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Abstract
Current biomedical material research involves the use of a large variety of materials depending
on the specific functions and characteristics required. The high mechanical performances and
the relatively easy forming techniques allowed metals to be the most widely used material for
implantations. Nevertheless, the development of new high performances ceramics is an
established trend in this field because their superior biocompatibility (e.g. alumina and
zirconia) and corrosion resistance. Despite these improvements the replacement of metal with
ceramics is limited, due to the complex shapes or the specific properties required, e.g. electrical
conductivity. An alternative is represented from polymer-derived-ceramics (PDCs)
technology. Starting from a liquid organosilicon polymer, ceramics with free shapes can be
produced using polymer and micro-electrical-mechanical-systems (MEMS) fabrication
techniques such as micromoulding and photolithography. Depending from the selected
application, material properties can be tuned using different starting polymer precursors,
varying the process parameters or adding suitable fillers.
This dissertation is part of the Swiss National Science Foundation (SNSF) research project
CERAMED developed at Empa High Performance Ceramics Laboratory in collaboration with
EPFL Microsystems Laboratory and Bern Inselspital Clinic for Cardiovascular Surgery.
The project aims to combine recent findings in the field of conductive ceramic materials with
advanced micromoulding methods to study novel 3D implantable electrodes for low-power,
long-term pacemaker applications. The scientific work presented here involves the
development of a suitable material that possess all the main requirement, from process to
physical and biocompatibility properties, to replace metals in pacemaker electrodes.
In the first chapter an overview is given of the pacing device, its different components and
biocompatibility of metal electrodes compared to state-of-the-art ceramic ones. Current
advancement in commercial pacemakers and an outlook on research challenges are also
presented. Fundamentals of PDCs technology such as precursors, fillers and processing are
introduced in chapter one. Specific topics regarding electric conductivity, filler suspensions
and carbon nanotube (CNTs) composites are presented in more details at the beginning of each
following chapter.
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The second chapter contains a detailed description of the technical approach to obtain a crackfree and electrically conductive ceramic from commercial polycarbosilane SMP10. The
proposed fabrication method is based on the addition of divinylbenzene as liquid carbon
precursor. When an optimum divinylbenzene amount is added, hydrosilylation is promoted and
ceramic crack-free disc samples up to 10 mm in diameter can be produced. The advantages of
the developed method are the use of a liquid-fabrication route, where the precursor can replicate
any mould shape without limitations, and a pressureless curing step. The process is also
demonstrated suitable also for production of microsized samples. A further advantage in the
addition of divinylbenzene to polycarbosilane SMP10 is the development of a carbon
percolative network after pyrolysis that raise the electrical conductivity up to 1 S/cm. Due to
these favorable characteristics the material is used as a matrix for the development of novel
ceramic composites described in the following chapters.
Chapter three presents a novel and efficient method for CNTs dispersion. The polycarbosilane
SMP10 and the polysilazane Ceraset are shown to be able to cover the nanotube wall if
hydrosilylation is induced with a Pt(0) catalyst. The result is the stable suspension of CNTs in
several organic solvents. Process parameters such as catalyst amount and sonication time are
investigated and optimized. This work shows that the developed method is comparable with
traditional ones based on surfactants and it also has several advantages: it is simple, can be
completed in few minutes, and an up to 0.50 mg/ml of CNTs are suspended, which is a
sufficient concentration for many applications.
Chapters four analyze the preparation of a CNTs-ceramic composite. Despite the filler
presence, the process maintains all the peculiarity of the original matrix with a pressureless
fabrication method suitable for the production of micro and macro samples. However the
effects of nanotubes introduction do not significantly improves the electrical properties of the
ceramic due to the already high carbon content of the matrix. In addition the more complex
process leads to a higher cracking probability during pyrolysis. All the results are critically
discussed and compared with existing methods in PDC technology.
Chapter five analyzes the cytotoxicity of the ceramic developed in chapter two. The test,
conducted in comparison with standard biocompatible materials such as alumina and biogradestainless-steel, demonstrates the non-cytotoxicity of the developed material and its potential
use in medical applications.
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Astratto
La ricerca in campo biomedico coinvolge l’uso di una vasta varietà di materiali a seconda
dell’utilizzo e delle proprietà richieste. Nel caso di impianti biomedicali i metalli sono il
materiale più utilizzato date le loro elevate prestazioni meccaniche e la relativa semplicità nella
formatura. Ciononostante, è sempre più diffuso l’uso di ceramici ad elevate prestazioni, come
di allumina e zirconia, per la loro superiore biocompatibilità e resistenza all’usura. La
sostituzione di tradizionali impianti metallici con ceramici è comunque limitata. Uno dei motivi
è la richiesta complessità geometrica dell’impianto o la necessità da parte del materiale di
possedere specifiche proprietà come ad esempio un’ elevata conducibilità elettrica.
Un’alternativa ai ceramici tradizionali è rappresentata dai cosiddetti polymer-derived-ceramics
(PDCs). Questa tecnologia è basata sull’utilizzo di organosiliconi liquidi e permette di produrre
ceramici con forme complesse utilizzando processi di produzione tipici di polimeri e microelectrical-mechanical-systems (MEMS) come microstampatura e fotolitografia. Le proprietà
del ceramico cosi prodotto possono essere modificate in base all’organosilicone utilizzato, ai
parametri di processo utilizzati o tramite la realizzazione di un composito con l’aggiunta di una
specifica fase dispersa alla matrice.
Questa dissertazione è basata sul lavoro svolto nell’ambito del progetto di ricerca
“CERAMED” sviluppato nel High Performance Ceramics Laboratory dell’Empa in
collaborazione con Microsystems Laboratory dell’EPFL e Clinic for Cardiovascular Surgery
dell’ospedale universitario di Berna. Il progetto è supportato dal Fondo Nazionale Svizzero per
la ricerca scientifica (FNS). Unendo le recenti scoperte nel campo di ceramici elettricamente
conduttivi con avanzati metodi di microformatura, il progetto si pone come obbiettivo lo studio
e la realizzazione di nuovi elettrodi per pacemaker che garantiscano un basso consumo della
batteria e quindi una vita maggiore dell’impianto. Il lavoro presentato in questa tesi riguarda lo
sviluppo di un materiale ceramico che possegga i requisiti fondamentali, dalla formabilità alle
proprietà fisiche e di biocompatibilità, per sostituire gli attuale elettrodi in metallo presenti nei
pacemaker.
Nel primo capitolo è presentato il funzionamento di un pacemaker, i suoi componenti
principali, e il confronto tra la biocompatibilità di elettrodi in metallo e ceramici attualmente
disponibili. Sono inoltre inclusi recenti sviluppi e prospettive future. Successivamente sono
introdotti anche concetti base riguardanti i PDCs come i vari tipi di organosilicone, l’effetto
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dei parametri di processo e la realizzazione di compositi. Argomenti specifici come
conducibilità elettrica, sospensioni e realizzazione di compositi con nanotubi di carbonio
(CNTs) sono presentati in maggiore dettaglio all’inizio del capitolo riguardante tale argomento.
Il secondo capitolo contiene la descrizione del processo per produrre ceramici integri ed
elettricamente conduttivi utilizzando il policarbosilano commerciale SMP10. Il metodo di
fabbricazione proposto consiste nell’utilizzo di divinilbenzene come fonte di carbonio. Con
l’aggiunta di una quantità ottimale di divinilbenzene si promuove la reazione di idrosililazione
con il policarbosilano permettendo la realizzazione di campioni ceramici monolitici delle
dimensioni di 10 mm. I vantaggi stanno nell’utilizzo di reagenti liquidi che facilitano la
realizzazione di ceramici con geometrie complesse e l’assenza di pressione durante la cura del
polimero. L’applicabilità del processo è inoltre dimostrata anche per campioni in scala
micrometrica. Un ulteriore vantaggio nell’aggiunta di divinilbenzene al policarbosilano
SMP10 è la creazione, dopo pirolisi, di un reticolo di percolazione nella microstruttura del
ceramico. Tale reticolo è composto da carbonio ed incrementa la conducibilità elettrica del
materiale fino a 1 S/cm. Grazie alle sue caratteristiche favorevoli, il materiale sviluppato è
utilizzato come matrice per realizzare i compositi ceramici descritti nei seguenti capitoli.
Il terzo capitolo presenta un nuovo ed efficiente metodo per la dispersione di CNTs. Grazie
alla reazione di idrosililazione indotta con l’utilizzo del catalizzatore Pt(0), policarbosilano
SMP10 e polisilazano Ceraset possono infatti ricoprire la superficie dei singoli nanotubi
realizzando una sospensione stabile in diversi solventi organici. Parametri come quantità del
catalizzatore utilizzato e durata della sonicazione sono investigati e ottimizzati. Il metodo è
dimostrato essere comparabile con quelli tradizionali basati sull’utilizzo di tensoattivi e ha vari
vantaggi: è semplice, la sospensione è realizzata in pochi minuti e possono essere sospesi fino
a 0.50 mg/ml di CNTs che sono sufficienti per molte applicazioni.
Il quarto capitolo analizza la preparazione di un composito a matrice ceramica rinforzato con
CNTs. Nonostante la presenza dei nanotubi di carbonio, il processo mantiene le peculiarità
descritte nel secondo capitolo essendo condotto senza applicare pressione ed è adatto per la
produzione di campioni in macro e micro scala. Le proprietà elettriche del composito non
differiscono significativamente da quelle della matrice a causa della già elevata presenza di
carbonio in quest’ultima. In aggiunta il processo di fabbricazione del composito risulta più
complesso e ciò porta ad avere una maggiore probabilità di frattura dei campioni durante la
pirolisi. In questo capitolo i risultati sono quindi criticamente discussi e confrontati con altri
metodi utilizzati per PDCs.
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Il quinto capitolo analizza la citotossicità dei ceramici sviluppati nel secondo capitolo. Il test,
che mette a confronto i campioni prodotti con materiali standard quali allumina e acciaio
biocompatibile, dimostra la non citotossicità del materiale investigato e il suo potenziale uso
per applicazioni in campo medico.
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1 Introduction

Introduction
This work presents a novel ceramic-based pacemaker electrode, with a focus on its fabrication
method, material characterization and in-vitro evaluation. Implantable electrodes for
monitoring and stimulation of the heart have been implemented in various shapes using several
conductive materials. Metals such as titanium or platinum have been the material of choice for
electrodes due to their high conductivity and ease of machining. However, metals show only
limited biocompatibility and body tolerance during long term implantation times resulting in
local inflammations and fibrosis at the interface with the tissue [1]. Fibrosis increases the
interface resistance, which in turn decreases the signal transmission eventually rendering the
sensing or stimulation impossible. In order to overcome these limitations several approaches
based on the coating of the metal have been developed [2-4]. However, the proposed solutions
show long-term limitations due to coating instability, prompting the development of
alternatives based on non-metallic electrodes [5]. Ceramic materials have already been proved
to possess biocompatibility and high mechanical properties. Products such as Bioglass, On-X
and hydroxyapatite-based materials are widely used in diverse biomedical applications from
heart valves to bone replacement [6-8].
Polymer derived ceramic processing methods (PDCs) were used for the electrode fabrication.
PDCs were discovered about 40 years ago by Verbeek [9] and developed with the work of
Yajima [10, 11]. This technology starts from inorganic/organometallic polymers with defined
and precise chemistry called precursors. These appear as a liquid or as a solid powder which is
heated or dissolved with organic solvents to make it liquid. The polymeric precursor is then
shaped using plastic forming methods and cured in a solid resin. In a final pyrolysis step the
resin is transformed in a ceramic with tailored composition. Typical microstructures obtained
after pyrolysis are SiC, SiCN or SiCO glasses. By changing the pyrolysis conditions, such as
temperature, time and atmosphere, it is possible to form a microcrystalline SiC-Si3N4 ceramic
with enhanced electrical properties [12]. PDCs are used in selected fields including automotive,
aerospace and MEMS [13]. In biomedical field PDCs are investigated for applications as
bioelectrode material [14, 15] and blood-contact applications [16].
On the other hand, several scientific and technical difficulties still exist in the realization of a
microsized ceramic via PDCs liquid route [17]. The polymer-ceramic transformation process
1
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and microstructural reorganization during pyrolysis are linked to gas evolution, shape
distortion and large shrinkage [18]. Typical solutions, such as hot-pressing of the cured
polymer powder, reduce the shaping advantage given by the liquid precursors and are therefore
not suitable in microfabrication. Even more difficulties exist in the realization of ceramic
composites, where the homogeneous dispersion of the filler is a key point to improve material
properties. The amount of added fillers affects the viscosity of the precursor, limiting size and
forming methods, while the different thermal expansion coefficient can lead to crack formation
during processing. In biomedical applications, the development of composites requires a
careful choice of both matrix and filler. Their biocompatibility have to be considered first,
limiting the possible options of suitable materials.
The core of this thesis is to develop a material that is biocompatible, electrically conductive,
microsized and mechanically stable. These are the necessary requirements to its employment
as electrode for pacemaker applications. The interest of this research is not limited to
pacemakers but the obtained results can give new insight and widen the field of possible
applications of PDCs technology.
The research is then focused on the following specific steps:
 Development of a processing method to obtain of a dense, crack-free sample via liquid route
from micro to macro scale.
 Characterization of the ceramic microstructure and assessment of the mechanic and
electrical properties.
 Study and characterization of the key process parameters for a homogeneous and efficient
dispersion of fillers to improve the ceramic properties.
 Realization of a ceramic composite via liquid route and characterization of microstructure
and electrical properties.
 Study of the effect of process and microstructure on the biocompatibility of the material.

2
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Literature overview
2.1 The cardiac muscle
The heart is the most stimulated organ in our body. It starts pulsing already a few weeks after
conception and it continues without interruption for the whole life. Differently to other muscles,
contraction is independent from the nervous system and only the rate is unconsciously
controlled by the autonomic nervous system, which can accelerate or slow it to adapt to the
needs of the body. The electrical impulses that trigger the cardiac contraction are generated
spontaneously by specialized heart cells called pacemaker cells located in the sinoatrial node
(SA node) [19]. Once activated, the electric wave is “channeled” in the heart conduction system
shown in Figure 2.1. After the stimulation of the left and right atria, this “wave” reaches the
atrioventricular node (AV node) and is delayed. Without this delay, the atria and ventricles
would contract at the same time preventing blood to flow unidirectionaly. The signal then
proceeds through the “bundle of His” where it splits in two and is transmitted to the right and
left ventricles walls through the Purkinje fibers [20].

Figure 2.1: cross section of the cardiac muscle and its conduction system. The arrows indicate the direction
of the contraction signal from the SA node to both ventricules [21]

The cardiac cycle is initiated by few autorhythmic cells, that trough a rapid ion exchange across
the cell membrane can autonomously generate an “action potential”, which starts the
contraction [22]. As illustrated in Figure 2.2, the cell is initially at a negative potential of -60
mV due to a large presence of Na+ and Ca++ ions in the extracellular space, which are not
balanced by the intracellular K+ ions. In the first phase Na+ slowly enter into the cell, through
3
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the so called “funny channels”, bringing the membrane potential to -40 mV. This potential
value activates voltage-gated ions channels. These allow a rapid influx of Na+ and Ca++ that
depolarize the cell to 0-10 mV before their closure. In the last phase the cell is polarized to the
original state at -60 mV by an excess of K+ efflux. From this point, the self-activation
mechanism of the cell, that depends only on the threshold level of the ions channels, starts
again.

Figure 2.2: Action potential of autorhythmic cell and description of the phases [23].

Autorhythmic cells are present in several zones of the heart. In a normal person the ones in the
SA node control the contraction and generate a heartbeat of 60-100 bpm. If these would not
activate, then the ones in the AV node take over as the main pacemaker of the heart but the rate
slows to 40-60 bpm. If both SA and AV nodes fail, the pacemaker cells in the bundle branches
and Purkinje fibers can trigger a contraction of 20- 40 bpm [24].
The action potential generated by the autorhythmic cells is transmitted, via the conduction
system described previously, to contractile cells. These cells constitute the 99% of the heart.
Their working principle [25] is also based on the depolarization of the cell membrane through
ion exchange and is shown in Figure 2.3. The resting potential is at -90 mV and the threshold
for activating depolarization trough Na+ voltage-gated channels at -70mV. Differently from
pacemaker cells in Figure 2.2, contractile cells show a long refractory period where they are
unable to contract. This is caused by the inflow of Ca++ during repolarization, which opposes
to the K+ outflow, delaying the repolarization. The refractory period avoids arrhythmias by
limiting the maximum heart rate.
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Figure 2.3: Action potential of a contractile cell [25].

2.2 Pacemakers: types and working principle
A pacemaker is a device used to stimulate the cardiac muscle when the natural stimulation is
no longer present (asystole) or is present with irregularities (bradyarrhythmias). The first
experimental pacemaker is dated 1932 [26], while in 1959 a fully implantable pacemaker was
commercially available [27]. This early models weighted 180g and the stimulation was always
present at fixed rate (1 Hz). Many improvements in reliability, performance, miniaturization
and form have been made to date. Modern devices weight less than 30 g and require only one
day hospitalization. In most cases normal daily activities and sport are still possible for the
patients. Because of the implemented sensors and pacers functions, modern pacemakers adapts
the heart rate to the body requirements and pace only if the natural stimulation is lower than a
sensing threshold. This assures a longer battery life and a safer stimulation, since there are not
stimuli overlap. As shown in Figure 2.4A a pacemaker can be divided in three main
components: 1) the pulse generator, inclusive of a controller chip and Li-Iodine battery, 2) the
lead(s) and 3) the electrode(s). These components are implanted according to the scheme in
Figure 2.4B. The pulse generator is placed in a small pocket under the collar bone and the lead,
about 50 cm long and 1.2-2.5 mm in diameter, is introduced into the heart through the cardiac
vein. The electrode is fixed against the cardiac wall, usually in the right atrium and/or ventricle.
Once the pacemaker is operational the contraction occurs because the applied electric stimulus
charges the myocardial cell membrane and triggers a chain reaction that involves the whole
cardiac organ.

5
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Figure 2.4: A) pacemaker main components [28] B) scheme of the heart with an implanted pacemaker [29]
C) Passive and active electrode fixation type [30].

The electrode is one of the most important feature of a pacemaker. It is in direct contact with
the heart, it must assure a safe fixation and an adequate signal. Patented solutions are
multiple [31, 32], but in general they can be divided in two classes, as shown in Figure 2.4C,
based on the fixation mode: active or passive. The choice mostly depends upon the patient age
and heart conditions. An active fixation electrode has extremely reduced dimensions. The
screw wire diameter is about 0.3 mm [33] and the helix diameter is about 0.7 mm. The
advantages are a simple fixation and a lower dislodgment risk, in particular if there are not
traberculae or if a different location than sinoatrial node has been selected for pacing. This
thanks to the screw shape electrode which can be directly implanted in the muscle. However,
there is the risk of perforation, in particular for elderly patients. Passive electrodes are initially
placed at the endocardium using barbs and are subsequently fixed by the growing fibrotic
tissue. While less invasive, the main risk is a displacement in the first weeks after surgery when
the fibrotic tissue is not yet developed.

2.2.1 Electrode-tissue interaction
The introduction of a foreign body in the human tissue is always followed to an inflammatory
response [34]. The pacemaker electrode is considered a threat for the body and the immune
system activates to neutralize it. The foreign-body response involves a complex sequence of
events, schematized in Figure 2.5. Initially, the adsorption of proteins on the object’s surface
activates the attack of monocytes and macrophages, which try to adsorb the foreign body like
a virus or bacteria. Being not possible due to the implant size, the inflammation is then
considered chronic. Foreign-body giant cells (FBGCs) are formed through the fusion of several
macrophages and surround the electrode. After about 6 weeks the electrode is encapsulated in
a sheath and isolated from the rest of the body. The thickness of this insulating tissue was
6
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measured to be 0.76 ± 0.43 mm for pacemakers and 1.08±0.60 for implantable-cardioverterdefibrillator [35] after 4 ± 3.3 years from implantation.

Figure 2.5: A) Scheme displaying the events associated to foreign body response that lead to the formation
of fibrotic tissue [34] B) Illustration of an electrode encapsulated in fibrotic tissue. [36]

With fibrosis encapsulation, the electrode surface is not in contact anymore with contractile
cells but separated by non-excitable tissue. The generated electric field (or current density) is
weakened and more charge must be supplied by the pulse generator to induce the same
stimulating effect. Because current drained from the battery depends upon the applied voltage
and its length, the battery life is inevitably shortened.
Nowadays average battery life is up to 10 years but it depends from patient to patient [37].
Battery replacement is a simple surgery procedure, since the new one can be directly connected
with previously implanted leads. However, there are risks related to long term pacing with the
stimulated zone becoming inactive, lead failure due to corrosion, degradation of the polymeric
coating and device infection [38]. These events force to substitute the whole implant with a
new one. However, with the electrode tightly sealed by the fibrotic tissue in the myocardium
wall, such intervention can lead to perforation and other major consequences. The most
common solution is to insert new leads leaving the old one in place. In extreme cases the
described procedure can be repeated several times, highly increasing the probability of
thrombosis and infections.
It is therefore clear that a reduction or elimination of the fibrotic tissue is beneficial. An
effective approach is the miniaturization of the electrode, whose dimensions are directly related
to the amount of fibrotic tissue. As visible in Figure 2.6A technological progress made possible
a miniaturization from 6-12 mm2 [39, 40] to 1.2-1.5 mm2, while maintaining comparable
performance [41, 42].

7
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Figure 2.6: A) Progress in the miniaturization of passive electrodes thanks to the introduction of porous
tips and steroids elution [28]. B). Surface of a fractally coated pacemaker electrode at various
magnifications [43] C) Active and passive fixation leads [44]. The arrow indicates the steroid-eluting collar

The main contribute to size reduction is given by the introduction of porous and fractally coated
electrodes. Activated carbon, titanium nitride, iridium or platinum are usually the materials of
choice for the coating. Figure 2.6B shows a fractal coated electrode [43].Each hemisphere is
covered by smaller hemispheres, with a continuous decrease in the size of the covering
hemispheres. Each deposition step increases the electrochemically active surface area by a
factor 2 increasing the final surface up to 212 times [42]. The high surface area improves
considerably the sensing of natural stimulation in small electrodes which was the main problem
encountered in microsized smooth electrodes [45].
Together with device miniaturization, the use of steroids such as dexamethazone sodium
phosphate reduces inflammatory response and encapsulation. A localized elution occurs from
a reservoir inside of the electrode through the porous structure, or from a polymeric ring at the
base of the electrode (Figure 2.6C). As shown in Figure 2.7 this solution is proven to be the
most effective when applied in combination with porous electrodes. The activation threshold,
that is a direct consequence on the amount of fibrosis, is significantly reduced in the first weeks
after implantation. Steroids benefits are long term, since only small quantities of steroid are
required for its stimulation threshold lowering effect, which continues clinically to at least 10
years [46, 47].
8
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.
Figure 2.7: comparison between different surface finishing and materials necessary to assure an adequate
pacing after implant. The best results, that correspond to the lower pulse-width, are obtained when a
steroids eluting system is present in combination with a porous surface [40].

