
chapter 6]) directly before and after supercritical drying. The wet gel in the fill hole is
still intact and was pushed inside of the shell during the supercritical drying process. ... 91
Figure 5-19: Radiograph of a 2 mm HDC capsule (ID) coated with a p(DCPD-r-NB-I2) wet gel
layer (50 mg/cm3 DCPD, 5 wt.% NB-I2, 0.2 wt.% catalyst, filled at Δp = 105.9 Torr,
uniaxial rotation at 2 rpm for 24 hours). The foam layer delaminated around the fill hole
during supercritical drying as a result of the CO2 influx into the hollow shell. ............... 92
Figure 5-20: Cross sectional (tomographic) view of the fill hole of a 1.6 mm HDC capsule (ID)
coated with a p(DCPD-r-NB) aerogel layer (35 mg/cm3 DCPD, 5 wt.% NB, 0.2 wt.%
catalyst, filled at Δp = 144.8 Torr, uniaxial rotation at 2 rpm for 24 hours). The 30 μm
diameter fill hole contains residual foam, which needs to be removed before fill tube
insertion. (tomograph taken by Haibo Huang, General Atomics; analysis and picture
extraction: Tom Braun) ................................................................................................. 93
Figure 5-21: Artificially plugging the fill hole of the ablator shell - from design to completion.
a) The plug consists of a cone frustum with the inverse shape of the fill hole attached to a
bigger base for handling purposes. b) SEM image of the additively manufactured plug
with the exact dimensions of the fill hole to fit precisely. (plugs designed by Tom Braun
and printed by Julie Jackson, LLNL; SEM taken by Patrick Campbell, LLNL) ................. 94
Figure 5-22: Photomicrograph of the plug inserted into the fill hole of a 1.6 mm HDC capsule
(ID) with a fill hole length of 60 μm. The plug is held in place solely by friction without
the use of any adhesive. It fits exactly into the fill hole and is easily removable. ............ 95
Figure 5-23: Photographs of the tip insertion process into the fill hole of a 2 mm HDC capsule
(ID) submerged in water. a) The insertion tip was brought into the right position using
two cameras mounted perpendicular to each other and then slowly lowered. The
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insertion tip was further lowered until it (b) penetrated the liquid’s surface and then is
(c) inserted into the fill hole. d) Once the tip is removed from the fill hole, no damage to
the HDC capsule or fill hole was observed. .................................................................... 96
Figure 5-24: Photographs of the tip insertion process into the fill hole of a 2 mm HDC capsule
(ID) coated with a p(DCPD-r-NB-I2) aerogel layer (50 mg/cm3 DCPD, 5 wt.% NB-I2, 0.2
wt.% catalyst, filled at Δp=100.9 Torr, uniaxial rotation at 2 rpm for ~27 hours). a) The
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around the fill increases. d) Once the insertion tip is removed from the shell, the layer
does not go back into its original shape and stays delaminated. e) The inlet shows a
radiograph of the original uniform aerogel layer inside of the shell. .............................. 97
Figure 5-25: Glass micropipette tip inserted into the fill hole of a 1.6 mm (ID) high density
carbon NIF ablator target. The fill hole size of this particular ablator shell is 30 µm, three
times less than the average diameter of the human hair. ............................................... 99
Figure 5-26: Photographs of a hollow 2 mm HDC capsule (ID) filled with 2 mg/cm 3
iodine/toluene submerged in liquid hexane undergoing cyclical pressurization and
depressurization. a) The gas bubble in the submerged capsule under atmospheric
conditions is well discernible due to the thin wall thickness of the shell. b) Pressurizing
the setup causes the gas bubble to compress and forces liquid hexane into the capsule. c)
During depressurization, a jet of liquid is ejected out of the shell’s fill hole as the gas
bubble increases in size. d)-f) Cycling through pressurization and depressurization of the
submerged capsule forces the solvents into and out of the capsule, which considerably
decreases solvent exchange time. ................................................................................ 100
Figure 5-27: Photographs of the pressurization of a 2 mm HDC capsule (ID) coated with a
p(DCPD-r-NB) aerogel layer (25 mg/cm3 DCPD, 15 wt.% NB, 0.2 wt.% catalyst, filled at
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hollow shell does not rise to the top edge of the shell (compare to Figure 5-26), but
rather to the inner aerogel surface. b) Once the setup is pressurized, the gas bubble
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Figure 5-28: Radiograph of the 2 mm HDC capsule (ID coated with a p(DCPD-r-NB) aerogel
layer (25 mg/cm3 DCPD, 15 wt.% NB, 0.2 wt.% catalyst, filled at Δp=250.1 Torr,
uniaxial rotation at 10 rpm for ~23 hours) after pressure cycling. The foam layer does
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Figure 6-1: Ring opening metathesis polymerization (ROMP) of dicyclopentadiene (DCPD)
and norbornene (NB) in toluene using Grubbs 1st generation catalyst followed by
halogenation of the unsaturated DCPD backbone with iodine in toluene. .................... 106
Figure 6-2: Photographs of a cylindrical glass cuvette open on both ends filled with 50
mg/cm3 p(DCPD) wet gel (0.1 wt.% catalyst, gelled stationary for ~5 hours). One end of
the glass cuvette with the wet gel is placed in an 1 mg/cm3 iodine/toluene bath to
observe diffusion in the wet gel. a) At t=0s the wet gel is translucent and white in color
and the iodine solution has not moved through the wet gel. b) After t=30 minutes the
diffusion front has moved by ~2 mm and can be seen to move further as time progresses