2.2.2 Electrode design and materials
In the last 30 years, several electrode materials have been used, e.g. titanium and carbon. Metals
are nowadays the preferred clinical choice, due to their simple machinability, high mechanical
resistance and electrical conductivity. However, metal implants made of stainless steel,
titanium and CoCrMo alloys have been reported to release metallic ions into surrounding
tissue, blood and urine [48, 49]. Released metal ions may cause many adverse physiological
effects: cytotoxicity, genotoxicity, carcinogenicity and metal sensitivity [50-52]. In the case
of electrodes, continuous electrical stimulation is believed to accelerate the ion release thus
damaging the surrounding tissue [53]. Platinum and platinum/iridium alloys, with their higher
corrosion resistance and biocompatibility, represent state-of-the-art in bio-electrodes.
However, dissolution in physiological environment is reported to take place, even though at
lower rate [54].
Alternative materials to improve biocompatibility and reduce fibrosis, is an increasing area of
scientific interest, not only for pacemakers, but also for nerve

[55] and deep brain

stimulation [56]. For the similarities between brain and cardiac electrodes, the presented
approaches are also advantageous for the development of the next-generation of cardiac
pacemakers. The main challenge for future electrodes remains the scar-tissue/fibrotic
encapsulation that isolates the device from the target cells, monocytes or neurons, diminishing
its functionalities, regardless of material composition. Metal, ceramic and polymers offer
distinct characteristics either in the processing, cost, sensitivity, signal quality and
9
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biocompatibility but there is not yet a dominant approach. Mechanical properties and long term
stability are a serious issue for polymer and carbon microelectrodes, while biocompatibility
and fabrication limitation (i.e. insufficient depth, invasive size) are associated with silicon and
ceramic electrodes.
An interesting approach for brain stimulation is a multi-array electrode [57] produced from
silicon wafers, where the active sites are sputtered with metal. The Utah Electrode Array, used
for wireless neural interfaces and shown in Figure 2.8A, is probably the best known example.
Contact material is platinum although iridium oxide has been investigated [58] despite an
inferior in-vitro biocompatibility [59]. To enhance device-tissue interaction, the Utah Electrode
Array is coated with an alumina /Parylene-C bilayer, which is reported to improve the in-vivo
lifetime [60]. Parylene is the trade name of a poly(p-xylylene) polymer, which can be deposited
by chemical vapor deposition and possess attractive properties such as chemical inertness, low
dielectric constant (εr = 3.15) high resistivity (~1015 Ω cm) and relatively low water vapor
transmission rate of 0.2 g mm m−2 day−1.
Another silicon-based microelectrode for measuring the neural activity is the so-called
Michigan probe [61]: a 2D silicon shank electrode with multirecoding sites, usually in iridium.
Compared to 3D microelectrodes the process is highly reproducible and customizable. The
surface is also covered with Parylene-C to improve the biocompatibility.

Figure 2.8: A) The image shows a 10*10, 1.5mm long, 400 micron pitch Utah Neural Wireless Electrode
array for communicating with individual neurons from the brain. The substrate consists of machined
crisscross channels which are 500 μm deep, filled with glass frits (insulator between each electrode), with
backside metallization (not visible in the picture) using microfabrication techniques for integration with
the electronics. The front side of the array is machined into 100 electrodes on a wafer level followed by acid
etching of the columns to form pointed needles with fine surface texture. The tips of all the electrodes are
coated with Iridium oxide in order to communicate with neurons during the stimulation and recording
from the brain [62]. B) Photomicrograph of the tip of the 125 µm thick ceramic-based multisite
microelectrode and recording sites. This version has 4 serial, 50 µm × 150 µm recording sites that are spaced
200 µm center-to-center and begin 1 mm from the microelectrode tip. The total length of the microelectrode
is approximately 1 cm. The recording sites are realized in Platinum and further coated with selected
polymers to allow the detection of ʟ-lactate. The sites are located in a fixed arrangement and possess the
same active area. Well-defined and matched recording sites, allow comparison of individual signals
including self-referencing recordings. The tip width (not visible) is 5–10 µm [63]
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2 Literature overview

Not only silicon technology has been considered for the fabrication of neural probes. Figure
2.8B shows an alumina based micro-electrode fabricated by Burmeister et al. [2]. The aim of
the developers is to fabricate a multisite microelectrode, sufficiently inexpensive to be
disposable, that can be applied for in vivo electrochemical measurements of neurotransmitters
activity over a period of a few days. The use of an alumina substrate offers higher stiffness
compared to silicon and therefore a better control when placing the electrode. Due to the inert
ceramic substrate, there is decreased signal cross-talk between platinum recording sites and is
not necessary to insulate the contacts from the substrate. This makes the fabrication process
simpler and cheaper compared to silicon probes.
Pure carbon is well accepted from the immune system because is bioinert and biostable, i.e.
not-toxic product are generated from wear or corrosion [64]. Among all the allotropic forms of
carbon, CNTs offer high aspect ratio and attractive electrochemical properties. CNTs have been
reported to improve sensing ability and reduce inflammation of the tissue [65]. Examples of
CNTs biosensor have been reported by Gabay et al. [66]. CNTs islands were fabricated on
TiN conductive tracks to record extracellular signals from cultured rat cortical cells. After 14
days in culture, neuronal cells spontaneously migrate and adhere onto the electrode surface.
The extracellular signal was recorded with a higher signal-to-noise ratio compared with
commercial TiN electrodes. This experiment demonstrates the excellent biocompatibility of
CNTs islands and signal quality. Carbon nanotubes are especially promising material, due to
the fact that the surface can be functionalized. With functionalization is possible to immobilize
target molecules (e.g. enzymes, proteins, drugs and DNA) to enhance the response signal [67].
Another proposed carbon based bio-electrode uses carbon fibers in a multi array
disposition [68]. The reduced dimensions of the fibers and the high Young’s modulus allow
insertion without causing substantial injury in the brain. With this method a sufficient
penetration depth and a larger recording radius compared to the Utah array is achieved.
A novel approach is the use of conductive polymers (e.g. poly(3,4-ethylenedioxythiophene)
and Polypyrrole) as coatings for the electrodes. Polymeric coatings can moderate the
mechanical mismatch between soft tissue and rigid probe. This mismatch has been found to be
related to gliosis, that similarly to fibrosis, isolates the electrode reducing the efficiency in
cortical implants [69]. Conductive polymers provide a softer electrode–tissue interface, have
both ionic and electronic conductivity and can be functionalized or decorated with
biomolecules to enhance electrode–tissue integration [70].
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2.2.3 Leadless pacemakers
Between 6 and 10 % of patients suffer from post-operative complications after a transvenous
pacemaker implantation [71]. Almost all of them are related to the subcutaneous pocket of the
pulse generator (e.g. hematoma, skin erosion, pocket infection) or to the lead placement (e.g.
pneumothorax, cardiac tamponade, lead dislodgment). Moreover leads can also fail due to
defects in the polymeric insulation, usually polyurethane or silicon. Hauser et al. [37] reported
that lead failure does not lead to any major adverse clinical events when detected during routine
follow-up. However the following lead extraction was associated with a 5.6% complication
rate, including one death. The other source of major complications in long term are pulse
generators. These have to be replaced after 7-10 years due to battery depletion [72]. Battery
replacement is simpler than a new implant but it may lead to complications that place the patient
at substantial risk [73]. Major complications involve about 4% of the patients, up to 15% when
also the lead is also replaced or the device upgraded [74].
These problems brought leadless pacemaker to be an increasing field of research. Compared to
traditional pacemakers, they are safer and simpler to implant, avoiding further complications.
The first proof of concept was tested on animals already in 1970 [75], demonstrating that a
leadless pacemaker was possible. This first model was powered with a nuclear battery with
high energy density and lasted for several years. However, concern about the possible risks
prompted the development of alternative technologies. The main challenge was represented by
the battery life. In a device of few millimeters, the energy of a conventional battery is exhausted
in extremely short time and is not adequate to the current life expectance. Only in 2013 the first
model of wireless pacemaker Nanostim™ (St. Jude Medical, Sylmar, CA, USA) became
available on the market. Shortly after, also the Micra™ Transcatheter Pacing System
(Medtronic, Minneapolis, MN, USA) became available. Both devices are displayed in Figure
2.9 together with a traditional pacemaker.
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Figure 2.9: Nanostim and Micra leadless pacemakes compared with a traditional one [76].

According to manufacturer specifications, summarized in Table 2.1, the battery is expected to
last about 10 years. A first trial was conducted between 2012 and 2013 on 33 patients by Reddy
et al. [77] reporting a complication-free rate of 94% after 3 months, in line with conventional
pacing systems. The following 1 year study on the same patients demonstrated very stable
device performance and long-term safety [78].
Leadless pacemakers are appropriate only for single-chamber pacing and not suitable for dualchamber sensing and pacing. Furthermore, there are no long term studies and consequently no
available data whether pacemaker retrieval may be possible after several years of implantation.
If not possible, an additional device has to be inserted and is not known how this will influence
its safety and functionality. Larger studies are ongoing to evaluate the safety of the leadless
device design.
Specifications
Volume (cm3)
Length (mm)
Weight (g)
Introducer size (French)
Primary fixation mechanism
Secondary
fixation
mechanism
Pacing mode
Rate response sensor
Energy supply
Battery
Battery longevity (years)
Device retrieval option
Telemetry

Nanostim™
1
41.4
2
18
Screw-in helix
Nylon tines

Micra™
0.8
25.9
2
23
Self-expanding nitinol tines

VVI/VVIR
Temperature
Integrated battery
Lithium
carbonmonofluoride
9.8
100%/2.5 V/0.4 ms/60b.p.m.
Yes
Conductive

VVI/VVIR
Accelerometer
Integrated battery
Lithium
silver
vanadium
oxide/carbon monoflouride
10
100%/1.5 V/0.24 ms/60 b.p.m.
Yes
Radio frequency

Table 2.1: Specifications of implantable leadless pacemakers Nanostim and Micra [79]
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2.2.4 Outlook: pacemakers research challenges
Key challenges associated to traditional pacemakers also apply to leadless pacemakers.
Improvement of battery life, size reduction and higher device-tissue integration are
continuously investigated.
One of the main research focus is directed toward an efficient lifetime energy source. New
solutions aim to convert and store the chemical, mechanical, electrical and thermal energy
produced by the body. Notable examples are biofuel-cells implants based on the oxidation of
glucose [80], or tattoo-like and wearable biofuel cells that work with sweat [81]. The main
limitations of these methods are the low conversion rate and the low energy density, making
them not yet suitable for implantable medical devices. Another approach is the conversion of
mechanical energy from breathing or walking, using flexible nanogenerators [82]. A
breakthrough result was reached in 2014 by Hwang et al. [83], with the fabrication of a single
crystalline piezoelectric thin film on a polyethylene-terephthalate (PET) substrate, capable to
produce a current signal up to 0.223 mA and an output voltage of 8.2 V upon bending. This
was demonstrated to be sufficient to stimulate the cardiac muscle of a rat and potentially of a
human. Similar results were also obtained using a triboelectric nanogenerator (TENG) to
convert the mechanical energy of a rat breathing into electricity. The stored energy was then
used to activate a pacemaker prototype [84].
A different approach, aiming to a batteryless implant, is represented by wireless energy-transfer
devices [85]. In this case, only a small receiver chip is implanted with electrodes. The necessary
energy is transferred through the body using electromagnetic waves generated by an external
power source. The main advantages are the absence of an energy generator within the body
and the drastic size reduction of the implant. So far this has been demonstrated in-vivo on
ovines and rabbits [86, 87].
Studies about extreme device miniaturization aims to interface nano electrodes with singlecell [88]. This field of research is focused in improving the sensing and stimulation of singlecell activities such as neurons and other mammalian cells [89, 90]. Huys et al.

[91]

demonstrated that tungsten nanopillars can penetrate a living cardiomyocyte membrane and
directly stimulate it. This result is of particular importance if applied in cardiac stimulation,
where a complete heart contraction starts from a single cell signal.
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2.3 Polymer Derived Ceramics
PDCs precursors are based on silicon chemistry and a general formula of an organosilicon
polymer suitable for the synthesis of ceramics is presented in
Figure 2.10.

Figure 2.10: Schematic general representation of the molecular structure of preceramic organosilicon
compounds [92]

The backbone X element defines the class of the polymer such as: poly(organosilanes) with
X=Si,

poly(organocarbosilanes)

with

X=CH2,

poly(organosiloxanes)

with

X=O,

poly(organosilazanes) with X=NH, and poly(organosilylcarbodiimides) with X=[N=C=N]. R1
and R2 are usually hydrogen, aliphatic or aromatic groups. The main preceramic polymers
classes are summarized in Figure 2.11. Among these, polysiloxanes, polycarbosilanes and
polysilazanes are commercially available, while the other classes must be synthetized.
The precursors can be either liquid or solid depending from their molecular architecture and
weight. If solid, can be dissolved in organic solvents or molten at low temperature (<150°C).
PDC processing is composed of the following steps: 1) shaping of the liquid precursor 2) curing
of the precursor in an infusible polymer resin 3) pyrolysis of the resin and conversion in a
ceramic.

Figure 2.11: Main classes of Si-polymers as precursors for ceramics [92]
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2.3.1 Shaping and processing of PDC
The polymeric nature of the precursors allows a large variety of forming methods for the
processing of coatings, fibers, porous and bulk components with complex shapes [92].
Differently from traditional ceramics, PDCs do not require any binders, therefore simplifying
the process and avoiding possible residues and porosity.
Fibers and ceramic matrix composites. The first commercial application of PDC was in the
production of ceramic fibers such as Tyrannos and Nicalon where polycarbosilane is spun to
SiC fibers for high temperature applications [93]. Thanks to the polymeric form of the
precursor, fiber diameter can be as little as 15µm, compared to the 75 µm of chemical vapor
deposition (CVD) process. Ceramic fibers, but also powder compacts, can be embedded in a
preceramic matrix via resin transfer molding to obtain a Ceramic matrix composites (CMC),
for example SiC/SiC and Cf/SiC [94-96]. The infiltration step is facilitated by the liquid form
of precursors and high density ceramic composite are produced. The infiltration step of SiC
powder compacts was reported to be efficient also without applied pressure or vacuum [97].
Starting from a liquid polycarbosilane with low viscosity the residual porosity was lower than
1% after 6 infiltration cycles.
Porous ceramics. For the productions of SiC, SiCN and SiCO foams and porous ceramics with
controlled porosity in the micro-meso-and macro scale, several methods have been
proposed [98]. One of the most investigated is sacrificial templating. After mixing or
impregnating the template with the precursor, the template is removed, leaving a porous
ceramic structure. The templates are usually polymers, silica-based and carbonaceous
structures.
Large and disordered porosity is accomplished by simply impregnating polyurethane foams or
sponges with the precursor [99, 100]. The pore size, as shown in Figure 2.12A is usually in
the order of 300-700 µm up to 1 mm. A pore size of 15-20 µm was achieved impregnating
pinewood with polycarbosilane [101].
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Figure 2.12: microstructure of porous ceramic produced with different methods: A) infiltration of
polyurethane sponge [100] B) Polystyrene spheres template [102] C) self-foaming combined with
unidirectional heating [103] D) Preceramic polymer foamed with dissolved CO2 E) SiCN aerogel [104]

Ordered and defined porosity is achieved using silica or polymeric spheres of defined size as
template. Preceramic precursors in powder form are mixed with the spheres and the mixture
hot-pressed at 150-300°C [105-107]. The solid precursor melt fills the voids between the
spheres and then crosslink in the final shape. At about 300°C the template is burned, leaving
the porous structure. The process is simpler in case of liquid precursors, due to the easier
infiltration [108]. An example are polymethylmetacrilate or polystyrene spheres microbeads
infiltrated with liquid precursors after sedimentation, obtaining a higher cell order with pore
size of 1-10 µm, as visible in Figure 2.12B [102]. Mixing silica nanosphere with preceramic
polymer and etching them with HF lead to a 40-50 nm pore size and specific surface area up
to 600 m2/g [109]. Nanoporous ceramics with extremely high surface area are obtained using
nanostructured carbon, such as CMK-3, or silica, such as SBA-15 and KIT-6, as sacrificial
fillers [110-112]. After template removal, via firing or HF etching, the template nanostructure
is replicated, leaving a pore size of few nanometers and a specific surface area up to 1000 m2/g.
Another technique to produce porous materials with preceramic polymers is the trapping of gas
bubbles during curing. The porosity can be controlled by adjusting polymer viscosity, gas
volume and crosslinking temperature. The gas can be introduced with the evaporation of
volatiles generated during silicone crosslinking reactions [113]. With this method, the 30-110
µm cylindrical pores structure, as shown in Figure 2.12C, was realized. This structure is
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realized combining unidirectional crosslinking of a polymethylhydrogensiloxane–allylamine
mixture and the hydrogen released during the reaction [103].
Other methods consist in mixing the precursor with foaming agents that decomposes during
curing [114] or extruding the preceramic polymer once saturated with CO2 [115-117]. The
pressure drop at the end of the extruder makes the CO2 nucleate and grow, leaving a fine and
uniform microcellular structure with close pores of 20-200 µm. The microstructure is shown
in Figure 2.12D.
Recently, SiC, SiCO and SiCN ceramic aerogels from preceramic polymers were
produced [104, 118, 119]. The precursor is diluted in organic solvents up to 97 vol. % and
crosslinked with DVB in a closed pressure vessel. The wet gel is then dried under supercritical
conditions after exchanging the solvent with liquid CO2. A SiCN ceramic aerogel, whose
microstructure is visible in Figure 2.12E, exhibits hierarchical porosity and a surface area up
to 444 m2/g.
Bulk samples. Gas evolution during pyrolysis causes shrinkage and limits the production of
bulk ceramic samples. PDCs technology is usually applied in micro/millimetre scale, where
the high surface / volume ratio and the small dimensions allow the release of gas, therefore
preventing cracking. Microfabrication will be presented in more detail in chapter 2.8. For
samples of larger size, fillers are usually mixed with the precursor to reduce the shrinkage as
will be discussed in chapter 2.9.
Without the use of fillers, the most common PDCs process used to produce bulk samples in the
cm scale is the so called powder-route. The precursor, if liquid, is solidified at 150-200°C and
ball milled. The resulting powder is warm-pressed at about 300-350°C to complete the
crosslinking reactions and then pyrolyzed [97, 120, 121]. The applied pressure plays an
important role, since it compacts the polymeric powder and closes eventual porosity generated
during cure. However, interparticle pores remain and serve as an escape route for the gases
evolved during pyrolysis. These pores can be eliminated almost completely by conducting
pyrolysis in a hot isostatic press (HIP) [122]. Due to these process steps PDCs powder-route
has the same limitations than traditional ceramic processing preventing complex shaping in the
microscale.
With PDCs liquid-route the liquid precursor is moulded, cured and pyrolyzed maintaining the
original mould shape. However, due to shrinkage, only few examples are available of dense
ceramics via liquid-route in the cm-scale. Liquid casting in the centimeter-scale was
successfully reported for the first time by Saha et al [123]. SiCN precursor Ceraset was filled
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in a Teflon mould and crosslinked in two steps for 30 min and 6 h at 300°C and 400°C
respectively under an isostatic pressure of 60 MPa. The produced green sample was 14 x 6 x
0.5 mm in size. Similarly to powder route, applied pressure closes eventual porosity generated
during crosslinking and the close-chamber traps volatile oligomers improving the crosslinking
degree. Moreover, the higher crosslinking degree compared to powder route allows to produce
a bulk sample with higher ceramic yield after pyrolysis. Bulk samples from Ceraset were also
produced by Janakiraman et al. [18] after crosslinking at 260°C for 5 h in a Teflon mould
hermetically sealed in a steel die via tightening. The green body was a disc of 19 mm diameter
and 1 mm in thickness which was converted in a dense SiCN ceramic after pyrolysis. However,
cracks always occurred for thicknesses above 2 mm.
Pressureless SiOC dense ceramics via liquid route were produced by Su et al. [124]
crosslinking two polysiloxanes in presence of Pt(0) catalyst. Bulk samples up to ∅ 9 ×31 mm,
as shown in Figure 2.13A, were obtained by carefully controlling the precursors amount and
curing conditions. The aim of the authors is to maximize crosslinking and ceramic yield while
minimizing volatile products during curing.
Photocrosslinking of a polysiloxane was also reported to be successful in the fabrication of
large SiOC ceramics [125]. The precursor, mixed with photoinitiator, was cured under UVLight irradiation on both sides for a total of 40 min. The largest ceramic sample, as shown in
Figure 2.13B, is 34 mm in diameter and 1.5 mm thick.

Figure 2.13: Bulk SiOC ceramics via liquid route A) Sample size ∅13 mm × 5 mm [124] B) ∅ 9 mm × 31
mm respectively [124] C) ∅ 34 mm × 1.5 mm disc [125]

2.3.2 Crosslinking
After shaping, the part needs to be cured to retain its shape. This is possible by polymerization
of Si-H, Si-vinyl, Si-OH, N-H and Si-OR functional groups of the preceramic polymer.
Crosslinking major reactions are summarized in Figure 2.14 [126-129].
Four reactions are involved in polysilazanes crosslinking: hydrosilylation, dehydrocoupling,
transamination and vinyl polymerization. Hydrosilylation occurs in polysilazanes which
exhibit Si–H and vinyl groups. This reaction starts at 100–120 °C and leads to the formation of
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Si–C linkages which are not affected by thermal depolymerisation. Dehydrocoupling start at
higher temperatures (ca. 300 °C) and lead to the formation of Si–N and Si–Si bonds.
Transamination processes occur at temperatures from 200 to 400 °C, are associated with a mass
loss (i.e. evolution of amines, ammonia or oligomeric silazanes) and lead to a decrease of the
nitrogen content in the ceramic materials upon pyrolysis. The vinyl polymerization process
occurs at higher temperatures (>300 °C) and involves no mass loss.
Similarly to polysilazanes, polysiloxanes major crosslinking reactions are: hydrosilylation,
condensation of Si-OH units with release of water and hydrolysis of alkoxy groups with
formation of Si–O–Si bond [127, 128].
Crosslinking of polycarbosilane is discussed in detail in chapter 3 and can proceed via
hydrosilylation, dehydrocoupling of Si-H/Si-H groups and vinyl-polymerization [97, 130].

Figure 2.14: Cross-linking processes of preceramic polymers: (a) transamination; (b) hydrosilylation; (c)
dehydrocoupling reactions; (d) vinyl polymerization (e) condensation and hydrolysis reactions [127, 128]

Crosslinking reactions are strongly influenced by polymer chemistry, curing conditions
(temperature and atmosphere) and catalyst used. Thermal curing is the simplest and most
common method to produce an infusible resin, but it can require up to 400°C. Catalysts such
as peroxides, transition metals or azo-compounds are commonly used to reduce the curing
temperature below 200°C and to increase the crosslinking degree. Lower curing temperature
limits the volatilization of small oligomers reducing crack of the ceramic sample.
Catalysts are also used to promote specific crosslinking reactions. Compared to peroxide and
azo-compounds that are radical initiators, platinum is specifically used to promote
hydrosilylation [131]. H2PtCl6 [132], PtCl4 [133] and Pt(0) (Karstedt’s catalyst) are used in
hydrosilylation of preceramic polymers [119, 124, 134, 135]. Hydrosilylation is usually the
20

2 Literature overview

preferred reaction for crosslinking of preceramic polymers, since it does not cause mass loss
and development of gas bubbles in the resin. Hydrosilylation is used also to crosslink the
precursor with vinyl-bearing compounds such as divinylbenzene (DVB), to increase carbon
content of the ceramic [136]. Similarly, cyclohexanone peroxide–cobaltous naphthenate
(CHP–CN) is used to promote vinyl-polymerization of polycarbosilane-DVB mixture and
increase the ceramic yield [137]. The ceramic yield, defined as the ratio between the weight of
the starting polymer and the weight of the ceramic residue after pyrolysis, is an important factor
to determine the applicability of PDCs. Precursors with a higher ceramic yield are less affected
by shrinkage, porosity and cracks with consequent limitations in processing. Continuous
improvement on processing and chemistry of the precursors have been of fundamental
importance to increase the ceramic yield. A positive effect on ceramic yield was reported using
hyperbranched polymers instead of linear ones [138-140]. In addition a higher crosslinking
degree reduces the release of volatile components and allows a better densification of the
material [137, 141]. For example, polycarbosilanes ceramic yield improved over the past 20
years from of 40-60% [142, 143] to more than 70% [96, 133].
The choice of the initiator can also influence the curing method. Incorporation of photo
initiators, such as Iragacure, enable UV-curing of the preceramic polymer [17, 125, 144, 145].
Irradiation time varies between few minutes up to 30 min depending on the sample thickness.
Crosslinking reactions for polysilazanes and polycarbosilanes are usually carried under inert
atmosphere, because polymers are particularly sensitive to moisture. If left exposed at ambient
moisture, crosslinking starts spontaneously to form Si-O-Si bonds, releasing hydrogen and
water. The incorporation of oxygen is also undesired in most applications, although it was used
to increase the ceramic yield of fibers [146]. Oxygen leads to the formation of SiCO and SiCON
ceramics and this reducing high temperature stability [147, 148]. To limit the oxygen during
fiber production, alternative curing methods such as e-beam irradiation [149], halogenated
hydrocarbon vapor or unsaturated hydrocarbon vapor were proposed [150].

2.3.3 Pyrolysis
After shaping and crosslinking, the preceramic resin is converted into a ceramic. The most used
method is oven pyrolysis but other methods such as microwave [151], laser [152] and ion
irradiation [153] have been reported.
During pyrolysis, temperatures reach up to 2000°C [154] and the transformation from polymer
resin to ceramic is carried out. This is a complex process that involves different stages. As
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shown by thermal gravimetric analysis (TGA) in Figure 2.15 the microstructural changes can
be divided in four main stages, common to all preceramic polymers.

Figure 2.15: thermal decomposition of silicon-based polymers analyzed with TGA [155]

Up to 400°C there is the crosslinking of the precursor in an infusible resin with consequent
release of oligomers and sub-products as discussed in chapter 2.7.2.
Above 400°C rearrangement and radical reactions results in cleavage of chemical bonds, with
release of hydrogen and hydrocarbons. The internal pressure generated by the formed gas leads
to the formation of porosity. The major gas release continues until 800°C and is accompanied
by a weight loss of 10-30 %, with consequent linear shrinkage up to 30 %. The formed porosity
has a pore size typically below 50–100 nm and is transient. Pores close with the progress of the
ceramization process according to a densification mechanism based on surface
reaction/pyrolysis accommodated by viscous flow [156].
At about 1000°C the microstructure is amorphous, with SixOyCz, SixCyNz and SixCy ceramics
formed respectively from polysiloxanes, polysilazanes and polycarbosilanes. The proportion
between the elements depends from the polymer backbone and its side groups. Excess of
stoichiometric carbon that cannot be accommodated in the amorphous structure precipitates as
free carbon. Hydrogen can still be present in the microstructure bonded to the free carbon.
Figure 2.16A represents the schematic structure of SiOC glass obtained after pyrolysis at 8001000°C. It can be described as a random network of Si-O and Si-C bonds in which Si sites
(SiC4, SiOC3, SiO2C2, SiO3C, SiO4) can be found in different ratios with the free-carbon
phase [157, 158]. Similar is the structure of polysilazanes in Figure 2.16B where a single phase
amorphous structure can be obtained at 1100°C. In this case, silicon is bonded to nitrogen and
carbon at the same time and segregation of large domains of free-carbon can be present [159].
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Pyrolysis of polysilylcarbodiimides leads to a completely different microstructure,
characterized by the presence of two phases, namely amorphous Si3N4 and amorphous
carbon [159]. The amorphous phases became three as in Figure 2.16C, with presence of
dispersed amorphous SiC domains when the precursor used is a carbon-rich
polysilylcarbodiimides [160, 161].

Figure 2.16: Schematic microstructure of A) SiCO ceramic derived from polysiloxanes at 800-1000°C [158]
B) SiCN ceramic from polysilazane at 1100°C C) SiCN ceramic from polysilylcarbodiimides at
1100°C [161].

Above 1000°C the removal of hydrogen from the carbon phase starts its nucleation as basic
structural unit (BSU), these are small stacks of 2-3 polyaromatic layers (graphenes) of 1 nm in
lateral extension and piled up as plates in turbostratic order [162]. Their dimension increases
with the annealing by edge-to-edge linkage with neighbor BSU units to form a percolation
network of turbostratic carbon. As reported by Cordelair et al. [163] and shown in Figure 2.17
the amount of carbon in the precursor shifts the temperature of network formation. A precursor
with a carbon content of 45.5 wt. % developed the carbon network already at 800°C, while
1400°C were needed for a precursor with 17 wt. % carbon content. The difference was
attributed to the nature of the side groups. Phenyl substituents facilitate the precipitation,
because the carbon atoms arrangements is more similar to the one of graphene.
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Figure 2.17: Model of carbon redistribution reactions during pyrolysis of two polysiloxanes. PPS with high
carbon content and PMS with low-carbon content. The nature of the side groups in the two precursors is
also different with phenyl groups in PPS and methyl groups in PMS. This influence the formation of the
carbon network shifting the temperature. [163]

Above 1200°C the amorphous ceramic structure goes to a phase separation where SiO2, SiC,
Si3N4 nanodomains of 1-3 nm are formed and carbon is segregated from the matrix. This
process causes the devitrification and is generally undesired, since most of the beneficial
properties of PDCs are connected with the retention of their amorphous structure, and the
nucleation of crystalline phases is often associated with a degradation of their properties.
Figure 2.18 shows a model of SiCO glass microstructure after phase separation with 1-3 nm
silica nanodomains separated by graphene layers mixed with SiCO bonds at the
interface [164]. The formation of nanodomains was confirmed by the results on chemical
durability of polysiloxanes pyrolyzed at different temperatures [157, 165]. Amorphous SiCO
possess a high chemical resistance and is hardly etched after immersion in HF. On the contrary
after phase separation at T>1200°C silica nanodomains can be easily etched leaving a porous
structure. The size of the pores is about 2.1 nm and it increases proportionally with pyrolysis
temperature.
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Figure 2.18: Proposed model for the nanodomains structures in polymer-derived SiCO The interdomain
boundary consists of graphene layers with mixed Si–C–O bonds forming the interface between silica and
carbon domains [164].

With the proceeding of phase separation during annealing, β-SiC nanocrystals start to appear
in the amorphous matrix. This event, visible with XRD analysis, is reported to happen at
~1300°C for SiCO and ~1400°C for SiCN [166, 167].
At higher temperature the crystallization of the amorphous matrix continues with formation of
α/β SiC, Si3N4, SiO2, B4C and BN crystals following the progressive rearrangements of bonds.
The crystal size increase with temperature and time. Similarly, carbon assumes a more graphitic
form due to with further loss of hydrogen and increase in sp2/sp3 ratio, enhancing electrical
conductivity [168]. At T>1500°C carbothermal reduction of SiO2 and Si3N4 takes place. SiC is
formed through their reaction with free carbon and release of CO and N2. This brings a further
weight loss and the complete decomposition of SiCO and SiCN ceramics.
The stability of the amorphous phase is influenced by carbon content. Several studies [154,
160, 161, 169-171] indicate that carbon-rich ceramics have a much higher stability against
crystallization than their low carbon containing analogues, remaining amorphous up to higher
temperatures. Such stability is due to the percolation network in the amorphous matrix, which
acts as diffusion barriers to prevent local crystallization and keeping the size of the nucleus
below the critical radius [172]. For example, low-carbon oxycarbide glass was reported to
crystallize at 1200°C compared to the 1400°C of the high-carbon homologous [166]. In
polysilylcarbodiimides with phenyl substituents, the increase in carbon content prevents the
out diffusion of nitrogen and therefore increases the stability of Si3N4 clusters. These were
found to crystallize at 50°C higher compared to low-carbon polysilylcarbodiimides [160].
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Crystallization temperature can be further increased introducing ethero-elements and
increasing the complexity of the system from ternary to quaternary. In particular, SiBCN
ceramics are studied. The insertion of boron in poly(organosilazanes) results in a drastic
increase in the temperature resistance, which in turn is responsible for the retarded
crystallization at 1600-1700°C [173, 174]. It was concluded that B(C)N structures, finely
dispersed within the amorphous matrix, act as diffusion barriers preventing SiC and Si3N4
nucleation [175].
However, it should be noted that chemical composition and increasing number of constituents
within polymer-derived ceramics is not the only active parameter in PDCs to raise thermal
stability against crystallization. Similarly important are polymer architecture [134],
processing [161] and residual porosity [176]; all these factors have to be considered
simultaneously.

2.3.4 Role of fillers in PDCs
Fillers serve multiple purposes in PDCs technology. One of the first applications was the
realization of a dense, crack-free sample. Shrinkage during pyrolysis and low ceramic yield
have a detrimental effect on the processing, resulting in samples with cracks and excessive
porosity. Only specimens in the millimeter scale, fiber-like and that provide an easy route for
the gas diffusion, such as foams and aerogels, are usually produced via liquid route without
fillers.
However, the most common solution to crack formation during processing is the use of fillers
mixed with the liquid precursor. In the case of inert fillers, such as SiC or Si3N4, they do not
react during pyrolysis, have a thermal expansion coefficient similar to the derived ceramic,
reduce the shrinkage by reducing the polymer needed and facilitate the escape route for the gas
produced during pyrolysis. Non-reactive fillers allow the production of large samples with high
density. The ceramic may be also a monolith if matrix and filler are selected accordingly. For
example using SiC with polycarbosilane and Si3N4 with polysilazane leads respectively to bulk
SiC and Si3N4 ceramics.
The use of inert fillers such as MoSi2 can, additionally to reducing shrinkage, also modify the
electrical conductivity of the final ceramic [177]. The amount of filler is particularly important
since the increase of electric conductivity is relevant only above a specific threshold where the
particles are interconnected forming a percolating network. MoSi2 percolation threshold is
located between 0.3-0.4 volume fraction, over which the conductivity raises from 10-4 to 104
S/cm.
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Others non-reactive fillers include carbon nanotubes, nanofibers and graphene. These carbonbased fillers are currently investigated to improve both mechanical [178, 179] and electrical
properties [180] of polysilazanes, polysiloxanes and polycarbosilanes. Their high aspect ratio
favors percolation and strength improvement already at 1 to 4 Vol. %. However, the
fundamental homogeneous dispersion is still a topic of investigation [181, 182]. The state-ofthe-art of CNTs matrix composite will be extensively presented in the introduction of chapters
4 and 5.
Metallic and intermetallic fillers react with pyrolysis gases, atmosphere and precursor during
polymer-ceramic conversion to form carbides, nitrides or oxides [183]. Additionally,
conversion is accompanied with volume changes and careful selection of fillers type and
quantity allows to manufacture nearly-zero shrinkage ceramic. Moreover, these reactive fillers
can be used to obtain oxide and non-oxide ceramics with defined chemistry and microstructural
control. Whenever fillers are homogeneously mixed with a convenient precursor the resulting
ceramic can be usually converted at lower temperature due to the high contact area between
filler and matrix, and a higher reactivity of the preceramic. For example a mixture of
polysiloxane and Al2O3 nanopowder can be transformed in single phase mullite ceramic at
1350°C [184]. Bioceramics for osseointegration or bone replacement with a more complex
stoichiometry, such as wollastonite/hydroxylapatite [185] and hardystonite [186] can be
realized from commercial poly(organosiloxanes) by the addition of a weighted amount of
CaCO3 and ZnO.
A critical parameter that affects filler-precursor reactions influencing the final stoichiometry
and phase composition is the amount of carbon. Carbon is present both in the backbone
structure

of

polycarbosilanes,

polycarbosiloxanes,

polysilylcarbodiimides

and

polysilsesquicarbodiimides, as well as part of pendant groups (e.g. methyl, vinyl) in almost all
the preceramic polymers. Low carbon content precursors were used to obtain the bioceramics
mentioned above. High carbon content is preferred to promote carbothermal reduction during
pyrolysis. Oxides such as CuO and Fe3O4 can be reduced to metals while CO and CO2 are
released. Metal formation results in an improved electrical conductivity [187] and magnetic
properties [188]. The reaction also forms silicides and carbides, [189] improving the electric
conductivity as well as hardness [190].
Solid fillers are not the only method available to realize novel ceramics or promote specific
material properties. Because of their polymeric nature, novel precursors can be synthetized and
existing ones can be modified by adding specific elements to the reactive groups e.g. vinyl, Si27
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H or Si-OH. Despite the complex synthesis step, these prepolymers are able to precisely tailor
final composition, enhance reactivity and produce homogeneous nanocomposite ceramics
since no filler dispersion is required. A number of metal elements such as Fe [191], Ti [192],
Al [193], B [194], V [195] have been introduced in the polymer structure, therefore reducing
the need to use solid fillers and opening new possibilities for microfabrication via liquid route.

2.3.5 Microfabrication with PDCs
In the fabrication of microsized components, traditional ceramic technology is not applicable
due to the need of high pressures during powder compaction. The shaping of complex ceramic
parts can be accomplished with mechanical methods on the green or on the ceramic. Minimum
resolution is in the range of hundreds of micrometers, given by the tool dimensions. Such
resolution is generally insufficient for micro electric mechanical systems field (MEMS)
applications. Mechanical process is expensive and time consuming. Tool life and price are
affected by the hardness required.
Micropowder injection molding is a solution for components such as microgears or
microturbine, but capabilities are limited. In particular, tight tolerances are required by the
process and, as any other powder based technology, the dimensions and complexity of the
ceramic part directly depends from the mean particle size of the feedstock. Nanopowder is used
to improve resolution but has the drawback of significantly increases viscosity. Moreover,
nanopowders have to be homogenously dispersed to avoid agglomerates that can lead to cracks
and poor surface quality.
The polymeric form of the precursor and the relative freedom in its chemistry make PDCs an
ideal material for MEMS shaping techniques and have broaden the range of applications. PDCs
is in many cases the most convenient, if not the only method available to produce a non-oxide
ceramic, such as SiC or SiCN, with defined shape, microstructure and properties.
In his review, Shulz [196] shows how lithography can be applied in PDCs technology for the
fabrication of MEMS/NEMS. Among the different processes presented, the most used method
is direct casting. The mould can be produced crosslinking a photoresist, such as SU-8, with UV
radiation, or selectively etching a Si wafer. When the reusability of the mould is needed a
PDMS negative can be produced from the master-mould positives. These methods show high
features precision in the production of the mould and of the final ceramic parts as shown in
Figure 2.19.
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Figure 2.19: A) SU-8 mould (200 μm diameter and 75 μm thick) [13] B) SiCN gear tooth (75 μ thick),
obtained from SU-8 mould [13] C) SiCN thermal actuator, 75 μm thick, produced from Teflon coated SU8 mould on Si-wafer [197].

The main difficulty of direct casting [13, 144, 197-200] is the release of the crosslinked part
from the mould without introducing defects in the structure. The preceramic polymer adheres
strongly on the polymeric surface of the mould. To solve this issue a highly crosslinked mould
was found beneficial, as well as the application of low surface-energy coatings, such as Teflon.
Better release is achieved using rigid silicon moulds because completely inert. However, they
are not flexible and this limits the complexity of the samples that can be released.
Direct photolithography of the liquid preceramic polymer deposited on Si wafer is an
alternative process demonstrated for polysiloxanes [144] and polysilazanes [17]. As shown in
Figure 2.20 complex 2D structures can be realized. However the method is limited to polymers
such as polysiloxane RD 684 (Starfire, USA) and poly(urea-methyl-vinyl)silazane Ceraset
(KiON, USA) that have good UV transparency. Chemical modification or filler addition can
significantly limit the achievable thickness.

Figure 2.20: (a) Mask with micro squares and microcombs used for photolithographic processing of SiOC
micro components on silicon wafer; (b) SiOC-based ceramic micro squares obtained via photolithographic
processing of polysiloxane RD 684 (Starfire, USA) and subsequent pyrolysis; (c) microcombs (the small
microstructures at the edge of the combs have dimensions of 18 μm × 190 μm). [144]

In the recent years additive manufacturing has been shown as an emerging technology in
ceramic processing [201] and in particular stereolithography was successfully applied on
ceramic precursors [202, 203]. Compared to photolithograph, stereolithography is a powerful
tool in the design of 3D structures, with a higher degree of design freedom despite a resolution
in the order of tenth of microns. Successive layers of precursors can be cured one on top of
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each other. With a careful calibration of the parameters, the stability of the green body is
maintained and no delamination effects take place during pyrolysis. Up to now mainly
microlattice and honeycomb structures were produced starting from liquid polycarbosiloxanes
and polysilazanes. Some examples from the work of Zanchetta et al. and Eckel et al. are shown
in Figure 2.21 and Figure 2.22. It is worth to notice that in both examples the strut surface is
smooth and do not show the typical layered structure of a conventional stereolithography
technique such as in Figure 2.22B. The result are improved mechanical properties, because the
minor defectivity and stress concentration points. Stereolithography is also a suitable
technology to be used with ceramic suspensions, e.g. with alumina, zirconia, and silica [204,
205]. Furthermore ceramic composition can be layered or even locally controlled in selected
areas by curing different precursors in the process.

Figure 2.21: A) Picture of a green body structure obtained by the additive photopolymerization process
and the corresponding pyrolyzed 3D ceramic component. B-D) SEM images at higher magnification of the
same 3D structure after pyrolysis at 1000 °C [203].

Figure 2.22: A) Curved microlattice produced with self-propagating photopolymer waveguide technology
and relative SEM image of the smooth surface of the struts. B) 3D printed cork screw produced with
conventional stereolithography and relative SEM image showing the process layers (50µm) in the structure.
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Influence of carbon enrichment in
polycarbosilane derived ceramics
The first goal of the material development is to produce a ceramic with high electrical
conductivity and crack-free. The selected preceramic polymer has also to be suitable for a
pressureless liquid-route microfabrication process. In this chapter is analyzed the effect of a
liquid carbon precursor crosslinking with the polycarbosilane as a powerful tool for the
achivement of these goals. The obtained results are published in the Journal of European
Ceramic Society under the title “Influence of carbon enrichment on electrical conductivity and
processing of polycarbosilane derived ceramic for MEMS applications”. The manscript is coauthored by Jonas Grossenbacher, Gurdial Blugan, Maurizio Gullo, Alessandro Lauria,
Jürgen Brugger, Hendrik Tevaearai, Thomas Graule, Markus Niederberger and Jakob
Kuebler

3.1 Abstract
An analysis about the effect of carbon enrichment of allylhydridopolycarbosilane SMP10®
with divinylbenzene (DVB) as a promising material for electrical conductive micro-electrical
mechanical systems (MEMS) is presented. The liquid precursors can be micropipetted and
cured in polytetrafluoroethylene (PTFE) moulds to produce 14 mm diameter disc shaped
samples. The effect of pyrolysis temperature and carbon content on the electrical conductivity
is discussed. The addition of 28.7 wt. % of DVB was found to be the optimum amount. Carbon
was preserved in the microstructure during pyrolysis and the ceramic yield increased from 77.5
to 80.5 wt. %. The electrical conductivity increased from 10-6 to 1 S/cm depending on the
annealing temperature. Furthermore, the ceramic samples obtained with this composition were
found to be in many cases crack free or with minimal cracks in contrast with the behavior of
pure SMP10. Using the same process we demonstrate that also microsized ceramic samples
can be produced.
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3.2 Introduction
Polymer derived ceramics (PDC) are of technical interest because starting from a liquid
polymer precursor it is possible to obtain ceramics products mainly based in the Si-C-N, Si-C,
Si-O-C and Si-B-C-N systems [1]. Many efforts have been made to improve the processing
and final material properties through the introduction of fillers or modifying the precursor
backbone chemistry. Specific applications for PDC include sensors for harsh environments [2]
and sealant for aerospace [3, 4]. Their development is nowadays also aimed to extend their
potential use to electronics, energy storage and also biomedicine.
One of the most important and useful properties to be modified in PDC is the electrical
conductivity. Depending on the precursor type and process conditions, DC conductivity can
vary between 10-10 to 1 S/cm. Even without the addition of fillers such as MoSi2 to improve
both mechanical [5, 6] and electrical [7] properties it is possible to obtain a ceramic
semiconductor.

Haluschka

et

al.

[8]

studied

the

DC

electric

behavior

of

poly(hydridomethyl)silazane after different annealing times and temperatures. The DC
conductivity reported varied between 10-10 to 10-1 [S/cm] and was related to the enhanced
sp2/sp3 ratio in carbon and SiC formation. Wang et al. [9] improved it by 5 orders of magnitude
adjusting the amount of thermal initiator and promoting in this way the formation of a carbon
related percolation path. This network is formed by cracking of hydrocarbons like phenyl or
methyl groups during pyrolysis [10]. The carbon excess that undergoes through phase
separation is identified as “Cfree”. In Si-C-N ceramics an increase in annealing temperature
modifies the shape of these carbon units from spherical to elongated [11]. Carbon is the main
conductive phase in PDCs [12] and when it forms a continuous network the conductivity rises
with a threshold typical of percolation behavior [13]. The amount of carbon can also be
increased by bonding additional hydrocarbons to the polymer structure. In the work of Blum
et al. [14], polyhydridomethylsiloxane is crosslinked with divinylbenzene (DVB) via a
hydrosilylation reaction resulting in an increase of carbon content in the final ceramic. Since
then carbon enriched Si-O-C ceramic has been studied further [15-17] demonstrating that
improved thermal resistance and ceramic yield are due to the excess of carbon. In a similar
way, DVB addition is reported also in polycarbosilane [18, 19] and for the synthesis of novel
aerogels [20]. These studies focus on the microstructural evolution during pyrolysis at different
DVB amount and its effect on ceramic yield. Electrical properties were not investigated despite
SiC has a semiconductor behavior [21, 22]. Nevertheless the fabrication of ceramics via PDC
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is mostly based on a powder route where the crosslinked precursor is crushed and hot-pressed.
This method leads to simple shapes and is not applicable for MEMS. It also leads to
microporosity formation in the ceramic and consequently lowers the mechanical
properties [23]. The use of a liquid route with moulding of the precursor, followed by curing
and pyrolysis, would be then the best solution. With this approach sub 100 nm structures can
be fabricated [24] while with conventional powder methods (i.e. micromachining, pressing or
powder injection moulding) 0.1 mm is the maximum resolution [25]. Despite these advantages,
the fabrication of a bulk crack free sample presents many difficulties. The reasons can be found
in the consistent linear shrinkage up to 30-35 % and gas evolution during pyrolysis. Different
techniques such as photolithography [26] or microprinting [27] have been proposed as suitable
methods for PDC microfabrication. Liew et al. [28, 29] demonstrated the possibility to produce
in this way Si-C-N thermal actuators and micro-gears. Some other studies [30, 31] also use SiC-O as a preceramic polymer. The research in this field of application is relatively new and so
far these techniques have not been applied for polycarbosilane precursors.
Our research is focused on the effect of DVB addition in polycarbosilane. This modification
allows producing samples via liquid route using mould casting technique. The amount added
and consequently the ratio between the reactive groups directly influences the sample quality
and pyrolysis behavior. Another important advantage of DVB is the possibility to change the
electrical properties of the ceramic with the carbon content and pyrolysis temperature from
insulator to conductor. We produced Ø10 mm ceramic discs as testing samples. In the same
way also complex shaped micron-sized parts for MEMS applications can be produced.
The cured samples (green bodies) were characterized with Fourier transform infrared
spectroscopy (FT-IR) to understand the crosslinking reaction that occurred during curing. High
resolution transmission electron microscope (HRTEM) images were taken to investigate the
microstructural changes at different pyrolysis temperature. Raman spectroscopy and X-ray
diffraction analysis (XRD) were also used. The as analyzed microstructure was then related to
the change in DC conductivity measured for compositions containing different DVB amount.
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3.3 Experimental procedures
Commercially available allylhydridopolycarbosilane SMP10® (Starfire Systems Inc. USA)
with nominal formula [SiH(CH2CH=CH2)CH2]0.1[SiH2CH2]0.9 was used as preceramic
polymer.