List of Figures

154

(c) – (f). f) After t=360 minutes the diffusion front has moved completely through the
wet gel in the cylinder. ................................................................................................ 107
Figure 6-3: Cross-sectional radiographic image of a 2 mm diamond sphere coated with a 40
μm thick p(DCPD-NB) wet gel layer (50 mg/cm3 DCPD, 10 wt.% NB, 0.1 wt.% catalyst,
filled with ΔP = 102.1 Torr, and rotated at 10/14.142 rpm for ~2.5 hours). a) The wet
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Some excess solvent can be seen at the bottom, but is undistinguishable from the actual
wet gel layer. b) After liquid phase iodine doping, the doped wet gel layer is intact and
distinguishable from the excess solvent. The additional solvent entered the hollow sphere
while it was submerged in the solution of 1 mg/cm3 iodine/toluene............................ 108
Figure 6-4: Cross-sectional radiographic image of a 2 mm diamond sphere coated with a 40
μm thick p(DCPD-NB) foam layer (50 mg/cm3 DCPD, 10 wt.% NB, 0.1 wt.% catalyst,
filled with ΔP = 102.1 Torr, rotated at 10/14.142 rpm for ~2.5 hours, and liquid phase
iodine doped for 7 days) after supercritical drying....................................................... 109
Figure 6-5: Gas phase doping of foam shells: a) Cross-sectional radiographic image of a 2 mm
diamond sphere completely filled with a p(DCPD) foam (30 mg/cm 3, 0.1 wt.% catalyst,
gelled stationary for ~7 hours, and gas phase iodine doped for three days) after
supercritical drying. b) Line intensity profile of an empty shell (black curve), a shell
completely filled with foam before (red) and after gas phase iodine doping (blue), as well
as the predicted intensity profile. The intensity change from an undoped foam in a shell is
indistinguishable from an empty shell, but changes significantly for a doped foam. (image
credit: K. J. Wu, LLNL) ................................................................................................ 110
Figure 6-6: Functionalized comonomers that were synthesized by our group: a) bis-iodonorbornene monomer (NB-I2) and b) tin-norbornene (NB-Sn)..................................... 111
Figure 6-7: Copolymerization approach to iodine and tin doped pDCPD: a) Iodine doped
aerogels can be prepared using a ring opening metathesis polymerization (ROMP)
reaction of DCPD and bis-iodo-norbornene (NB-I2) in toluene. b) Similarly, tin doped
aerogels can be prepared using a ring opening metathesis polymerization (ROMP)
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Figure 6-8: Scanning electron microscopy image of p(DCPD-r-NB-I2) aerogels (50 mg/cm3, 0.2
wt.% catalyst) with increasing bis-iodo-norbornene concentration. p(DCPD-r-NB-I2)
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fibers decreases and the diameter of the individual fibers increases. The inlet in the
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Figure 6-9: Aerogels copolymerized with different amounts of NB-I (25 mg/cm3 DCPD-r-NB-rNB-I with a ratio of (DCPD:NB:NB-I) = (100:15:x) and x = percentage of NB-I, 0.2 wt.%
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Photograph of the wet gel in the glass mold with two open sides. The gel was dyed for
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measurements were done without any dye. b) X-ray absorption and measured iodine
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scales almost linearly with the added copolymer, which influences the X-ray absorption.
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Figure 6-10: Photographs of 50 mg/cm3 p(DCPD-r-NB-r-NB-I2) wet gels in which the
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catalyst in which the norbornene was gradually substituted for bis-iodo-norbornene. The
wet gels become more transparent as the bis-iodo-norbornene concentration increases.
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filled with Δp = 103.8 Torr, and uniaxially rotated at 1.95 rpm for 22h. The coating of
the inner surface of the hollow sphere appears to be very homogeneous. b) Three
dimensional computerized tomography (CT) scan of the same p(DCPD-r-NB-I2) foam
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Figure 6-13: Scanning electron microscopy image of p(DCPD-r-NB-r-NB-Sn) aerogels (35
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Figure 6-14: Cross-sectional radiographic image of 2 mm diamond spheres coated with
p(DCPD-r-NB-r-NB-Sn) wet gel layers: a) 50 mg/cm3 p(DCPD-r-NB-r-NB-Sn), 5% NB,
0.7% NB-Sn, 0.2 wt.% catalyst, filled with Δp = 106.1 Torr, and uniaxially rotated at
1.95 rpm for 23 h. The coating appears to be homogeneous and smooth, albeit some
excess solvent present at the bottom of the shell. b) 50 mg/cm3 p(DCPD-r-NB-r-NB-Sn),
5% NB, 0.8% NB-Sn, 0.2 wt.% catalyst, filled with Δp = 100.0 Torr, and uniaxially
rotated at 1.95 rpm for 23 h. The coating of the inner surface of the hollow sphere
appears to be homogeneous and uniform. ................................................................... 118
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