Divinylbenzene

(DVB,

technical

80%,

mixed

isomers)

and

1,1′-

azobis(cyclohexanecarbonitrile) (ACHCN), as a carbon source and radical initiator to reduce
the cure temperature below 180°C, were purchased from Sigma Aldrich Switzerland and used
as received. The mixing process was performed under 99.999 % purity Argon using a standard
Schlenk technique to minimize the polymer contact with air.
DVB was added to increase the amount of atomic carbon from 32.4 wt. % (SMP10) to 60 wt.%.
The name and the compositions of the materials investigated are listed in Table 3.1. The
nominal formula used for DVB was C10H10 without taking into account contributions from
ethylstyrene and diethylbenzene. This is because the carbon content of these components is
close to divinylbenzene and their amount between 12.5-22.5 wt. %.

Table 3.1: composition as wt. % of the starting SMP10-DVB mixtures with carbon content expressed in
atomic wt. %. The carbon content has been calculated from the nominal formula of the precursors used.

To improve the dispersion of the solid catalyst and the homogeneity, the mixture was sonicated
for 30-60 seconds with a small ultrasonic horn (5 W) and then stirred for 1 h. The solution was
then degassed at 1 mbar for 10 minutes whilst intensively stirring to remove volatile
components and small oligomers in order to reduce bubble formations during curing. The
processing is summarized in Figure 3.1.
PTFE moulds: The mixed liquid was cast in PTFE moulds with circular recesses as shown in
Figure 3.1 using a micropipette to carefully evaluate the volume introduced, typically 75-90
μl. The difference in surface energy between mould walls and liquid caused a meniscus
curvature at the open surface. This can be reduced by stopping the filling during the transition
from concave to convex surface, controlled by eye. Moulds were then stacked onto each other
as illustrated in Figure 3.1 and introduced in a miniclave chamber (Büchi AG, Uster,
Switzerland).
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Silicon moulds: The samples used for the mechanical tests were produced casting the precursor
in silicon moulds instead of PTFE ones. Si-moulds, produced by the EPFL Microsystem
Laboratory by etching a Si-wafer, have a circular recess of 200 μm depth and 13.6 mm in
diameter. They were filled with 68-70 μl of precursor, placed in dedicated supports, stacked
onto each other and introduced in the miniclave chamber.
Several purge and refill cycles with vacuum and Ar were applied at the miniclave chamber and
then 3 bar of Ar was introduced. The chamber was then heated in an oil bath to 180°C in 1 h
and left at this temperature for 7 h before slowly cooling down to ambient.
The cross-linked parts (green bodies) were discs with a diameter of 14 mm and 0.4 mm
thickness and are shown in Figure 3.2a .This shape was chosen to have a unique sample able
to be tested for various properties with standardized techniques. Pyrolysis was conducted at 4
different temperatures (800, 1000, 1200, 1400°C) in a Carbolite 16/610 (UK) tube furnace
under 99.999 % pure Ar atmosphere. Samples were placed on a graphite support and covered
with a graphite felt. The heating rate was 50°C/h up to the desired temperature followed by 3h
of annealing. The cooling rate was also 50°C/h.

Figure 3.1: (left) scheme of the PDC process used to produce the ceramic samples via liquid route. (right)
PTFE mould used in the process and mould layers stacked on a metal support before introducing it in the
curing chamber. A spacer was used to separate the layers
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3.4 Characterization methods
The materials were characterized with the following techniques:
 Fourier transform infrared spectroscopy (FT-IR) spectra were collected on Tensor 27,
Bruker (MA, USA). For cured samples using a Golden Gate ATR and applying a constant
pressure during the measurement, while for pyrolysis residues KBr pellets were produced
and analyzed in transmission mode.
 Thermal gravimetric analysis was conducted under Argon atmosphere using a Mettler
Toledo TGA/sDTA 851e (OH, USA) and applying a 5°C/min heating rate up to 1100°C.
 Electric measurements were performed at room temperature using 4 point contacts and
applying Van der Pauw technique [32]. The samples were contacted with 4 points in a square
arrangement with contact springs at 2.54 mm distant each. Starting with 1 nA as the initial
current, this was increased until the voltage drop was in the range of 500 mV. The
conductivity values were obtained measuring a series of at least 15 points, mostly 30 or
more. Each series lasted more than 1 hour. We reported the average of the conductivity
values and the standard deviation. The hardware components were Keithley Source Measure
Unit 236, Keithley Switch System 7001 and Keithley Multimeter 2002 (OH, USA).
Measurements of samples SMP10 pyrolyzed at 1000°C and C40 pyrolyzed at 1200°C were
performed with the Van der Pauw technique using a Keithley Integra 2750.
 Raman spectra were recorded on a Renishaw InVia Raman microscope (UK) using the 514
nm line of an Ar laser. All spectra were recorded at room temperature in backscattering
configuration with a 50x objective, in extended range mode. For the determination of carbon
cluster size, static mode spectra in the 735-2000 cm-1 spectral range were fitted with
Gaussian or Lorentzian curves.
 X-ray diffraction (XRD) measurements were performed in reflection mode (Cu, Kα
radiation at 45 kV and 40 mA) on an Empyrean diffractometer from PANalytical (The
Netherlands). Gaussian or Pseudo-Vogt curve fitting between 27 and 50° were used to
identify pattern peaks, extrapolate the full width half maximum (FWHM) and to estimate
the crystallite size with the Scherrer formula [33].
 High-resolution transmission electron microscopy (HRTEM) was performed using a JEOL
2200FS TEM/STEM (Japan) microscope operated at 200 KeV and equipped with an incolumn Omega-type energy filter. The samples investigated were manually crushed to
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powder in an agate mortar. One drop of the powder dispersed in ethanol was then placed on
the TEM observation grid.
 Ball on three ball mechanical test (B3B-test) was conducted in inert (Ar) atmosphere with a
Zwick-testing machine Z005 (Zwick GmbH, Ulm, Germany). Test speed was 0.5 mm/min
and the sample was preloaded with 2 N. Balls used were 6 mm in diameter.

3.5 Results
3.5.1 Crosslinking
The thermal crosslinking of the preceramic polymer was conducted with the help of a radical
initiator to lower the curing temperature and shorten the process. The name of the compositions
investigated with the amount of DVB added and the ratio between the functional groups are
listed in Table 3.1. Photographs of the produced cured samples with increasing amount of DVB
are presented in Figure 3.2a. No large cracks, bubbles or other defects are visible. The upper
surface is lucid because it is exposed to the Ar atmosphere during curing while the bottom one
is the replica of the mould. This exhibits a roughness of about 1.6 μm given from the machining
process used for mould production. For the same reason some defects were on the sample
borders due to imperfection in the mould fabrication process. As visible in Figure 3.2a SMP10
is a translucent resin with hard rubber consistence and a yellowish color. Accordingly, with the
amount of DVB addition, translucency in the cured samples gradually disappears and the color
gets brighter. The stiffness increases as well. C60 shows the formation of two white stripes
symmetrically disposed.

Figure 3.2: from left to right: samples SMP10, C40, C50, C60. (a) After cure. Opacity gradually increases
according to the amount of DVB added resulting in the formation of white bands in C60. (b) After pyrolysis
at 1400°C. The cracking behavior is different according to the DVB amount introduced. In C50 there are
no visible cracks. The arrows in C60 indicate superficial cracks.
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Figure 3.3 shows the FT-IR spectra of the liquid polymeric precursor and the samples
crosslinked with increasing amount of DVB. The plotted curves were obtained as an average
of several measurements of samples with the same composition and crosslinked under the same
conditions, to minimize possible experimental errors.

Figure 3.3: FTIR spectra for liquid precursor and cured samples with an increasing DVB amount.

Peak positions have been assigned according to the literature [19, 34]. Crosslinking in
polycarbosilane usually involves only two functional groups. Si-H, identified by peaks at 2120
cm-1 (stretching), 931 cm-1 (bending) and C=C identified by the peak at 1630 cm-1 (stretching)
The most probable reactions that can take place are schematized in Figure 3.4 [35]. Of the
three, hydrosilylation is always favored while the others take place depending on the
availability of the involved groups. In the liquid precursor, there is a large availability of Si-H
groups compared to C=C ones. The peak intensity ratios between Si-H and C=C is 9.09. After
curing, without DVB addition, there is a reduction of the Si-H peak intensity and the C=C peak
is still present. The ratio Si-H /C=C is in this case 7.69. It means that Si-H groups were
consumed faster than the vinyl ones. This suggests the occurrence of dehydrogenation reaction
together with hydrosilylation. When DVB is involved in the curing process, the Si-H peak
intensity reduces according to the amount of DVB introduced, indicating the proceeding of the
hydrosilylation reaction following the scheme (b1-b2) in Figure 3.4. Si-H peak intensity
becomes lower at higher DVB content but never disappears. Between C50 and C60, Si-H
intensity doesn’t decrease significantly suggesting that Si-H do not contribute anymore to the
crosslinking. Additionally, in C60 the C=C peak intensity is almost zero despite the additional
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vinyl groups via DVB increase. This indicates their consumption through another reaction than
hydrosilylation. The proposed reaction is then vinyl polymerization of DVB following the
scheme (c) in Figure 3.4. The result is the formation of polydivinylbenzene. There are then
three concurrent reactions taking place in curing. These are activated by the azo radical initiator
that is not selective for a specific reaction. Their relative importance is related to the Si-H/C=C
ratio, namely the DVB amount. In SMP10 this ratio, as indicated in Table 3.1, is 19 and Si-H
groups are available to condensate, forming H2. On the contrary in C60 this ratio is lower than
4.7 and not all the vinyl groups introduced can then be bonded via hydrosilylation because the
hysteric hindrance is relevant. All the DVB excess that cannot be bonded with the Si-H groups
is then segregated in larges clusters of polydivinylbenzene that appear as white areas in the
sample.
The absence of Si-O peak at 1060 cm-1 excludes dehydrocoupling reaction as a possible
crosslinking side reaction. As previously reported [17] in the case of compositions with low
DVB content, it is caused by the eventual presence of moisture during the precursors
manipulation or curing.

Figure 3.4: scheme of the reactions involved during curing and responsible of crosslinking. (a)
dehydrogenation (b1) hydrosilylation with alpha hydrogen addition (b2) hydrosilylation with beta
hydrogen addition (c) DVB polymerization.
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3.5.2 Thermal behaviour.
During pyrolysis the cured resin undergoes a ceramization process leading to the formation of
black dense samples as illustrated in Figure 3.2b. SMP10 and C40 are characterized by a similar
behavior with formation of small but diffuse cracks that affect the entire sample body. In
several cases the samples extracted from the furnace were found completely shattered in small
fragments. Cracks were also formed in C60 but in this case there were usually several long
superficial cracks as indicated by arrows in Figure 3.2 that didn’t affect the overall sample
integrity and occasionally a large fracture in the middle of the sample that lead in two
fragments. The measured linear shrinkage for SMP10 was about 32.9 % and it decreases
proportionally with the carbon amount added, down to 27.4 % for C60.
With composition C50 where 28.7 wt. % of DVB was introduced, the obtained ceramic was
mostly crack free or had minimal cracks. These were usually on the border and probably
derived from pre-existent defects in the resin due to the mould finishing. The circular shape
has been maintained intact as has the surface quality.
Warpage was found to affect all the samples but to a larger extend in C50 and C60. For these
the curvature radius was measured to be between 10 and 12.8 mm. The described pyrolysis
behavior of the samples does not refer to a specific temperature but was similarly observed
between 800 and 1400°C.
The effect on thermal behavior of DVB incorporation in the polymeric resin structure was
studied with TGA measurements. Figure 3.5 shows the ceramic yield for each composition.
The measured values are between 72.3-80.5 %. DVB introduction improves the ceramic yield
at 1100°C from 77.5 %-77.9 % relative to SMP10 and C40 respectively, to 80.5 % for C50.
Moreover, this demonstrates that the carbon added via DVB remains in the final ceramic after
pyrolysis. For C60 the ceramic yield drops to 72.3 %. The first derivative of TGA (DTGA)
denotes the main weight loss in the range 250-700°C and can be attributed to the hydrocarbons
released during pyrolysis, mainly H2 and CH4. For SMP10 the peak of this weight loss is
centered at about 430°C. The introduction of DVB shifts it to higher temperatures indicating
that more stable bonds were formed during crosslinking. Compared with SMP10, the mass loss
rate lowers in C40 and it becomes half in C50. In C60 the rapid mass loss of 10% measured
with TGA brings the formation of a peak between 380-630°C and centered at 468°C.
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FTIR on pyrolysis residues revealed formation of Si-C and Si-O bonds. The oxygen presence
is unexpected and attributed to contamination during pyrolysis despite the use of a flux of
Argon during this operation but not sufficient to purge completely the tube furnace.

Figure 3.5: TGA (left) and DTGA (right) for samples SMP10, C40, C50, C60.

3.5.3 Microstructure analysis
The crystallization behavior of the ceramics after the above mentioned annealing temperatures
has been studied with different techniques.
Compositions SMP10 and C50 were analyzed more in details as representative samples.
The comparison between their XRD diffractograms after pyrolysis at different temperatures is
shown in Figure 3.6. Some common features can be found. At 800°C broad humps centered at
35.5° (111) and 64° are visible, typical of an amorphous and disordered microstructure. Their
intensity and sharpness increase according to the temperature and at 1200°C the formation of
two peaks at 60° (220) and 71.5° (311) indicates the formation of β-SiC crystals in the
amorphous microstructure [36]. The crystallization progresses with increasing temperature
and brings at 1400°C the formation of an additional peak at 75.5° (222) also attributed to βSiC formation. We attribute the SMP10 peak at 41° to β-SiC (200) [37].
In the pattern of C50 in Figure 3.6 there is the appearance of broad reflections at 26° and 43°,
which can be attributed to the formation of free carbon that starts to form ordered nanodomains
at 1000°C when the peak at 43° is already visible as a small shoulder [38].
Determination of apparent SiC crystallite size was done using Scherrer formula for the peak
111 at 35.5°. For all the compositions the mean crystallite size is similar and about 1.5-2.4 nm
at 1000-1200°C respectively. At 1400°C it increases to 4.7 nm for SMP10 and C40 and 5.4 nm
for C50 and C60.

53

3 Influence of carbon enrichment in polycarbosilane derived ceramics

Figure 3.6: XRD diffractograms of samples SMP10 (left) and C50 (right) after different annealing
temperatures.

Free carbon presence and evolution in SMP10 and C50 was analyzed also with Raman
spectroscopy and shown in Figure 3.7.
The typical disordered graphite-like carbon features [39] are documented by the presence of a
D band peak around 1355 cm-1 and a G band peak that can shift between 1510-1600 cm-1
according to the structural order. D band is associated to the breathing mode of aromatic rings
and is forbidden in a perfect graphite structure. It becomes active only when the carbon network
is disordered. G vibrational mode is generated by in-plane bond-stretching of all pairs of sp2
atoms in rings and chains. Additional carbon spectra features are G’ band at 2500-2800 cm-1,
overtone of D band always observed in defect free structures and D+G combination mode at
about 2950 cm-1 induced by disorder. The arrangement of chain carbon sp3 bonds to ordered
sp2 graphite caused by annealing is described by Ferrari et al. [40] as a three-stage model. In
these positions, intensities and widths of the bands change considerably following the so called
“ordering trajectory”. In amorphous carbons, the ratio between D and G band intensities
I(D)/I(G) is a measure of the size of the sp2 phase organized in rings [41]. This ratio varies
inversely with the length of the carbon domain along the sixfold ring plane (lateral size) La,
according to the relation:
′
where C’ is a coefficient that depends from laser source wavelength and in our case C’(514
nm) ≈ 0.0055.
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Raman spectra of the samples SMP10 and C50 annealed at 800, 1000, 1200, 1400°C are
presented in Figure 3.7. At 800 and 1000°C the presence of a slope in the background for both
compositions reflects a strong photoluminescence tail. This is a typical signature of
hydrogenated samples due to the hydrogen saturation of nonradiative recombination
center [41]. It means that C:H bonds are still present in the microstructure. The fluorescence
decreases significantly at 1200°C and disappear in samples treated at 1400°C. The D and G
band can be distinguished starting from 1000°C in SMP10 and already at 800°C for C50 due
to the higher concentration of carbon in the latter case, introduced by DVB and its structure
composed of an aromatic ring. Free carbon is in fact the first phase to nucleate as soon as excess
of carbon is available and it is organized as Basic Structural Units (BSU). These are small
stacks of 2-3 polyaromatic layers arranged in turbostratic order [42].
The graphitization process that takes places between 800-1400°C shifts to higher wavenumbers
the center of the G band. Separation of D and G bands at higher temperature and their
sharpening indicate a more ordered graphite-like structure. The calculated cluster size La for
SMP10-C50 is mostly unvaried up to 1200°C, between 1.49-1.65 nm and slightly increases
with the temperature. At 1400°C La=1.89 nm is calculated for SMP10 while it is 1.64 nm for
C50 indicating that at this temperature the carbon of SMP10 is more organized in rings than
C50. A second-order band is visible at 1000°C and 1200°C for C50 and SMP10 respectively
as a broad peak centered at 2800 cm-1. At 1400°C it splits for both compositions in two peaks
centered at about 2680 and 2930 cm-1 that can be assigned as G’ and D+G respectively.

Figure 3.7: Raman spectroscopy measurements of samples SMP10 (left) and C50 (right) after different
annealing temperatures. The calculated lateral size of the amorphous carbon nanodomain is also reported.
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The microstructure of the samples pyrolyzed at 1000-1400°C for SMP10 and C50 were
analyzed using high-resolution transmission electron microscopy. The images collected are
presented in Figure 3.8. An amorphous microstructure characterized by diffuse halo presence
is visible in SMP10 and C50 after 1000°C pyrolysis. Isolated crystalline grains were found to
be already present in both compositions and visible in Figure 3.8a Sample C50 in Figure 3.8c
also shows structural features not visible in SMP10. These can be distinguished from the
surrounding matrix only in the thinner part of the analyzed particle and are composed of 2-4
layers, 1-2 nm in length, evenly spaced. The comparison with similar features for C50 treated
at higher temperature indicates that these are BSU. At 1400°C according to the edge to edge
association their dimension along the layers increases. The graphitization process brings the
formation of some longer structures composed of 4-5 graphene stacks that can be associated to
turbostratic carbon and visible in Figure 3.8d. The inter-layer distance of the stacks measured
at 1000 and 1400°C was found to be 0.34-0.40 nm, which is larger from 0.335 nm relative to
crystalline graphite. Similar values have been observed in SiCN ceramics pyrolyzed at 11001300°C [36]. Recently Soraru’ et al. [43] attributed to residual compressive stress the higher
inter-layer distance found in sp2 C layers in Si(B)OC glass. For SMP10 observed at 1400°C in
Figure 3.8b, BSU are also present. At this temperature there is the formation in SMP10 and
C50 matrix of a crystalline phase that can be identified as β-SiC. The measured inter-planar
distance is 0.25 nm, which corresponds to 111 SiC d-spacing. Typical crystallite dimension is
about 5 nm. The data are consistent with the 4.7-5.4 nm crystallite apparent size calculated
from XRD diffractograms. In C50 crystalline SiC is mostly surrounded by carbon structures
while in SMP10 this is not so evident and crystals are separated by the amorphous matrix.

56

3 Influence of carbon enrichment in polycarbosilane derived ceramics

Figure 3.8: comparison between SMP10 and C50 microstructure after annealing at 1000-1400°C. In the
inserts crystalline β-SiC and carbon structures with relative interplanar distance are shown. (a) SMP10
amorphous structure at 1000°C. An isolated SiC crystal can be seen in the insert (b) SMP10 crystalline
structure at 1400°C with β-SiC and BSU. (c) C50 amorphous microstructure with BSU units at 1000°C. (d)
C50 image at 1400°C revealing crystalline β-SiC, BSU and graphitic-like carbon structures.

3.5.4 DC conductivity
Measurement of the DC conductivity at room temperature was made on samples produced with
increasing amount of DVB and after being pyrolyzed at 800, 1000, 1200, 1400°C (Figure 3.9).
The data reported for SMP10 and C40 pyrolyzed at 800°C and indicated with hollow symbols
in Figure 3.9, were estimated using existing literature on polycarbosilane [21]. This is because
tested samples showed conductivity lower than 5∙10-9 S/cm (measurement limit). In addition,
presence of multiple cracks and extreme fragility didn’t allow further manipulation for high
temperature measurements and extrapolate in this way the conductivity at room temperature.
The different compositions showed an increasing conductivity in relation to pyrolysis
temperature and initial carbon content. Samples SMP10 and C40 pyrolyzed at 800°C lead to
insulating materials with conductivity lower than 10-10 S/cm. This increases over 7 orders of
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magnitude with the pyrolysis temperature, assuming a semiconductor behavior. After 1200°C
pyrolysis the conductivity is 2.5∙10-4 and 8.5∙10-3 S/cm for SMP10 and C40 respectively. At
1400°C this value increases up to 2.3∙10-3 S/cm for SMP10 while is almost constant for C40.
This change in the slope is related to formation of a conductive network in the matrix and
percolation. In our case reported values are typical for crystalline SiC and it can be assumed
that this phase dominates the conductivity behavior in SMP10. This preceramic polymer is in
fact produced with the aim to have almost stoichiometric SiC after pyrolysis. In C40 the main
conductive phase is still SiC but the non-stoichiometric carbon introduced with DVB,
segregates between SiC particles and shifts the curve upwards.
For high carbon content compositions C50-C60, conductivity is already semiconductor like at
800°C with values of 5.2∙10-6 and 1.5∙10-4 S/cm. At 1000°C it increases by 3-4 orders to 7.8∙102

and 1.9∙10-1 S/cm. Further increase in pyrolysis temperature up to 1400°C doesn’t improve

significantly the conductivity but it reaches values of 9.4∙10-1 and 2.5 S/cm for C50 and C60
respectively. A percolative network is then already formed at 1000°C. Carbon excess is
reported to be the first phase that separates from the matrix as free carbon. Considering its
relevance in compositions C50-C60 the percolative behavior can be attributed to the formation
of a free carbon network. In C50 this is already completely formed and it doesn’t improve
significantly in C60. This explains why the conductivity for C50 has similar values to C60
despite the DVB amount for the two compositions being 28 wt. % and 45.5 wt. % respectively.

Figure 3.9: DC electrical conductivity measured at RT as a function of pyrolysis temperature and the
carbon content in the initial mixture. The microstructure formed at various temperature ranges for low
(SMP10-C40) and high (C50-C60) carbon content compositions. Open points are referred to literature data.
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3.5.5 Mechanical properties
To determine the mechanical properties of the derived ceramics, a ball-on-three-balls test was
performed on 17 C50 samples casted in Si moulds and pyrolyzed at 1000°C. Si moulds were
realized via controlled etching of a Si wafer. Advantages are higher dimensional precision,
lower roughness and lower imperfections at the mould walls compared to machined PTFE
moulds. This guarantees a higher reproducibility and lower defects in the final ceramics.
Moreover, samples cured in Si moulds were easier to demould because there is no adhesion
between polymer and substrate. However also using Si moulds the samples warpage affected
the ceramic samples, similarly to what previously described for samples produced with PTFE
moulds in paragraph 3.5.2. The curvature was calculated between 12.3 and 13.3 mm.
In the test setup, the sample was placed with the curvature upwards under the three balls as
represented in Figure 3.10.

Figure 3.10: schematic representation of the ball-on-three-ball test [44]

The strength analysis of the 3B3-test is based on the work of Börger et al [45, 46] where
maximum principle stress σmax is related to the fracture force F according to the relation:

where t is the thickness of the disc specimen. The dimensionless factor f is a function of
thickness, size and Poisson's ratio of the specimen and the diameter of the balls. For the tested
samples we assumed a Poisson ratio of 0.20, similarly to SiCN [36]. The calculated
stresses [44] are represented in the Weibull plot showed in Figure 3.11. The characteristic
strength at 63 % failure probability is σ0=1472 MPa, while maximum and minimum strength
59

3 Influence of carbon enrichment in polycarbosilane derived ceramics

are 2149 MPa and 208 MPa respectively. The large difference in strength values is also
associated to data dispersion and represented by a Weibull parameter m=2.3.

Figure 3.11: Weibull plot of B3B-test for C50 samples after 1000°C pyrolysis.

3.5.6 Microsized samples
We used composition C50 to produce microsized samples. The liquid preceramic mixture was
micropippetted in a mould with circular recess 200 μm deep and 700 μm in diameter. In Figure
3.12, cured and pyrolyzed samples are presented. The pyrolysis temperature was 1000°C in
Argon atmosphere with an annealing time of 3h. The shrinkage is about 24.4 % linear but the
shape is conserved after pyrolysis and no cracks are visible. A small deflection is probably
present but it is difficult to evaluate for these samples due to their dimensions. Assuming a
curvature radius of 10-12 mm, like the one shown in Figure 3.2, the actual deflection is of few
micrometers because dependent from the disc radius. It is then possible to think that the same
process could be applied to morphologically more complex ceramic components in the
microscale.
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Figure 3.12: C50 microsized sample after cuing (left) and after 1000°C pyrolysis (right).

3.6 Discussion
3.6.1 DVB influence for crack free samples production
DVB addition in preceramic polymer SMP10 with an optimum amount yields a crack free
specimen that can be produced via liquid route and characterized. In the other composition
investigated a different cracking behavior was observed. When DVB amount was lower than
the optimum, small but diffused cracks were formed during pyrolysis while a higher amount
leads to long superficial cracks and occasionally to the cracking of the ceramic sample in two
fragments. This can be related to the DVB amount introduced, because the same curing and
pyrolysis conditions were applied. The role of DVB is the addition of vinyl groups that increase
the crosslinking degree in the green body via hydrosilation. This is the preferred reaction for
the crosslinking of PDC because it improves the ceramic yield, doesn’t lead to formation of
volatile products and it is the one that takes places at lowest temperature. Its extent is anyhow
limited to the Si-H vinyl ratio in the initial composition. For pure SMP10 this ratio is 19.
Hydrosilylation is then not the only reaction that takes places during crosslinking. As revealed
by FTIR on SMP10 cured and uncured, at high Si-H vinyl ratio also dehydrogenation with SiSi bond formation and release of H2 has to be taken into consideration. Due to the large
availability of Si-H in the precursor this reaction can also happen spontaneously during storage.
The result during cure is the formation of porosity and bubbles in the green body.
Dehydrogenation reaction involves only part of the Si-H groups available, because a residual
Si-H peak in the cured SMP10 is still visible. With the addition of DVB the Si-H vinyl ratio
decreases and consequently, the dehydrogenation reaction is less probable. This limits the
extent of hydrogen evolution and presence in the green body during curing, which is directly
related to defects. Another effect of DVB addition is a higher crosslinking degree in the cured
samples. This has been also reported to be a factor that prevents micro-fracture during pyrolysis
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and improves the ceramic yield [23] as we measured in C40 and C50. DVB shifts the main
weight loss to higher temperatures and limits its rate minimizing Si-H and Si-Si presence. As
reported in previous studies about production of SiC fibers and polycarbosilane in general [4749], these bonds are weaker in polycarbosilane and are the first to break during pyrolysis at
300-400°C releasing hydrogen. Furthermore, Si radicals reorganize creating more stable Si-C
bonds with possible release of hydrogen or volatile oligomers.
The initial defects in the green body, the additional hydrogen and gas release and the low
crosslinking degree, are supposed to be the cause of the extensive cracking observed after
pyrolysis in samples SMP10 and C40. Analogies can be found in the study of polysilazane. As
reported by Shah et al. [23] in 2002 and more recently in 2009 by Janakiraman et al. [36],
bubbles and porosity developed during curing cause cracks during pyrolysis. The solution
proposed by the authors was to apply high pressure in a closed mould during crosslinking. This
will close the pores formed and increases the crosslinking degree. In our case, with the addition
of DVB it is possible to produce samples that, compared with the starting material exhibit a
lower cracking behavior or are crack free without applying external pressure. The different
crosslinking degree between SMP10 and C60 can also be the reason to the different warpage
behavior as observed previously [36]. This phenomenon often affects PDC and is not fully
understood. We observed that the main reason of warpage was the presence of the meniscus on
top of the liquid prior curing and sample geometry as reported previously [50]. No influence
of the inert gas flow amount or heating rate was in this sense noticed. As solution for warpage
formation, Liew et al. [26] reported that a small weight applied on the parts during pyrolysis
can correct it. With TGA measurements we also noticed decrease in the ceramic yield when
the Si-H vinyl ratio is lower than 4.7. This is related to the formation of polydivinylbenzene as
additional phase in the matrix that decomposes during pyrolysis. The higher shrinkage, the
inhomogeneity and the rapid mass loss we observed cause cracks formation in the sample C60.
The cracking behavior is then different compared to SMP10 because the mechanism is not
related to curing defects.
In a recent work [18] about DVB in polycarbosilane, its effect on ceramic yield, with an initial
increase and then a rapid decrease, has also been reported. This happens when more than a
certain amount of DVB is added. The same effect has been observed in polysiloxane [14, 17].
To significantly improve the sample quality reducing curing defects and pyrolysis cracks
formation, the determination of a correct amount of DVB in the initial composition is crucial.
We found this amount to be about 28.7 wt. % that corresponds to a Si-H vinyl ratio of 4.7.
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Despite being difficult to extract such data from the above cited papers, we believe that the
decreases of ceramic yield corresponds for all the cases when hydrosilylation reaction is no
more active and the hysteric hindrance is reached.

3.6.2 Mechanical properties
The addition of carbon allows the production of crack free samples of relative large size. The
production of suitable test specimens is one of the main point that hindered mechanical testing
of PDCs produced via liquid route [51]. The test used, B3B-test, has several advantages
compared to conventional bending tests or other biaxial strength tests. In particular the welldefined load transfer geometry, a high tolerance against measurement uncertainties and the
easier testing procedure for miniaturized samples [52]. In the present case, uncertainly in the
test result could be introduced due to the warpage of the sample that differs from the ideal case
of a flat specimen. However, because the stress distribution is locally concentrated in a small
volume in the centre of the sample, the warpage should not significantly affects the test
outcome.
The test results shown in Figure 3.11 indicate that C50 possesses a characteristic strength of
1472 MPa, higher than any other reported bulk PDCs [51]. However for a comparison with
literature data, the value must be corrected for specimen size since in literature 3-point bending
tests bars are used. As reference value we used the 1100 MPa obtained by Shah et al. [23] on
a SiCN 3.5 × 6 × 0.2 ceramic bar tested with 3-point bending tests and produced by presscasting of a polysilazane precursor. Up to now, this reference represent the highest strength
value obtained for PDCs samples produced via liquid-route [51].
The correction of C50 strength value can be done using the following equation:
∗
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Where b, l and h are respectively width, outer span length and height of the specimen. Imposing
m= 2.3 and b × l0 × h = 3.5 × 4 × 0.2 mm, it is possible to calculate the effective volume of a
C50 specimen tested with a 3 point bending test in the same test configuration and geometry
as done by Shah et al. [23].
Using these equations, the equivalent strength value for C50 samples is 1270 MPa and can be
now directly compared with the 1100 MPa measured by Shah et al. [23] on SiCN bars. C50
strength is also considerably higher compared to the 671 MPa (value corrected considering the
effective volume) measured by Bakumov et al. [50] on SiCN ceramic produced with a process
similar to the one investigated. However, the comparison with literature results must also take
in account test conditions. The cited works do not report any information about test conditions
and supposedly were conducted in ambient. On the contrary B3B-test was conducted in inert
atmosphere where there is almost no humidity that significantly affects mechanical tests on
ceramics reducing the measured strength [54]. Therefore, in similar conditions, the strength of
C50 would be closer to the PDCs state of the art.
The main difference between C50 and literature is given by the Weibull modulus. The value
of 2.3 calculated for C50 is considerably lower than 12 and 6.1 reported for SiCN ceramics [23,
50]. This means that in the tested C50 discs, flaw sizes are quite variable and this is directly
related to the process quality. Only a more mature process can possibly solve this issue
increasing the Weibull modulus. However C50 is still a suitable material in the production of
MEMS where the small dimensions reduce flaw size and increase its reliability.

3.6.3 DVB influence on ceramic microstructure and DC conductivity
The added excess of carbon directly influences the DC conductivity of the samples. From the
measurements on the samples it appears that carbon concentration and pyrolysis temperature
controls the electric behavior. As first approximation we can consider the investigated material
as a classic composite, with SMP10 acting as matrix and DVB as filler. Then we can first
discuss the electric behavior of SMP10 in relation to the pyrolysis temperature. This can be
divided in three zones according to the microstructural changes that take place. In the first zone
at 800°C < Tp < 1000°C the amorphous SiC matrix contains hydrogenated carbon and can be
referred to as a-SiC:H. It behaves as an insulating material. At 1000°C carbon segregates and
some BSU probably start to be formed but were not detected by TEM. Isolated nano SiC
crystals are also formed at 1000°C but the microstructure is still considered completely
amorphous. Between 1000-1200°C there is the transition between an amorphous
microstructure (a-SiC), to a more crystalline one. The carbon dehydrogenation process
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continues up to 1200°C raising the sp2/sp3 ratio and lowering the energy barrier for transport
of charge carriers. At the same time crystallization of the microstructure continues with an
increase in mean size. In this case is then not only the sp2 sp3 transition that increases the
conductivity between 800 and 1200°C as recently reported by Chen et al. [55] in low carbon
SiCN. Also the SiC matrix contributes due to its rearrangement from amorphous to crystalline
at increasing annealing temperature as indicates from XRD analysis in Figure 3.6. These two
events together raise the conductivity. BSU also associates with edge-to-edge mechanism in
larger graphene stacks. At 1200-1400°C the crystalline SiC mean grain size reaches 4.5 nm
and their total volume is enough to dominate the conductivity behavior acting as a percolation
path. The microstructure is not completely crystalline and amorphous zones are still present.
BSU are visible in the microstructure but, considering that conductivity of SMP10 at 1400°C
is 2.2∙10-3 S/cm, their amount is not enough to significantly influence it.
When we consider C50 or C60 we can assume that the behavior of the SMP10 matrix is the
same as described above. The differences will be given by DVB according to his amount. This
is so relevant that carbon becomes the main conductive phase. The carbon excess is probably
segregated from the matrix as amorphous carbon a-C at temperatures lower than 800°C when
the measured conductivity is already about 10-5 S/cm. From the Raman analysis of carbon
peaks, it is suggested that the structural organization of the carbon and its domain lateral size
is the same for all compositions between 1000-1400°C. The difference encountered in the
conductivity of the analyzed compositions, depends on the amount of the initial carbon because
this is also preserved in the final ceramic. At 1000°C in C50 BSU is formed and together with
the amorphous carbon a-C are already enough to create a carbon network. The C nanodomain
formation at 1000°C is visible from TEM image in Figure 3.8c. Their short range organization
in few graphitic stacks is also detected in Figure 3.7 by XRD with a small shoulder at 43°C. A
further structural organization due to the temperature increase up to 1400°C is visible from
TEM as an increasing number of BSU units and their increase in size. Graphitic layers in
turbostratic order could also be present in the microstructure due to the formation of G’ band
in Raman spectra. Despite this graphitization process, the conductivity raises by just one order
of magnitude above 1400°C.
The formation of an early percolative network is directly related to the carbon excess as
reported by Cordelair et al. [12], but also to the polymer architecture. The benzene ring in the
chemical structure of DVB probably facilitates the formation of BSU being these composed by
a few aromatic layers. Monthioux et al. [22] also observed the fact that carbon atoms that are
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neighboring in the starting polymer help to promote the formation of aromatic rings as soon as
the temperature of carbonization (>500°C) is reached during the ceramization step.
The conductivity of 9.4∙10-1 S/cm reached in C50 pyrolyzed at 1400°C is similar with other
PDC previously studied and also annealed at 1400°C. The values are reported to be in the range
of 1.4∙10-3 S/cm for Si-C-O [56] up to 1∙10-1 S/cm for Si-C-N [8, 28] and Si-C [21] . A direct
comparison cannot be done because carbon content, pyrolysis conditions and polymer
architecture of the cited papers are different and significantly influence the final values. The
main difference and novelty here reported is that C50 reaches at room temperature a
conductivity of 7.8∙10-2 S/cm already after 1000°C pyrolysis and with an amorphous
microstructure. In the same temperature range conductivity is reported to be 3.5∙10-3 in Si-CO pyrolyzed at 1100°C [56] and 1.0∙10-9 S/cm for Si-C-N [8] and Si-C [21] pyrolyzed at
1000°C.

3.7 Conclusion
The effect of DVB addition to the polycarbosilane SMP10 can be summarized as follows:
(1) The extent of the reactions involved in the crosslinking of the precursor can be modified
according to the Si-H vinyl ratio. A high ratio, such as for pure SMP10, results in a low
crosslinking degree and in the formation of hydrogen. A low ratio, as in C60, promotes the
polymerization of DVB. The optimum ratio was found to be 4.7 where hydrosilylation is the
main crosslinking reaction.
(2) Ceramic samples up to Ø10 mm produced in this way were mainly crack-free or with
minimal cracks. The liquid casting process used doesn’t involve the use of high external
pressure and is suitable for MEMS production.
(3) The carbon introduced with DVB via hydrosilylation remains in the final microstructure
and improves the ceramic yield from 77.5 to 80.5 %. In C60, where polydivinylbenzene is
formed the ceramic yield drops to 72.3%.
(4) The carbon excess introduced forms an early percolation carbon network in glassy
microstructure after annealing at 1000°C. The comparison with other compositions tested
showed that the electric behavior is concentration and temperature dependent. For composition
C50 DC conductivity at room temperature can be varied by several orders of magnitude up to
9.4∙10-1 S/cm.
(5) The process and the material are suitable for MEMS applications. This could offer the
possibility to produce electrical conductive MEMS specimen using PDC via liquid route.
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Carbon

nanotubes

suspensions

using preceramic polymers
Aiming for an improvement of the electrical properties trough the realization of a ceramic
matrix composite using CNTs as filler, in this chapter a simple but efficient dispersion method
is studied. The selected approach is shown generally valid for various solvents, precursors and
CNT types. The obtained results are published in the Journal of Colloid and Interface Science
under the title: “Rapid carbon nanotubes suspension in organic solvents using organosilicon
polymers”. The manscript is co-authored by Jonas Grossenbacher, Gurdial Blugan, Maurizio
Gullo, Jürgen Brugger, Hendrik Tevaearai, Thomas Graule and Jakob Kuebler

4.1 Abstract
A strategy for a simple dispersion of commercial multi-walled carbon nanotubes (MWCNTs)
using two organosilicones, polycarbosilane SMP10 and polysilazane Ceraset PSZ20, in organic
solvents such as cyclohexane, tetrahydrofurane (THF), m-xylene and chloroform is presented.
In just a few minutes the combined action of sonication and the presence of Pt(0) catalyst is
sufficient to obtain a homogeneous suspension, thanks to the rapid hydrosilylation reaction
between Si-H groups of the polymer and the CNT sidewall. The as-produced suspensions have
a particle size distribution < 1 µm and remain unchanged after several months. A maximum of
0.47 and 0.50 mg/ml was achieved, respectively, for Ceraset in THF and SMP10 in chloroform.
Possible applications as polymeric and ceramic thin films or aerogels are presented.
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4.2 Introduction
Accomplishment of a homogeneous filler dispersion is the key to produce a high performing
composite. The mechanical strength is improved and percolation is achieved at lower volumes.
This is true in general but it assumes more significance in the case of carbon nanotubes (CNTs).
With exceptional properties such as Young’s modulus in the order of 1 TPa, electrical
conductivity between 102-106 S/cm combined with a high aspect ratio, makes CNTs attractive
for a broad range of applications. Their agglomeration-free dispersion in the matrix is important
for achieving the maximum effect. Well dispersed systems can reach percolation already at
0.025 wt. % as reported by Sandler et al. for a CNT-epoxy composite [1]. On the contrary
agglomerates of CNTs act as defects causing stress concentration and premature failure of the
structure under mechanical load.
A common strategy for producing polymer composites is solution blending. Briefly, the
polymer is added while stirring in a CNTs suspension followed by solvent evaporation.
Functionalized CNTs or surfactants are used to improve the dispersion. Also in-situpolymerization is based on the same strategy but in this case there is formation of chemical
bonds between the monomer and functionalized CNT surface as reported for epoxy
nanocomposites [2]. To preserve the electronic structure of the CNTs noncovalent dispersing
methods were investigated to avoid the functionalization step that is reported to damage it.
Another reason is the simplification of the whole process. Functionalization of CNTs involves
the use of acids plus a washing/drying procedure before their effective use [3]. As reported by
Bilalis et al. [4] polymers can directly dissolve untreated CNTs in solvents via noncovalent ππ and CH-π interactions [5, 6] but also wrapping [7]. The polymer is adsorbed on the surface
of the CNTs, avoiding the re-aggregation process in liquid media due to the steric repulsion
exerted. The use of conventional un-modified polymers and to directly disperse CNTs in
organic solvents via CH-π interactions seems the most interesting approach because no
particular procedures have to be adopted. However, the dispersibility reported [6] is very low
(below 0.020 mg/ml) for practical use in a composite. A method to improve it up to 1.235
mg/ml was found by Xu et al. in 2009 [8] using a hyperbranched polyethylene. The branched
structure was suggested to cause a higher CH-π interaction enhancing the solubility. Interesting
properties due to the polymer architecture were also found with dendrimers [9].
Despite all these different approaches and possibilities there are still few works about the use
of organosilanes for CNTs suspension and among them almost only polydimethylsiloxane
(PDMS) is investigated. To the best of our knowledge there are no reports about the use of
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other organosilanes as dispersants for CNTs. Among them preceramic polymers polysilazane,
polyborosilane and polycarbosilane are an important class because technical ceramics such as
SiC, SiCN, SiCBN can be obtained after pyrolysis. These are also promising materials for
diverse applications such as micro-electro-mechanical-system (MEMS) fabrication [10, 11],
anode batteries [12], harsh environment sensors [13] and high temperature resistant fibers [14].
The first study about polysilazane-CNT composites [15] was in 2004 and up to now only few
others followed [16-21]. The filler dispersion in the polymer matrix is usually poorly described
and realized following different methods such as functionalized CNTs, surfactants or direct
sonication of the filler in organic solvents. All these techniques involve either a long procedure
or are not efficient.
In this paper we report a simple one-step method for the dispersion of pre-sonicated CNTs in
organic solvents. We show for the first time that preceramic polymers and in particular
polycarbosilane SMP10 can be used to disperse MWCNTs thanks to the addition of Pt(0) as
catalyst during sonication. The main advantage compared to other methods is the simplicity of
the process. All the used products are commercially available and no additional steps such as
washing, drying and functionalization are needed except solvent removal to obtain a
CNT/polymer mixture ready for casting. The polymer used is in fact also the matrix of the
composite and Pt(0) the catalyst to aid curing. In this way we produced a polymer-MWCNT
stable suspension that can be used in various applications. The concept was then also shown to
be valid for the polysilazane Ceraset.

4.3 Experimental procedure
4.3.1 Materials used
Two different types of commercially available MWCNT were used as received. Baytubes
C150P (Bayer Material-Science AG, Leverkusen, Germany) that possess purity > 95 wt. % and
tube length > 1 μm. Nanocyl™ NC7000 (Nanocyl S.A., Sambreville, Belgium) that possess
purity > 90 wt. % and average tube length of 1.5 μm. Both are produced via catalytic chemical
vapor deposition (CVD) methods. More information can be found in the respective datasheets.
The two commercially available preceramic polymers (PDC polymers) used were
allylhydridopolycarbosilane SMP10 (batch J20867, viscosity 51 cps Starfire Systems Inc.,
USA) with nominal formula [SiH(CH2CH=CH2)CH2]0.1[SiH2CH2]0.9 and polysilazane Ceraset
PSZ20

(Kion

Corp.

Pennsylvania,

USA)

with

nominal

formula

[SiCH3(CH2CH=CH2)NH]0.2[SiCH4NH]0.8.
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Platinum(0)-1,3-divinyl-1,1,3,3-tetramethyldisiloxane complex solution 2 % in xylene (Sigma
Aldrich, Switzerland), further diluted in m-xylene to obtain a concentration of 0.1 wt. % and
used as catalyst. All the solvents used (cyclohexane, m-xylene, THF, chloroform) had a purity
>99.5% and were purchased in Switzerland from Sigma Aldrich or Carl Roth.

4.3.2 MWCNT de-bundling
The MWCNTs were first separated into individual nanotubes de-bundling the as purchased
powder via sonication in the selected organic solvent for 2 h using a Sonoplus 2200 (Bandelin,
Germany) set with cycle 9, power 20% and equipped with a titanium probe. The process was
performed in a water bath cooled with ice to avoid excessive evaporation of the solvent. The
solvent weight loss was compensated by adding fresh solvent to obtain a final CNT
concentration of 3.9 mg/ml. Typically, a batch of about 10.5 ml of de-bundled CNT in solvent
was produced each time.

4.3.3 Suspension preparation
The preceramic polymer was first dissolved in the organic solvent and de-bundled MWCNT
added, reaching the desired CNT concentration. Finally Pt(0) catalyst was added. The mixture
was first homogenized by hand and then sonicated with a VC70C ultrasonic processor (Sonics,
USA) set at pulse 6 and amplitude 40 % and equipped with a Vibracell VC18 probe (Sonics,
USA). The suspension was stored refrigerated for at least 12 h to allow formation of aggregates
and then centrifuged with a Universal 320 (Hettich, DE) for 30 min at 4000 rpm (2701
RCFMAX). The extracted supernatant was then analyzed.
In a typical preparation, a 0.50 mg/ml CNT suspension in cyclohexane was obtained sonicating
150 μl of SMP10 added together with 3290 μl of pure cyclohexane, 514 μl of de-bundled CNT
in cyclohexane and 50 μl of Pt(0) 0.1 wt. % in m-xylene. A scheme of the whole suspension
preparation is presented in Figure 4.1.

Figure 4.1: Scheme of the suspension process: de-bundling of CNT powder STEP 1). Suspension realization
STEP 2) At the end of step 2 the suspension is centrifuged and the supernatant extracted
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4.3.4 Characterization methods
 Fourier transform infrared spectroscopy (FT-IR) spectra were collected on a Tensor 27
(Bruker, MA, USA) pouring some sample drops on a Golden Gate ATR.
 Intensity weighted particle size distribution was analyzed with a Zetasizer Nano S (Malvern,
UK) by dynamic light scattering (DLS) in NIBS (non invasive back scattering)
configuration and in accordance with ISO 22412 as previously described [22]. For this
measurement the suspension was diluted to obtain a semi-transparent liquid. The
distribution data are an average of a minimum of three different runs each one composed by
13 autocorrelation functions (ACFs) combined to a mean ACF and evaluated by the
Zetasizer Software version 7.03 appendant to the Zetasizer Nano S.
 Particle size distribution of the de-bundled CNT was measured with light scattering LS320
(Beckman Coulter, USA).
 Uv-Vis analysis were performed in a quartz glass cuvette with a Uv-3600 (Shimadzu, Japan)
operating between 200-850 nm. Absorbance was maintained between 0.1-2 in the whole
range used for the calculations through proper dilution as described previously [23]. Solvent
and cuvette contribution were subtracted from the resulting spectrum.
 Thermal gravimetric analysis was conducted under flowing air using a TGA/sDTA 851e
(Mettler Toledo, OH, USA) and applying a 5°C/min heating rate up to 1000°C. The
suspended CNTs were analyzed after being washed from the polymer excess. This
procedure can be described as follow: the supernatant was centrifuged at 15000 rpm (21382
RCFMAX) for at least 30-60 min until complete CNT settling. The solvent was then replaced
with fresh one and the settled CNT re-dispersed for 1 minute with a Vibracell VC 18 (Sonics,
USA) sonication finger. This procedure was repeated three times. At the end no significative
intensity differences indicating the presence of residual SMP10 between fresh and
centrifuged solvent were detected with FT-IR/ATR.
1

H NMR spectra were recorded at 400.18 MHz on a Bruker Avance III 400 NMR

spectrometer. The 1D 1H NMR spectra were performed at 298 K using a 5 mm BBO
Prodigy™ CryoProbe with z-gradient and 90° pulse lengths of 11.4 µs (1H), 10.0 µs (13C)
and 13.0 µs (29C). All spectra were recorded with Bruker standard pulse programs and
parameter sets, and the 1H chemical shifts were referenced internally using the resonance
signals of cyclohexane-d12 at 1.38 ppm.
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4.4 Results
4.4.1 MWCNT-SMP10 suspension in cyclohexane
Among the organic solvents available, cyclohexane was analyzed first for several reasons. It is
a common organic solvent, both catalyst and polymer are completely soluble, and it is not
miscible with water, limiting undesired hydrolysis and condensation reactions. It has a
relatively low boiling point (80.7°C) that simplifies its extraction and a high melting point
(6.5°C) that allows it to be easily stored avoiding evaporation. In addition it has low toxicity
and it is cheap.
On the other hand, as is visible in Figure 4.2D, CNTs have negligible solubility in it and settle
in less than 1h after sonication is stopped. A prolonged sonication is also ineffective to stabilize
them. Similarly, when SMP10 is added to the solvent in Figure 4.2E, CNT settling occurs as
well. The result completely changes in Figure 4.2F when Pt(0) is added to cyclohexane together
with SMP10 and a dark suspension is obtained after a short sonication time. As shown in Figure
4.2F the suspension is still dark after one month and has been observed to remain unchanged,
without visible phase separation, for several months until the complete evaporation of the
solvent. Complete CNT settling could be archived only after centrifuging it at 15˙000 rpm
(21,382 RCFMAX) for at least 30 min.

Figure 4.2: CNT in cyclohexane. Effect of SMP10 and catalyst Pt(0) addition to promptly suspend MWCNT
after few minutes of sonication. The difference in solvent level is due to evaporation during storage.

The difference in particle size distribution of the CNT before and after the suspension step is
shown in Figure 4.3. Initially the distribution in the de-bundled CNT is broad, with d10 =2.7
μm and d90 =26.6 μm. The aggregates due to Van der Waals’ interactions have a mean size of
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about 14,5 μm in terms of hydrodynamic diameter Dh. After the addition of SMP10, Pt(0) and
sonication for a few minutes the whole distribution, measured with Dynamic Light Scattering,
is shifted below 1 μm and the mean size is about 250 nm. The distribution is comparable with
the one obtained by Krause et al. [22] for Baytubes dispersed with sodium dodecyl benzene
sulfonate (SDDBS) and it was associated solely to the presence of single-CNTs in the solution.

Figure 4.3: particle size distribution of CNT before and after sonication in the presence of SMP10 and Pt(0).

4.4.2 Analysis of the suspension parameters
Dispersion of CNTs can be characterized using UV-vis absorption spectroscopy. Absorption
values at 600 nm were recorded and directly related to the amount of single CNTs in solution
according to the Lambert-Beer law A=log I0/I=ε·C·l where A is the measured absorbance and
C the unknown concentration. The light path length l is fixed by the experimental setup while
the calculated extinction coefficient for MWCNT at 600 nm was ε600=0.0385 L/(mg·cm). At
this wavelength polymer and solvents are not active and the only contribution to the absorption
is attributed to the presence of individual CNTs. Bundles are in fact reported to not be active
in the UV-vis region [24]. The efficacy of the dispersion method was evaluated defining its
extractability as previously applied to surfactant-CNT suspensions [25] and expressed as:
%

100

where C is the concentration of suspended MWNTs measured with UV-vis and C0 the
concentration of MWNTs originally in solvent. This parameter is used to determine the effect
of the process variables and to find the optimum conditions. The extractability values were
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taken as an average of at least three samples each produced from a different batch of de-bundled
CNTs. In Figure 4.4 the influence of catalyst amount is analyzed. The solid and dashed lines
compare, respectively, the extractability of the suspension produced with and without the use
of Pt(0). The initial CNT concentration was 0.50 mg/ml. All the other variables such as solvent
amount, polymer content, sonication time and power are kept constant. As it is visible, without
catalyst the extractability of the system ranges between 1-7 %. Aggregates are easily formed
and precipitate during the centrifugation step, leaving an almost clear supernatant. On the
contrary, the addition of catalyst to the system promptly improves the extractability up to 65%
at 116 ppm. For higher Pt(0) amounts, up to 638 ppm, the solid curve stabilizes in a range
between 60-65 %. The considerable large standard deviation displayed is mainly attributed to
the different amount and size of well separated CNT obtained during the de-bundling step that
was not fully optimized in this work. As reported for surfactant based dispersions [26-28],
changes in the process parameters such as probe position, power and temperature affect the
degree of de-bundling. In the best case the maximum extractability on a single batch was
calculated up to about 82 % that corresponds to a CNT concentration of 0.41 mg/ml. The extent
of the standard deviation seems to increase also accordingly with the catalyst amount and it is
explained by the higher number of reactions taking place and the increasing complexity of the
system.
To determine the suspension mechanism, the effect of platinum addition was studied with TGA
and it is shown in Figure 4.4B. The analyzed CNTs were heated under air stream up to 900 °C
with a rate of 5 °C/min. As purchased Baytubes were also analyzed for comparison. Pure
carbon nanotubes decompose in air between 400 °C and 600 °C leaving a residue mass of 3%
that is compatible with the >95% purity indicated in the datasheet and measured with the same
method. When only SMP10 is added, MWCNTs decompose at a higher temperature between
450 °C-600 °C with a residue mass of 36.5%. This is attributed to the presence of
polycarbosilane that undergoes an oxidation process forming infusible Si-Cx-Oy as described
previously [29, 30]. With the addition of 290 ppm of Pt(0), red line, the residues mass increases
to 49% with a shift of the oxidation process at even higher temperatures between 510 and 640
°C.
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Figure 4.4: A) Effect of Pt(0) addition on the extractability of a CNT suspension in cyclohexane. B) TGA of
MWCNT+SMP10 with and without addition of 290 ppm of Pt(0) after removal of polymer excess. Pristine
Baytubes mass loss is also shown.

The catalyst amount in the suspension was then fixed at 290 ppm to maintain a high
extractability and analyze the effect of the ultrasonication time. As is visible in Figure 4.5A,
after 1 minute the extractability is already 28 % and it increases up to 65 % after 10 min when
the separation of CNT can be considered almost completed. Further sonication in fact improves
this value to 74% but with a considerable reduced rate. To determine the optimum nominal
CNT/polymer ratio and maximize the amount of suspended CNT compared to the polymer
used, the initial CNT concentration was varied between 0.25 and 1 mg/ml whilst the SMP10
amount of 150 µl was kept constant. As visible in the blue line in Figure 4.5B the optimum
was calculated with a Gaussian fit to be about 1.68 wt. %, that corresponds to an initial CNT
amount of 0.67 mg/ml. This gives at the end of the process a supernatant CNT concentration
of about 0.33 mg/ml that correspond to an extractability of 60%. In the same Figure 4.5B the
extractability displayed as a black dashed curve decreases progressively with the CNT amount
from a maximum of 73 % to 25 %.
The same suspension process was also tested using commercial Nanocyl 7000 powder as
MWCNT source. Starting from a concentration of 0.50 mg/ml CNT in cyclohexane in presence
of 150 µl SMP10 the effect of Pt(0) addition was tested. In the same way as Baytubes, the
catalyst was fundamental to achieve a stable suspension that otherwise couldn’t be obtained.
Extractability was calculated to be 51% after 10 min sonication and mean particle size 335 nm
with the whole distribution lower than 1 µm.
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Figure 4.5: Analysis of process parameters on extractability in cyclohexane. A) Effect of sonication time B)
effect of initial CNT concentration.

4.4.3 SMP10-MWCNT suspension in m-Xylene, THF, Chloroform
Starting from a CNT concentration of 0.50 mg/ml and maintaining the same process parameters
(150 µl of SMP10, 290 ppm Pt(0), 10 min sonication), the effect of organic solvents other than
cyclohexane on the suspension was analyzed. As shown in Figure 4.6A and B sedimentation
occurs in THF and m-xylene a few hours after sonication and it’s independent of Pt(0) use. On
the contrary in Figure 4.6C a black stable solution with extractability of 90-100% and mean
particle size of 350 nm could be obtained in chloroform. As shown in Figure 4.6D a stable
suspension is obtained in chloroform also without addition of Pt(0). In this case, despite the
absence of a clear sedimentation process aggregates together with single CNT were noticed
after proper dilution.

Figure 4.6: SMP10-MWCNT suspensions in m-xylene, THF and chloroform 24h after sonication. CNT
initial concentration is 0.50 mg/ml
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4.4.4 Ceraset-MWCNT suspensions in organic solvents.
In liquid form like SMP10, Ceraset PSZ20 is soluble in the same solvents and its polymer chain
structure includes Si-H, C-H and vinyl groups together with N-H group characteristic of
polysilazanes. The efficacy of the suspension method schematized in Figure 4.1 with and
without the addition of 290 ppm Pt(0) was tested in several organic solvents and the results are
summarized in Table 2. Extractability and mean particle size are reported as well as the type
of CNT used.
In cyclohexane and chloroform a stable CNT suspension with a particle size distribution <1
µm was obtained in the presence of Pt(0). No aggregates were formed and the extractability
was 57% and 51% respectively. Without catalyst large aggregates were instead found even
after centrifuging at 4000 rpm for 30 min, the suspension remained black. Similar results were
obtained with Nanocyl, where mean particle size and extractability in cyclohexane were 461
nm and 49%, respectively.
In THF stable CNT suspension with mean particle size of 298 nm was obtained without
addition of Pt(0). The extractability was measured to be 57 % and no aggregates were noticed
after dilution. With the addition of catalyst, the particle distribution remains similar with a
mean size of 254 nm, but the extractability increases up to 95 %.
An opposite case is represented by m-xylene, where despite the use of Pt(0) complete settling
and aggregation takes place soon after the sonication stops.

Table 2: extractability and mean particle size of CNT suspensions in several organic solvents using Ceraset
PSZ20.
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4.5 Discussion
4.5.1 MWCNT-SMP10 suspension in cyclohexane
CNT suspension using organosilicones raises several questions about the role of the catalyst
and the solvents in the process. As shown in Figure 4.2D a stable CNT suspension can not be
achieved in pure organic solvents such as cyclohexane even after intensive sonication. The high
surface area leads the nanotubes to form agglomerates via Van der Waals forces and then
precipitate over time. Common strategies to keep single nanotubes in solution are steric and
electrostatic repulsion [31]. This is commonly used for nanoparticles in water, adjusting the
pH to maximize the Zeta potential but cannot be used in organic solvents. The only option is
to use a polymer that covers the nanoparticles avoiding their direct interaction.
From the results obtained with SMP10 we can assume that nanotube coverage is not caused by
a single mechanism such as π- π interaction, covalent bonding or polymer structure but is the
combination of several mechanisms working together. Starting from the point that a suspension
process is a competition between the interaction of polymer-CNT and polymer-solvent, when
the latter is stronger than the former, reduced or inefficient solubilization occurs [7, 41]. This
is the case of suspensions without Pt(0) addition. The 36.5 % TGA yield in Figure 4.4B
obtained after the removal of excess polymer denotes that part of it adheres onto the CNT
surface. This is possible if we assume the existence of a non-covalent interaction between
SMP10 and CNTs. This is probably due to the abundant CH bonds in the polycarbosilane chain
structure that give place to CH-π [6, 8, 32] interactions with the CNT sidewall. As reported by
Beigbeder et al. [33] CH-π are responsible for the absorption properties of PDMS on CNT and
are described as weak hydrogen bonds between soft acids and soft bases, largely due to
dispersion forces and partly to charge-transfer and electrostatic forces. This interaction is
probably also enhanced by the hyperbranched structure of the polycarbosilane [34] as reported
for similar polymers [8, 35].
SMP10 alone is insufficient to efficiently cover the nanotube surface and this causes
precipitation as shown in Figure 4.2E. To obtain a stable suspension a “critical surface
coverage” defined as the minimum polymer amount necessary on the CNT surface to avoid
CNT aggregation, must be reached. This condition is met with the addition of Pt(0) where a
higher CNT coverage, displayed by a 12.5% higher yield in Figure 4.4B, can be achieved. This
is also visible with the stabilization of the nanotubes in Figure 4.2E and the drastic change in
particle size distribution in Figure 4.3. The effect of Pt(0) is most likely to promote a
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hydrosilylation reaction by lowering the activation energy between the SMP10 Si-H groups
and the CNT double bonds, thus allowing a higher and more stable coverage of the nanotubes.
Pt(0) is a well-known Karstedt's catalyst specific for hydrosilylation [36], used in the curing of
silicones and this reaction has already been reported to occur spontaneously at room
temperature between triethylsilane and metallic SWCNT [37]. Due to the wrapping of the
polymer on the nanotube, the reaction is supposed to involve only a small fraction of the Si-H
groups available, those closest to the CNT wall. This would explain the absence of significative
changes of the Si-H signal intensity in the 1H NMR spectra in between the diluted polymer in
Figure 4.7A and the same, sonicated in the presence of 300 ppm of Pt(0) and CNT in Figure
4.7C.
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A

B

C

Figure 4.7: 1H NMR of A) the SMP10 polymer diluted in in C6D12 B) SMP10 polymer diluted in in C6D12
and sonicated for 10 min with the addition of 300 ppm Pt(0) in xylene C) SMP10 polymer diluted in in
C6D12 and sonicated for 10 min with the addition of 300 ppm Pt(0) in xylene and de-bundled Baytubes in
cyclohexane. The spectral shifts were assigned accordingly to previous studies on polycarbosilane [38-40]
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Starting from the TGA data the polymer amount on the nanotubes can be estimated in terms of
monolayers (MLSiC) using the formula reported by Shah et al. [41].
/

1
Where ωSiC is the ceramic yield at 900°C without contribution of the CNT impurities, MW and
Ω are molecular weight and molar volume/Avogadro’s number respectively. The subscripts
denotes the carbon in the nanotubes and the ceramic molecules of the TGA residues. It has to
be mentioned that due to the impossibility to examine the small TGA residues and the
difference that may exist between monolayer and bulk specimens pyrolysis, the above formula
gives only an approximation of the polymer coverage. Due to the multitude of literature data,
given by different process conditions and precursor chemistry used, we assumed for the
ceramic a density between 2.4-2.8 g/cm3

[42-44] and a composition ranging between

SiC1.19O0.16 and SiC1.16O0.76 as reported previously for the same [45] and other precursors [4649], within which our composition falls. The density of carbon is taken as 2.26 g·cm-3 and its
atomic volume as 0.0088 nm3. With these values MLSiC is calculated to be 0.5-0.55 and 0.250.3, respectively with and without Pt(0) addition. This shows that there is a non-covalent
interaction between polymer-nanotubes, confirming what was reported for SiCN
precursor [41], and that Pt(0) addition can double the polymer coverage on the nanotubes
allowing their dispersion. The calculated values are most likely higher because the fraction of
the non-covalent coverage may have been removed during the washing procedure.
The catalyst is then the key factor to stabilize the nanotubes and its amount influences the
process and the extractability. In Figure 4.4A after 10 min sonication the system reaches its
maximum with 170-290 ppm of catalyst. This means that the CNT coverage can be completed
with this optimum amount. Additional catalyst is therefore unnecessary because it will promote
also side reactions in the system like polymer-polymer crosslinking.
Sonication also plays an important role in the process, because it separates agglomerates into
single nanotubes and at the same time provides the necessary energy for the hydrosilylation
reaction. As shown in Figure 4.5 the polymer coverage process of the nanotubes proceeds
rapidly and is almost complete in about 10 minutes. Prolonged sonication times have instead a
limited effect on the extractability.
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4.5.2 MWCNT-SMP10 suspension in THF, m-xylene and chloroform
From the results obtained in cyclohexane we can extend the concept to the other organic
solvents analyzed. In THF and m-xylene the polymer-solvent interaction is stronger than for
polymer-CNT and SMP10 remains dispersed in solution without or only partially adhering on
the nanotubes wall. The addition of Pt(0) is uninfluential and does not help to reach the needed
“critical CNT coverage” that allows CNT suspension in the specific solvent.
In the case of chloroform a dark stable suspension can be obtained without Pt(0) addition as
shown in Figure 4.6D. Different from the other organic solvents used, chloroform’s density
(1.49 g/cm3) is almost double compared to cyclohexane (0.779 g/cm3), THF (0.89 g/cm3) or
m-xylene (0.86 g/cm3). Its value is also higher than the density of SMP10 (0.998 g/cm3) and
comparable with the density of MWCNT that can be ranged between 1.5-2.3 g/cm3 [50]. This
greatly affects the precipitation. This can be simply described by Archimedes’ principle F=
g·m·(ρP-ρF)/ρP - FD stating that the force exerted on an object in a liquid is proportional to the
difference between its density (ρP) and the density of the fluid (ρF) minus the drag (FD).
Because partially covered ρP is calculated as the weighted average between polymer and CNT
density resulting in an almost negligible or negative precipitation of the nanotubes. The
suspension is anyway not homogeneous, suggesting that the polymer coverage is incomplete
and aggregates can be found in the supernatant. A complete coverage and uniformly dispersed
single nanotubes are instead obtained after the addition of Pt(0). The high extractability values
obtained are also an effect of the chloroform density that suspends a higher nanotube amount
up to 0.50 mg/ml. Among these, a fraction with only partial coverage and/or still entangled is
also most likely included but can not be easily separated from the rest via centrifugation.

4.5.3 MWCNT-Ceraset suspensions
The use of polysilazane Ceraset confirms the results obtained with polycarbosilane SMP10.
With a similar chemical structure, stable and homogeneous suspensions of MWCNT in organic
solvents can be easily achieved via sonication in the presence of Pt(0). The best result was
obtained in THF where nanotubes without catalyst addition could be already separated and
suspended. This indicates a higher non-covalent interaction of the polymer with the CNT
instead than with the solvent. In this way the polymer can adhere onto the CNT wall and oppose
the Van der Waals force via steric repulsion. The effectiveness in dispersing CNT via simple
sonication in THF+Ceraset was already reported by Katsuda et al. [16] to produce SiCN-CNT
ceramic composites but the dispersion process was not analyzed. In Table 2 it is shown that
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with the use of Pt(0) use the fraction of well dispersed CNT increases from 57% to 95% thanks
to the induced hydrosilylation reaction.
In cyclohexane and chloroform a stable suspension was obtained only with Pt(0) addition
indicating that it was fundamental to reach the necessary “critical surface coverage”.
Similarly to SMP10, with Ceraset not only Baytubes but also Nanocyl were successfully
suspended in cyclohexane. This suggests that the suspension method is generally valid and not
specific for a specific type of CNT. Of course, this will lead to different extractabilities
accordingly to the CNT characteristics such as purity, dimension and chirality.

4.6 Conclusions
We have demonstrated a simple straightforward strategy for the suspension of MWCNT in
organic solvents with the use of preceramic polymers and Pt(0) catalyst. Nanotube suspension
is directly achieved in about 10 min in one-step without the necessity of previous
functionalization. The mechanism and the principal findings can be summarized as follow:
1) Pt(0) is fundamental to achieve a stable suspension in organic solvents. The use of SMP10
or Ceraset alone is not sufficient to efficiently suspend the CNT and better results were
always achieved when using Pt(0).
2) The suspension mechanism is explained as the sum of a non-covalent assembly of the
polymer on the CNT surface due to CH-π interaction, plus the hydrosilylation reaction
between Si-H group of the polymer and C=C of the nanotube catalyzed by Pt(0). Noncovalent interaction were in fact demonstrated to not efficiently cover the nanotubes and
assure sufficient steric repulsion. On the contrary with the addition of catalyst a higher and
stable polymer coverage of the nanotubes can be achieved. When this is higher than a certain
“critical coverage value” defined as the minimum polymer amount necessary on the CNT
surface to avoid CNT aggregation, a stable suspension is obtained.
3) Using SMP10 the higher CNT concentrations were, respectively, 0.50 mg/ml in chloroform
and 0.41 mg/ml cyclohexane. For Ceraset 0.47 mg/ml, 0.29 mg/ml and 0.26 mg/ml were
obtained, respectively, in THF, cyclohexane and chloroform. In all the analyzed suspension
the particle size distribution was < 1µm.
4) This novel method is a simple and quick alternative to surfactant and CNT functionalization
in organosilicon composites production. In addition it can be easily upscaled, all the
materials are relatively cheap, commercially available and more importantly it can most
likely be extended to polymer and molecules with the same functional groups.
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4.7 Outlook and possible applications
The analyzed CNT-polymer suspensions process allows to have a stable and homogeneous
distribution of filler in different organic solvents such as cyclohexane, chloroform and THF
that can be used for different applications. As recently reported by Soraru et al. [51] and Zera
et al. [52] highly porous aerogel are produced from preceramic polymers crosslinked with
divinylbenzene (DVB) in suitable solvents. The cited method can be applied also to the CNT
suspension to produce a novel MWCNT-polycarbosilane composite aerogel. The sample in
Figure 4.8A has a filler content of 0.3 % and was realized as proof of concept. The grayish
uniform color instead of the characteristic white of SMP10-DVB aerogel suggests the effective
incorporation of the filler. In the same picture is also visible half of the aerogel after pyrolysis
in Argon atmosphere at 1000°C. The shrinkage due to the gas released during the process is
about 30% linear but the porous structure is maintained. Polymer derived ceramics (PDCs)
carbon-rich aerogels are studied as suitable material for Li-ion batteries because as described
by Pradeep et al.

[53] the porous nature allows for fast ionic transport and helps to

accommodate the structural changes which in turn allow a stable performance during repeated
lithiation/delithiation.
Further applications of the dispersion can be found after the removal of the solvent. As shown
in Figure 4.8 the obtained black liquid can be easily spread on different surfaces like glass and
polystyrene or cast in a mould to realize a polymer-CNT composite with desired shape. The
Pt(0) already included in the suspension process allows the mixture to cure at ambient
temperature as described by Blum et al. [54]. The maximum achievable filler load was 1.4 wt.
% and 1.3 wt. % for SMP10 in chloroform and Ceraset in THF, respectively. As comparison,
1.2 wt % is reported to be sufficient to reach percolation in PDMS [55]. Furthermore, the
preceramic polymeric matrix can be converted into a SiC-CNT or SiCN-CNT ceramic matrix
composite via pyrolysis [20]. Fields of interest are ceramic fibers [56], ceramic MEMS [57]
and biomedical devices [58].

Figure 4.8: example of CNT suspension use. A) SMP10-DVB Aerogel with 0.3% CNT filler before and after
1000°C pyrolysis, respectively right and left. B) C) SMP10-CNT 1 wt% filler content used as ink
respectively on glass and polystyrene substrate
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Polycarbosilane-MWCNT composite
Starting from the results achieved in ceramic forming and carbon nanotubes dispersion, in this
chapter a SiC-CNT composite is analyzed. The effect of multiwall carbon nanotubes as filler
to further improve the electrical conductivity of the C-enriched ceramic is discussed. The
presented results are published in the Journal of European Ceramic Society with the title:
“CNT and PDCs: A fruitful association? Study of a polycarbosilane–MWCNT composite”. The
manscript is co-authored by Jonas Grossenbacher, Gurdial Blugan, Maurizio Gullo, Jürgen
Brugger, Hendrik Tevaearai, Thomas Graule and Jakob Kuebler

5.1 Abstract
The effect of MWCNT introduction in a polycarbosilane based ceramic on its electrical
properties is presented. The electrical conductivity of two MWCNT powders was measured
under dynamic compaction up to 20 MPa when it reached 3-5 S/cm. The compaction behavior
was

also

analyzed

and

modelled.

A

composite

was

then

realized

using

allylhydridopolycarbosilane SMP10® and divinylbenzene as matrix. Intact 10 mm MWCNTSiC ceramic discs samples with 2 wt. % filler load were produced pressure-less via liquid route
despite the linear shrinkage of about 30 %. Nanotubes microstructure and distribution in the
matrix were confirmed after pyrolysis with TEM and SEM analysis. Anyhow similar electrical
conductivity values after pyrolysis between the loaded and unloaded samples were measured.
The microstructure analysis via XRD and TEM revealed that the percolative carbon network
formed through the use of divinylbenzene improves the electric conductivity more than that of
MWCNT addition and also simplifies the whole process.
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5.2 Introduction
The development of composites addresses the need to improve one or few particular properties
of a base material, the matrix, in order to meet the requirements of the specific application. In
the case of ceramics their lightweight and chemical resistance are attractive for sensors,
electrodes and energy harvesting. The limits of their use related to the extremely low electric
conductivity can be overcome with the use of silicides and borides that leads to a metallic-like
behavior [1, 2]. On the other side the processing of these involves sintering temperatures up to
2200°C and high pressures to improve the density. In addition the shaping freedom is
constrained to the powder-processing techniques. For these reasons among ceramic classes,
polymer derived ceramics (PDCs) are unique in its genre because they offer an alternative to
the traditional powder process. PDCs use silicon based polymers as precursors that are first
cured and subsequently pyrolyzed resulting in a ceramic. Some examples are siloxanes,
silazanes and polycarbosilanes that are respectively used to obtain Si-O-C, Si-C-N and Si-C
based ceramics. Being liquid, the precursors can be easily molded in the micro-scale with a
high degree of complexity and then used for the fabrication of micro electric mechanic systems
(MEMS). As opposed to conventional powder methods (i.e. micromachining, pressing or
powder injection moulding) where simple shaping and a poor resolution is achievable [3]. One
of the main challenges for MEMS processing via a liquid route is the formation of microbubble
during curing that leads to crack formation in pyrolysis. Curing under isostatic pressing or tight
sealing of the mould is used to avoid microbubble formation [4]. This method is not suitable
for MEMS fabrication and pressure-less alternatives have to be found. In the case of Si-C-N,
micro-gears were first reported by Liew et al. [5] in 2001. The same authors also investigated
it further as possible material for electrostatic actuators, pressure transducers, combustion
chambers, thermal actuators and micro-grippers for moving chip-sized objects [6, 7]. Another
advantage offered by the use of PDCs is the relative simple incorporation of fillers [8] using
polymer processing technology. These can be mixed with the liquid precursors and embedded
in the preceramic resin before pyrolysis. In this context carbon nanotubes (CNT) have attracted
tremendous interest for their superior mechanical [9] and electrical properties [10] associated
with their high aspect-ratio. Percolation can be reached with the introduction of a small quantity
of CNT, usually lower than 2 wt. %, depending upon CNT quality, type and dispersion method.
Despite the advantages their use as filler in PDCs is recent [11] and mainly restricted to Si-CN ceramics. Processing and mechanical properties have been investigated [11-16] showing the
positive effect of CNT on fracture toughness while there are contradictory results about Young
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modulus and hardness. On the other hand only a few papers report the effect on the electrical
properties. Ionescu et al. [17] improved the electrical conductivity of Si-C-N ceramic from
1∙10-9 to 4∙10-2 S/cm adding 2 Vol % of MWCNT. Similarly Shopova et al. achieved 2∙10-2
S/cm with 1 wt. % of SWCNT while 1.58∙10-6 was reported for polyaluminasilazane fibers
produced starting from polysilazane containing 1.2 wt. % MWCNT [18]. Even fewer
investigations are available, to the best of our knowledge, concerning the electrical properties
of Si-C/CNT and Si-C-O/CNT composites. For example 2.5 vol % CNTs were in situ grown
via ethanol injection during pyrolysis increasing the conductivity up to 1.8∙10-1 S/cm. In the
case of Si-C/CNT composites only processing and mechanical properties are reported [18-20].
The use of CNT is not the only method to improve the electrical properties of PDCs. It is
possible to reach values in the order of 1∙10-2-1∙10-1 S/cm through the formation of a carbon
percolative network during pyrolysis. This can be promoted using carbon-rich precursors [21,
22], divinylbenzene (DVB) as cross-linker [23] or also introducing metal catalysts [24]. Our
aim is to study the use of CNT as filler material for PDC and in particular for polycarbosilane.
The electrical conductivity of two commercial MWCNT powders is examined in a continuous
compression test while also analyzing its compaction behavior. Starting from a carbon enriched
matrix, a SiC/CNT 2 wt. % composite was then produced via liquid route and without applied
pressure. The microstructure as well as the presence and dispersion of CNT were investigated
via SEM and TEM. XRD analysis was used to determine the crystalline phase formation during
pyrolysis. Electrical properties of the matrix and the composite were compared to study the
effect on the MWCNT introduction.

5.3 Materials and methods
5.3.1 Carbon nanotubes
Two different types of commercially available MWCNT were used without any purification.
Baytubes C150P (Bayer Material-Science AG, Leverkusen, Germany) that possess purity > 95
wt. %, tube length > 1 μm and agglomerates bulk density of 120-150 kg/m3. NanocylTM
NC7000 (Nanocyl S.A., Sambreville, Belgium) that possess purity > 90 wt. %, average tube
length of 1.5 μm and agglomerates bulk density of 66 kg/m3. Both are produced via catalytic
chemical vapor deposition (CVD) method. More information can be found in the respective
datasheets.
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5.3.2 Preceramic polymer
Commercially available allylhydridopolycarbosilane SMP10® (batch J20867, viscosity 51 cps
Starfire Systems Inc. USA) with nominal formula [SiH(CH2CH=CH2)CH2]0.1[SiH2CH2]0.9 was
used as preceramic polymer. Divinylbenzene (DVB, technical 80%, mixed isomers) and 1,1′azobis(cyclohexanecarbonitrile) (ACHCN), as a carbon source and radical initiator
respectively, were purchased from Sigma Aldrich Switzerland and used as received.

5.3.3 Measurement of CNT-powder DC conductivity under pressure.
The conductivity of the two CNT powder were determined using a device manufactured based
on the scheme reported in the paper of Marinho et al. [25] and visible in Figure 5.1. We choose
to use a polytetrafluoroethylene PTFE die instead of ceramic one to reduce the friction with
the copper piston during compression. In addition four removable screws were installed on the
piston and base to facilitate the fixation of copper wires used for the electric measurement.
These were connected to an Integra 2750 (Keithley; OH, USA) that was set to automatically
acquire about one measurement every two seconds. To avoid any possible current leakage, the
device was electrically insulated from the universal test machine interposing between them an
alumina disc.
A weighted amount of the MWCNT powders was introduced in the chamber and the system
carefully closed to avoid powder compaction. The pressure on the device was applied using a
universal test machine Zwick Z005 (Zwick Roell, Deutschland) with a 5 kN load cell. The
maximum pressure reached during the test was 20 MPa using a constant displacement speed
of 0.01 mm/s. After reaching the maximum pressure, the test machine removes instantaneously
the load and returns to the initial position. The conductivity was calculated as reciprocal of
resistivity accordingly to σ = l/(R∙A) where is the powder column height obtained from the
piston displacement, R the resistance measured with the two points method and A the cross
sectional area of the piston equal to 78.54 mm2. The powder height was calculated taking into
account the whole system deformation. For the calculations, initial powder height value was
considered when the system reached 1.3∙10-3 MPa, to assure the contact between powder and
piston. The value after the end of the test was considered equal to the one measured at 20 MPa
without taking in account the elastic recovery of the powder, in a conservative hypothesis. The
electric resistance of the device itself was also measured performing the test without powder
inserted. This was found to vary from 5.45∙10-4 Ω∙cm at 1∙10-3 MPa to 8.5∙10-5 Ω∙cm at 20 MPa
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and thus not compromising the measurements. No silver paste was necessary to assure full
contacts between the pistons and the powder.

Figure 5.1: Device used for the measurement of the MWCNT powder conductivity under pressure. One of
the Al2O3 discs is placed under it. Above, the terminal part of the load cell can be noticed. A schematic
representation of the electric connection to the multimeter is also shown.

5.3.4 PDC-MWCNT composite
Baytubes CNT powder was de-bundled via sonication in cyclohexane for 2 h with a 200 W
Sonoplus 2200 (Bandelin, Germany) prior be used as filler in our composite. This procedure
allows having a 0.5 wt. % concentrated solution of disentangled CNT. This was added together
with 70.3 and 28.7 wt. % of SMP10 and DVB respectively. The mixture was further diluted
with a cyclohexane/m-xylene solution and sonicated with a Vibracell VC 18 (Sonics, USA) to
homogenize it. This was poured in a flask and ACHCN was added in proportion of 1% in
respect to the SMP10+DVB weight. The solvent was then evaporated in vacuum and the liquid
mixture containing about 2 wt. % of CNT in polymer was casted in PTFE moulds. The cure
was conducted at 180°C for 8 h in Ar atmosphere while pyrolysis was conducted at 4 different
temperatures (800, 1000, 1200, 1400°C) in a Carbolite 16/610 (Carbolite, UK) tube furnace
under 99.999 % pure Ar atmosphere. The heating rate was 50°C/h up to the desired temperature
followed by 3 h of annealing. The cooling rate was also 50°C/h. Cured samples shown in Figure
5.2B were discs with diameters and thickness of about 14 mm and 0.51±0.05 mm respectively.
Pyrolyzed discs with diameters and thickness of 10 mm and 0.38±0.04 mm respectively are
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shown in Figure 5.2C. In Figure 5.2A cured sample without filler addition is also shown as
comparison.

Figure 5.2: A) cured matrix B) 2 wt. % MWCNT-polycarbosilane composite after curing C) 2 wt. %
MWCNT-polycarbosilane composite pyrolyzed at 1000°C.

5.3.5 Characterization methods
 Electric measurements for CNT composites were performed at room temperature using four
point contacts and the Van der Pauw technique. The hardware used was a Keithley Integra
2750.
 Thermal gravimetric analysis was conducted under Argon atmosphere using a Mettler
Toledo TGA/sDTA 851e (OH, USA) and applying a 5°C/min heating rate up to 1100°C.
 Scanning electronic microscope pictures were taken on a freshly prepared fracture surface
using a Nova NanoSEM 230 (FEI, USA) at 5 kV in high vacuum.
 High-resolution transmission electron microscopy (HRTEM) was performed using a JEOL
2200FS TEM/STEM (Japan) microscope operated at 200 keV and equipped with an incolumn Omega-type energy filter. The samples investigated were manually crushed to
powder in an agate mortar. One drop of the powder dispersed in ethanol was then placed on
the TEM observation grid.
 X-ray diffraction (XRD) measurements were performed in reflection mode (Cu, Kα
radiation at 45 kV and 40 mA) on an Empyrean diffractometer from PANalytical (The
Netherlands). Gaussian curve fitting was used to extrapolate the full width half maximum
(FWHM) and to estimate the crystallite size with the Scherrer formula.
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5.4 Results
5.4.1 MWCNT powder pressing
The electrical conductivity of the MWCNT was studied for two different powders, Baytubes
C150P and Nanocyl 7000. The first difference between them is the apparent density of the
aggregates. Baytubes are dense round shaped aggregates that can easily flow and pack while
Nanocyl powder is looser. To assure the independency of the conductivity from the amount of
powder pressed [25], the initial powder height was kept above 3 mm. In specific 60 mg of
Baytubes and 25 mg of Nanocyl were used, that are equivalent respectively to 4.8 mm and 6.2
mm. As shown in Figure 5.3 the calculated apparent density for Baytubes is 158 kg/m3, close
to the datasheet value of 150 kg/m3. For Nanocyl it is 52 kg/m3, lower than the datasheet value
of 66 kg/m3. The difference is mainly attributed to the non-standardized size of the die used in
the experiment, in comparison with the specification of EN-ISO 60 that determines the bulk
density of powders. The relevant effect of the walls, where the particles can adhere and their
aspect, explains the discrepancies. While for the more dense and round Baytubes, bulk density
can be estimated with good precision, Nanocyl aggregates tend to be loosely packed and more
prone to adhere to the die walls. This also influences the behavior under compression. Nanocyl
powder is pressed for almost all the test-time with less than 1 MPa until it rapidly increases to
20 MPa in the last part of the test. In comparison Baytubes requires a higher pressure at the
beginning of the test that increases with a lower rate. The difference between the two aggregates
can also be seen at the end of the compression where Nanocyl can be densely packed at 900
kg/m3 while Baytubes at 750 kg/m3.
Despite the different aggregate shape and density the measured electrical conductivity is in the
same order for both Nanocyl and Baytubes. At the beginning of the test, when 1.3∙10-3 MPa
are applied and the number of contact points is reduced, this was measured to be 4∙10-3and
6∙10-3 S/cm respectively. Applying pressure, the number of contact points between the particles
increases as well as the electrical conductivity that reaches 5.7 and 3.1 S/cm at 20 MPa
respectively. These values then drop promptly about two orders of magnitude when the load is
removed and the system can elastically recover reducing the formed contacts.
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Figure 5.3. Electrical conductivity and apparent density of MWCNT powders Nanocyl 7000 and Baytubes
C150P measured under continuously applied pressure up to 20 MPa.

5.4.2 PDC-MWCNT composite
In the investigated composites 2 wt. % of Baytubes C150 P were used as filler. The choice was
determined by their higher purity and relative simpler handling and processing compared to
Nanocyl 7000. The preceramic mixture containing MWCNT possessed a sufficient low
viscosity to be micro-pipetted in the designed mould. After curing, a solid resin was obtained
as it is visible in Figure 5.2B. The uniform black color, compared to the yellowish of the
unloaded matrix in Figure 5.2A, suggests the effective incorporation of CNT into the resin. No
cracks or other macro-defects are visible. For samples A and B in Figure 5.2 the surface not in
contact with the mould has a lucid appearance while the other replicates the mould roughness
that is about 1.6 μm given from the machining process. The successive pyrolysis of the
MWCNT-polymer composite leads to the breakage of some samples but also to several intact
samples as it is shown in Figure 5.2C. The shrinkage during ceramization was measured to be
about 28-30 % linear. Despite the pyrolysis stresses and the presence of filler there are no
visible cracks or chipping in the intact samples. TGA analysis for the matrix and the composite
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gives a ceramic yield at 1000°C equal to 80.9 % and 80.1 % respectively. The found values are
practically the same as a small difference in mass loss can be attributed to a different
crosslinking degree between the two samples [26].
To examine the quality of the dispersion methods SEM analysis of fracture surface of the cured
composite resin and ceramic after pyrolysis at 1000°C are presented in Figure 5.4 and Figure
5.5A respectively. The ceramic structure appears completely dense and MWCNT are present
on the whole examined area. As also visible in the inset in Figure 5.5A, these are pulled out of
the surface and appear homogeneously dispersed without formation of large aggregates. In
Figure 5.5B only few pulled-out MWCNT are clearly visible after pyrolysis at 1400°C.
Differently from Figure 5.4 and Figure 5.5A CNTs, the typical elongated structure is not easily
distinguishable also at high magnification.

Figure 5.4: fracture surface of SMP10+DVB/MWCNT cured composite. In the inset an enlargement
showing pulled-out CNT.

Figure 5.5: fracture surface of sample with 2 wt. % MWCNT after pyrolysis at 1000°C A) and 1400°C B).
The insets show an enlargement of the microstructure. Arrows in Figure 5B indicate pulled-out CNTs.
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The surface appears rough and inhomogeneous. Further analysis of the microstructure with
TEM reveals that MWCNT can be found after all pyrolysis temperatures 1000-1200-1400°C.
As shown in Figure 5.6 it is possible to distinguish long nanotubes graphitic layers. The average
0 0 2 d-spacing distance is measured to be 0.36±0.04 nm in the as-delivered CNT powder in
Figure 5.6D. This was lower in the final ceramic and equal to 0.35±0.02 0.34±0.01 0.33±0.02
nm respectively after 1000-1200-1400°C annealing. The encountered difference from the
theoretical 0.34 nm d-spacing of graphite can be explained if it is considered that d-spacing
value depends on the CNT stress state.

Figure 5.6: TEM microstructure of samples containing 2 wt. % MWCNT after pyrolysis at 1000°C A)
1200°C B) and 1400°C) Baytubes C150P powder as delivered D). Arrows indicates structural defects. In
the insets the different crystalline structures and d-spacing are shown.

Several factors affect it such as tube dimension, wall numbers, processing and defects but it
also cannot be excluded the compressive stress due to the consistent shrinkage during pyrolysis.
In Figure 5.6D some of the defects found in the graphitic structure of the as delivered nanotubes
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are enlighten. In general we observed bamboo like structures, disruption of the tube walls,
asymmetric walls thickness, presence of fullerenes and amorphous carbons.
After annealing the microstructure also contains several nanocrystals in the matrix that can be
identified as β-SiC. The measured inter-planar distance is 0.24±0.01 nm, which corresponds to
1 1 1 SiC d-spacing. These start to form at 1000°C where, accordingly to the analysis of the
XRD diffractograms in Figure 5.7, the average crystallite dimension is 1.3 nm. This increases
with the annealing temperature to 2.3 nm at 1200°C and 8.3 at 1400°C. The last value is higher
compared to the 5.4 nm relative to the matrix but consistent with the 8.3±2.3 nm found with
TEM analysis. XRD diffractograms in Figure 5.7 also confirm the presence of CNT in the
cured resin. A small peaks associated with graphitic carbon structure of the MWCNT can be
noticed at 25.8° over the background given by the polymeric matrix. Due to the low amount of
filler introduced and the ceramization of the matrix, this is hidden from the background after
annealing.
After 1000°C pyrolysis a small shoulder at 43° is visible in the diffractograms and can be
associated to the formation of Basic Structural Units (BSU) given by the carbon excess
introduced with DVB. These are defined as small stacks of 2-3 polyaromatic layers arranged
in turbostratic order [27] as visible in the inset in Figure 5.6C. In general BSU were not easily
distinguishable with TEM in the composite. The reasons are their reduced dimensions (≈2-3
nm) and the same carbon structure of the filler.

Figure 5.7: XRD of the MWCNT powder and the polycarbosilane/MWCNT composite after curing and
pyrolysis at increasing temperatures.

The effect of MWCNT on the electrical properties of the ceramic composite was studied
according to Figure 5.8 measuring DC conductivity at room temperature. This was compared
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with the conductivity of the matrix reported in our previous work [23]. After 800°C pyrolysis
the matrix has a conductivity of 5.2∙10-6 S/cm that increases to 7.8∙10-2 S/cm at 1000°C. This
is attributed to the formation of a percolative phase caused by the presence of a relevant amount
of free carbon in the form of BSU. A higher annealing temperature doesn’t improve
significantly the conductivity that reaches 9.4∙10-1 S/cm at 1400°C. With the introduction of 2
wt. % of MWCNT, the conductivity of the composite pyrolyzed at 800°C was measured to be
5∙10-5 S/cm, about one order of magnitude higher than the matrix. In samples pyrolyzed at
higher temperatures the effect of MWCNT introduction is small but not remarkable. DC
conductivity is in the same order than for the matrix and improved by a factor of two at 1.8∙101

S/cm and 2.3 S/cm after pyrolysis at 1000°C and 1400°C respectively.

Figure 5.8: DC electrical conductivity measured at RT as a function of pyrolysis temperature for the matrix
C50 (black) and the matrix loaded with 2 wt. % MWCNT (red).

5.5 Discussion
5.5.1 MWCNT powder pressing
Final properties of composites are determined by matrix and filler. An analysis of these two
systems separately can give an idea of what is achievable. Analysis of MWCNT powder from
two different producers reveals that the theoretic maximum conductivity achievable is in the
order of few S/cm. This value is obtained without any modification in the nanotube structure
or interface caused by processing [28] or functionalization [29] that usually lower the transport
properties. The results are in the same order to what it is reported for high-specific-surface
carbon black powders where 0.4 and 3 S/cm are reached at 7∙10-1 and 2 MPa respectively [30,
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31]. The contact between the particles is assured by the pressure applied and it is probably
reached after few MPa where the densification process, identified from the sudden increase in
the pressure, takes place. The conductivity values measured are independent from CNT aspect
ratio, because the system is above the percolation threshold, and only related with the intrinsic
material properties. The analyzed MWCNT are produced with CVD method that compared
with arc-discharge have large quantities of defects [32] that leads to lower mechanical and
electrical properties. This is in agreement with TEM analysis in Figure 5.6D where defects and
short order graphitic order can be found in the nanotube structure. Tessonnier et al. [33] in a
more extensive work about MWCNT report the presence of many structural defects leading to
tube wall terminations. However, as described by Coleman et al. [9] “CVD produced MWNT
are important because they can be produced in very large quantities relatively cheaply. If
nanotubes are ever to be useful at an industrial level it is likely that they will be produced by
some type of CVD process.” It is then relevant to investigate this kind of CNT for any material
that could be industrialized and have a practical application.
In addition to the electric properties the analysis of the MWCNT powder in Figure 5.3 gives
information about the compaction process, in particular the relation between the volume
(density) and the pressure applied. For ceramic particles this can be studied with the relation
of Eaton and Cooper [34]. According to the authors, compaction proceeds via different holefilling processes. Each individual contribution can be described by the dependence on the
pressure P of the normalized volume fraction V* defined as
∗

⁄

where V and V0 are actual and initial volume respectively. Due to the hollow MWCNT
structure, V∞ will be considered the final volume obtained in the test instead of the volume
occupied at infinite pressure as used for bulk materials.
The overall compaction is then determined by the sum of the individual contributions. For
ceramic powders these are the filling of large and small interparticles holes, respectively Vl and
Vs. A good fit of this model with experimental data on MWCNT Nanocyl up to 5 MPa was
reported by Marinho et al. [25]. In our case a significant deviation at higher pressures was
found. The difference can be explained considering that MWCNT powder is not a bulk solid
but formed by entangled single nanotubes and thus contains an intraparticle micro/nano
porosity Vi. This requires a higher pressure to be closed and its contribution is not relevant at
low applied pressure. The compaction process was then modelled taking in account also this
contribution
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Where al, as, ai and bl, bs, bi are constants related to the different pores contribution. Eq. (1) was
used to fit the experimental data for Baytubes C150P and Nanocyl 7000. The results are shown
in Table 3. The values of adjusted R- square and root mean square deviation (RMSD) indicate
a good fit of the model with a difference lower than 1% to the experimental data. Differently
from the cited papers the test was conducted in dynamic conditions and a complete
compression curve close to operational conditions can be analyzed. The number of data points
acquired is almost continuous because it is not necessary to stop the test. The rearrangement of
the powder during this time [35] can in fact be neglected and is responsible for a difference in
the results.

Table 3: fitting parameters for the applied Cooper and Eaton model in MWCNT powders.

5.5.2 PDC-MWCNT composite
MWCNT were dispersed and introduced as filler in polycarbosilane. The process can be
considered pressure-less and despite the high filler load of 2 wt. %, samples are produced
completely via liquid route. For the best of our knowledge this represents the first example of
PDCs/MWCNT composite where no external pressure is applied in its processing. This is a
concrete advantage for micro fabrication where the liquid has to flow through the connection
channels and fill completely the mould features [36]. The fluidity of the preceramic mixture is
also improved by the presence of 28.7 wt. % of DVB that is a solvent for SMP10 and has a
viscosity of 1.0 cPs. DVB participates in the curing process of the resin increasing the degree
of crosslinking [37]. As reported in our previous paper [23] the addition of an optimum amount
of DVB to SMP10 promotes hydrosilylation during curing allowing to obtain an intact Si-C
ceramic after pyrolysis. This is still valid also with the introduction of MWCNT as visible in
Figure 5.2. The reasons of a yield of intact ceramic samples for the composite about 40%
compared to the 60-80% for the matrix alone is attributed to more complex processing that
introduces defects and inhomogeneity in the material such as agglomerates, residual solvent or
bubbles. These last one can be avoided, but only applying a high external pressure in curing.
In pyrolysis, gas evolution with consequent shrinkage and thermal mismatch between matrix
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and filler increase the stress in the material. This can lead to fracture if there are critical defects
in the microstructure. Formation of large aggregates is usually caused by an inefficient
dispersion process but can also be formed in curing. Before the crosslinking takes places to a
large extent the viscosity of the preceramic mixture decreases due to the increasing
temperature. This gives CNT a higher degree of freedom and the possibility to form
aggregates [15, 38]. Figure 5.4 and Figure 5.5 of the intact samples shows well dispersed
MWCNT that proves the effectiveness of the method used. In the same pictures the pulling out
of the nanotubes from the surface suggests that an eventual reinforcing mechanism, in term of
fracture toughness, could be possible. Its improvement due to the CNT presence and the
analysis of other parameters was previously reported in Si-C-N derived ceramics [11-13]. The
study was conducted on glassy ceramics annealed at 1000-1100°C varying the CNT load. At
higher temperatures the progressive crystallization of the microstructure that in Si-O-C and SiC-N proceeds via carbothermal reduction between the amorphous matrix and the segregated
free carbon phase [39, 40]. This was found to affect significantly the CNT stability in Si-O-C
glass at temperatures higher than 1300°C [38]. No CNT were in fact visible on the fracture
surface and after TEM analysis at this temperature. In Si-C derived ceramics eventual
carbothermal reduction of oxides is limited to oxygen impurities [41]. The active reactions at
temperature above 1000°C are the removal of residual hydrogen, the reorganization of the
structure with breakage of Si-Si bonds to form crystalline Si-C [42, 43] as also indicated from
XRD in Figure 5.7. The morphology of the material also changes as visible in Figure 5.5 where
the fracture surface at 1000°C changes from glassy to joined particles at 1400°C. A similar
microstructural change was already observed in Si-C-N derived ceramics between 800 and
1300°C [44]. Also in that case the fracture surface roughness observed was related to the
evolution of structural and compositional inhomogeneities controlled by the phase evolution.
The drastically reduced number of the pulled-out MWCNT in Figure 5.5B suggest that at
temperatures higher than 1000°C these events affects their stability and probably their
effectiveness as reinforcement. Because there is almost no carbothermal reduction in Si-C
derived ceramics, MWCNT were still found in the microstructure as shown by SEM in the
inset of Figure 5.5B and by TEM in Figure 5.6B and Figure 5.6C. BSU are also visible in the
microstructure and due to the presence of DVB in the preceramic mixture, their formation starts
already at 1000°C as detected with XRD. Previous analysis on the same matrix
composition [23] reported in Figure 5.8 revealed that their quantity at this temperature is
already enough to form a percolative network and have a conductivity of 7.8∙10-2 S/cm. With
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further annealing up to 1400°C this can also be improved to 9.4∙10-1 S/cm. As demonstrated in
Figure 5.3 these values are just one or two orders of magnitude less than the 6 S/cm obtained
in a pressed MWCNT pellet that represents the ideal case. The reduced contact points due to
the amount used, and the defects introduced through processing and pyrolysis will indeed lower
this value. Reasonably assuming that we reached percolation with the 2 wt. % of MWCNT
introduced, a realistic estimation could be 5∙10-5 S/cm. This is the value measured after
annealing at 800°C when the matrix is more insulating and the conductivity dominated by the
filler. The value is close to the 1∙10-4 S/cm reached by the same amount and quality of MWCNT
in polystyrene matrix [45]. The presence of a highly conductive matrix such as the one formed
by the addition of DVB to SMP10 then explains the absence of any improvement of the
electrical properties in the analyzed composite with the addition of MWCNT. This is most
likely independent from the type of CNT used considering that one of the most conductive
ceramic/CNT composite reaches 33 S/cm with a much higher 15 wt. % addition [46] while in
CNT/polymer composite 1 S/cm can be reached with 1.5 wt. % [47]. The obtained values for
the matrix are in the same order if not better than the ones reported for PDCs/CNT composites
where Ionescu et al. [17] reached 7.6 10-2 S/cm while Shopova et al. [14] achieved 1∙10-1 S/cm.
In PDCs also other methods that do not involve the use of CNT, but similar to DVB promote
the formation of a carbon network can reach high conductivity values. Scheffler et al. reached
2 S/cm at 1000°C using Nickel as catalyst [24] and Martinez-Crespiera 3 10-2 S/cm at 1100°C
using a C-rich preceramic precursor [21]. Similarly Colombo et al. [48] reached 0.1-3 S/cm at
1200°C after Copper introduction in three different polysiloxanes independently from their
carbon content. For all of them about 1 wt. % of Copper was sufficient to reach percolation due
to its graphitizing effect on the carbon structure. 1 S/cm can also be reached with annealing at
1700°C of poly(hydromethyl)silazane [49].
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5.6 Conclusions
In this study we present the processing of a Si-C/MWCNT composite and an analysis about its
properties. These aspects can be summarized as follow:
1) Intact Si-C/MWCNT ceramic composite Ø10 mm samples were produced pressure-less and
via liquid route using an optimum ratio between SMP10 and DVB as precursors for the
matrix. The MWCNT are well dispersed in the green body as well as in the ceramic after
pyrolysis. The process characteristic makes it suitable for ceramic MEMS production.
2) Compacts of Nanocyl 7000 and Baytubes C150P realized through MWCNT powder
pressing up to 20 MPa showed 3 and 6 S/cm respectively as maximum electric conductivity
achievable. The compaction mechanism could be well modelled with the Cooper and Eaton
equation.
3) No significant improvement of the electrical conductivity was observed after the addition of
2 wt. % of MWCNT in the carbon rich matrix produced by adding DVB to SMP10. Apart
from a possible improvement in the mechanical properties, the use of MWCNT to improve
electrical properties in PDC has several limitations. More complex processing and a reduced
stability at high annealing temperature makes their use less attractive compared to other
methods that promote formation of a percolating carbon network in the microstructure.
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Biocompatibility of PDCs
The study on the developed material is complete with the assesment of its biocompatibility. The
cytotoxicity of the ceramics produced as in chapter 3 is evaluated according international
standards and compared with reference materials. This will show its feasibility in
bioapplications and in particular as pacemaker material. The content of this chapter is taken
from the work of Jonas Grossenbacher, Ph.D. student at EPFL for the Ceramed project, that
investigated the microfabrication and biocompatibility of PDCs. The ceramic samples were
produced at EPFL using Empa formulation while the bio-tests were conducted at Insel Hospital
in Bern with the support of the Cardiovascular Research and Development group. The obtained
reslts were published by Jonas Grossenbacher in the Journal of biomedical material research
part A, under the title: “Cytotoxicity evaluation of polymer-derived ceramics for pacemaker
electrode applications”. The publication is co-authored by Maurizio Gullo, Federico
Dalcanale, Gurdial Blugan, Jakob Kuebler, Stèhphanie Lecaudè, Hendrik Tevaearai and
Jürgen Brugger.

6.1 Abstract
Ceramics are known to be chemically stable, and the possibility to electrically dope polymerderived ceramics makes it a material of interest for implantable electrode applications. We
investigated cytotoxic characteristics of four polymer-derived ceramic candidates with either
electrically conductive or insulating properties. Cytotoxicity was assessed by culturing C2C12
myoblast cells under two conditions: by exposing them to material extracts and by putting them
directly in contact with material samples. Cell spreading was optically evaluated by comparing
microscope observations immediately after the materials insertion and after 24 h culturing. Cell
viability (MTT) and mortality (LDH) were quantified after 24-h incubation in contact with the
materials. Comparison was made with bio- compatible positive references (alumina, platinum,
biocompatible stainless steel 1.4435), negative references (latex, stainless steel 1.4301) and
controls (no material present in the culture wells). We found that the cytotoxic properties of
tested ceramics are comparable to established reference materials. These ceramics, which are
reported to be very stable, can be microstructured and electrically doped to a wide range of
conductivity and are thus excellent candidates for implantable electrode applications including
pacemakers.
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6.2 Introduction
Currently, metals are the main materials used for implantable pacemaker electrodes. However,
metals suffer over time from the harsh in vivo environment with subsequent corrosion [1,
2]. This material instability provokes progressive local inﬂammation and/or ﬁbrotic tissue
growth subsequently resulting in a gradual increase in the electrodes’ impedance and decrease
in their efﬁciency [3]. Ceramics are very stable implantable materials and thus represent an
interesting alternative. Current medical applications include dental and bone implants as well
as hip prosthesis [4]. Their outstanding properties for these applications, in terms of inertness,
mechanical hardness and wear resistance, are well proven. Polymer-derived ceramics (PDCs)
were reported as being very attractive regarding tunability of their ﬁnal properties, for example
hardness [5], electrical conductivity [6-8], tribological properties [9] and versatile
manufacturing methods an advantage for the shaping of the ﬁnal product [6, 10-13]. Varieties
of ceramic and metallic materials have already been deeply investigated for biocompatibility
properties [14-18]. However, despite promising perspectives for medical application, no indepth biocompatibility assessment has been performed with PDCs. Only a few authors reported
a “bio-friendly” behavior of these materials with cells in culture [6, 19, 20]. Previously, we
investigated PDCs conductivity [8] and showed it can be tailored from 10-6 up to 1 S/cm, which
is a reasonable level for the targeted application. In the current study, we evaluated cytotoxic
properties of various PDC compositions. We assessed modiﬁed conductivity compositions and
also included nonconductive PDCs as reference materials. PDC possible cytotoxicity was
assessed in vitro based on ISO 10993–5 test guidelines [21] exposing C2C12 myoblast cells
either to extracts or directly to PDC samples (Figure 6.1).

Figure 6.1: Bio-testing used in this study. (A) Extract assay: extracts are obtained by putting the test
specimens in growth medium for 24 h. The obtained extract is added at different concentration ranging
from 100% to 12.5% to cells in culture for 24 h. Finally, the cytotoxicity analyses are performed. (B) The
ceramic samples are inserted directly into culture wells when the cells reach 70% of confluence. 24 h later,
the samples are removed and the biocompatibility analyses are done

115

6 Biocompatibility of PDCs

6.3 Materials and methods
6.3.1 Fabrication and characterization of materials
The ceramic samples were fabricated by means of micro-molding. The mold was fabricated on
a silicon wafer by ﬁrst dispensing a photoresist layer that was then patterned by a UV
lithographic process [Figure 6.2(A)]. The silicon was etched 300 µm down vertically with a
deep reactive ion etching (DRIE) process. The masking resist was removed with an oxygen
plasma etch. As the silicon mold is used for many replication runs, its surface adhesion was
decreased by coating the mold with a silane monolayer (trichloro (1H, 1H, 2H, 2Hperﬂuorooctyl) silane) [Fig. 2(B)]. On top of this coating, a 20 nm thick carbon layer was
sputtered in order to increase wetting between mold and PDC.
The ceramic precursor polymer (Ceraset VL20 from Kion Corp. PA and SMP10 from Starﬁre
Systems Inc.) was prepared with the 50 wt % of carbon by adding the appropriate amount of
divinylbenzene (DVB) and mixed with 2 wt % of the thermal precursor degassed while
stirring. A micropipette was used to ﬁll the mold. In order to thermally cross-link the PDC
in a controlled atmosphere, the mold was transferred to a pressure vessel (Pressure Vessel 600
mL–Paar Instrument). The vessel was degassed and ﬁlled with four bar of argon. The curing
procedure reached 150 oC in 2 h with a dwell time of 5 h in order to decrease internal
stresses. The vessel was then cooled to room temperature within 2 h. The cross-linked
polymer, so-called “green body” (GB) was carefully mechanically released from the molds
by putting the mold upside down. Finally, the sintering process was made in inert atmosphere
(argon) in a tube furnace at 1000 o C [Figure 6.2(C)]. Surface roughness has been measured
using atomic force microscopy (AFM – Bruker FastScan – Germany).
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Figure 6.2: Schematic of the fabrication process of test specimens. (A) Fabrication of the silicon
mold: photolithography process followed by the dry etching of the silicon wafer; (B) PDC
molding: silicon mold coating, PDC molding and crosslinking and release of the cured green body
(GB) with subsequent pyrolysis; (C) Sintered PDC disc samples 300 µm thick and 3.5 to 4.5 mm in
diameter

As the samples were molded, both top and bottom surfaces were measured. The surface
quality of the fabricated samples was investigated prior to sterilization using scanning
electron microscopy (SEM FEI XLF30-FEG). SEM investigation after the sterilization
conﬁrmed that the ceramics were not affected by this process. Energy-dispersive X-ray
spectroscopy (EDS) was used for the conﬁrmation of the material composition. More detailed
process parameters and materials characterizations are described in our previous publication.8
Concerning the reference materials, the stainless steel samples were laser cut (Lasertec 20
– DMG MORI – Japan) from ordered metal plates based on the EN Steel Number 1.4301, a
non-biocompatible composition, and 1.4435, which is the biocompatible composition (Hans
Kohler AG – Switzerland). Alumina samples were laser cut from alumina plates (Haldemann
& Porret SA – Switzerland). Half of the alumina samples were coated with platinum in order
to fabricate the platinum reference samples. About 20 nm of titanium was sputtered on all the
surface of the samples as adhesion layer (DP 650 – Alliance-Concept – France). Then, the
samples were coated with 100 nm of sputtered platinum on all surfaces. Thin latex samples
were cut out from powder free gloves (VWR – USA). The thick samples were cut out from
latex folding skirt stopper (Huberlab – Switzerland).
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6.3.2 Cell culture
Mouse skeletal myoblasts cell line C2C12 (ATCC CRL-1772, Manassas) were used. C2C12 is
an established cell line and is widely used for cytotoxicity studies, including when targeting
the heart [22], and for the assessment of new materials [23, 24]. A frozen vial was removed
from the liquid nitrogen storage. After careful standard defrosting process, the cells were
cultured in growth medium (Ham F-12, Gibco, Invitrogen) supplemented with 10% fetal
bovine serum (FBS, PAA clone, Connectorate AG, Dietikon, Switzerland), 0.1 mg/mL
penicillin streptomycin (P/S, 100 µg mL-1, Gibco, Invitrogen, Carlsbad), 10 nM
Dexamethasone (Dex, Sigma-Aldrich, Buchs, Switzerland), and 5 ng/mL basic ﬁbroblast
growth factor (bFGF, Sigma-Aldrich, Buchs, Switzerland). Cells were maintained at 37°C
under 5% CO2 and 95% air in a humidiﬁed incubator. Before reaching conﬂuence, C2C12 were
passaged twice before performing the biocompatibility experiments. C2C12 were used at a
passage lower than 10.

6.3.3 Extracts assay
C2C12 cells were seeded into 96-well plates at a concentration of 12x103 cells per well and
incubated for 24 h. In parallel, extracts of the different test materials were prepared [Figure
6.1(A)]. After sterilization (70% EtOH and 30 min UV exposure), the samples were put in 1.5mL vials with growth medium to expose 3 cm2 of surface per milliliter. The extraction process
lasted for 24 h at 37°C in a rotatory shaker. Four concentrations (100%, 50%, 25%, and 12.5%
in growth medium) of the obtained extracts were prepared. When cells reached 70%
conﬂuence, the standard growth medium was replaced by the extracts and the cells were
cultured for another 24 h. Each extract was tested in triplicate.

6.3.4 Direct contact assay
C2C12 cells were seeded into 24-well plates at a concentration of 100 x 103 cells per well and
incubated for 24 h. When the cells reached 70% conﬂuence, the previously sterilized (70%
EtOH and UV) test samples (about 1/10 of the well surface) were carefully placed in the center
of each well, making sure not to scrape the cells off [Figure 6.1(B)]. The cells in the 24-well
plates were cultured for another 24 h. Each material was tested in triplicate.
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6.3.5 Cell spreading
Cell spreading was characterized for both extract and direct contact assays. For the extract
assay, microscope images were taken with a 10x magniﬁcation, once immediately after the
medium was replaced by the extract containing medium, and once 24 h later. For the direct
contact assay, microscope images were recorded with a 4x magniﬁcation, immediately after
the sample was added on top of the cells, and 24 h later. Images were standardized for each
sample, each visual ﬁeld showing a part of the inserted sample together with the surrounding
cells.

6.3.6 Cell viability
At the end of the exposure period, the culture medium and the samples (in case of direct contact
assay) were gently removed and stored. Cell viability tests were performed directly on the cells
by incubating them in culture medium containing 0.5 mg/mL 3-[4,5-dimethylthiazol-2-yl]-2,5diphenyltetrazolium bromide (MTT, Sigma, Buchs, Switzerland) for 2 h. The medium was
removed and replaced by isopropanol to obtain the typical purple formazan product. After
pipetting up and down for homogenization, the solution was transferred to a 96-well plate, and
absorbance was read at 540 nm. Results are expressed as percentage of MTT signal compared
to the standard cells which is ﬁxed at 100%.

6.3.7 Cell mortality
Cell mortality was measured by quantifying lactate dehydrogenase (LDH, Sigma, Buchs,
Switzerland) present in the growth medium at the end of the 24-h exposure to either the extracts
or the samples. LDH is released from the cells if their membrane is damaged by natural or
artiﬁcial death (toxicity). Nicotinamide adenine dinucleotide (NAD) is added to the solution
and is reduced by the LDH during 30 min. The reduced NAD converts tetrazolium dye, thus
coloring the medium. After adding HCl to stop the reaction, the obtained colored liquid is
transferred in triplicates into a 96-well plate and absorbance is read by spectrophotometry at
490 nm (Inﬁnite 200 – Tecan – Switzerland). Results are expressed as a percentage difference
between the sample and the standard cells measurement.
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6.3.8 Statistical analysis
The result values are expressed as mean ± standard deviation (SD). Comparisons among groups
were analyzed using Student’s t-test. Statistical signiﬁcance was stated at the level of p < 0.05.

Figure 6.3: Representative SEM micrographs of the top and bottom faces of Ceraset C50 samples
showing the complete absence of cracks. Both top and bottom surface of the sample show no porosity
before the sterilization process and after the direct contact assay test. The bottom sur- face is a
replication of the silicon mold and shows some edge effect stemming from the silicon mold
processing.

6.4 Results and Discussion
6.4.1 Material characterization
Polymer-derived samples were named after their precursor’s name: Ceraset and SMP10. For
samples that were doped to obtain 50 wt % of carbon, the precursor’s name was completed
with the annotation C50: Ceraset C50 and SMP10 C50. All samples used in the current
experiments were crack free and showed a ﬂat surface without visible surface porosity, as
shown on SEM pictures. Figure 6.3 shows both top and bottom surfaces of a Ceraset C50
sample before sterilization process and after the direct contact implantation test and is
representative for the other materials. AFM investigation of 1 x 1 µm areas showed that ceramic
samples had root mean square (RMS) roughness below 20 nm. This low roughness was
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obtained even if the sample bended during the sintering process. Furthermore, EDS
measurements conﬁrmed the materials composition of all ceramic samples (silicon, carbon,
and oxygen), oxygen being present as an impurity resulting from the pyrolysis. More details
about materials characterizations were described previously [8].

6.4.2 Cells spreading
Exposing cells to extracts of different materials at different concentrations offered a broad set
of data relating to cytotoxicity, as the toxic effect of a material may vary with its concentration
in the growth medium. In Figure 6.4, top micrographs show cells in 96-well plates immediately
after medium replacement with medium containing the samples’ extracts. Cells had reached
approximately 70% conﬂuence in all the wells. After 24-h exposure to PDC (Ceraset), 50%
concentrated extracts or alumina 50% concentrated extracts cells reached 100% conﬂuence.
(Figure 6.4 left and center). Cells also remained normally elongated and adherent. On the
contrary, 24 hours exposure to latex, even at low concentration of 12.5% (Figure 6.4 bottom
right), critically inhibited cell proliferation. In addition, cells changed their morphology to
become round-shaped and detached from the culture plate.

Figure 6.4: Representative cell spreading optical microscope images of Ceraset (50% concentration),
alumina (50% concentration), and latex (12.5% concentration) extract assays. The upper
micrographs show the cells at about 70% confluence immediately after medium replacement and
initial exposure to extract (0 h exposure). Bottom micrographs represent their counterpart 24 h
later (24-h exposure). Cells in wells contain- ing Ceraset or alumina extracts kept proliferating
and reached 100% confluence. Conversely, most of the cells in the wells containing latex extracts
were dying, showing a rounded morphology and detaching from the culture plate.
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All ceramic samples, either in their insulator (10-6 S/cm) or in their conductor (1 S/cm)
composition, showed cytotoxic activities comparable to that of positive reference materials
(alumina, platinum coated alumina and stainless steel 1.4435), at all tested extracts
concentrations. Interestingly and as opposed to stainless steel 1.4435, cell spreading was very
limited when in contact with stainless steel 1.4301 extracts and in fact similar to results
observed with latex extracts (negative reference). This observation conﬁrms the high sensitivity
of this biocompatibility test since a slight property change in stainless steel lead to radically
opposite results.
Direct contact of the ceramics samples with cells was studied in a similar setting. We observed
that cell proliferation, 24 h after sample immersion into the wells, was not affected by PDC
material (Figure 6.5 left), the cells reaching approximately 100% conﬂuence, showing thus a
similar result as positive reference materials, for example, alumina (Figure 6.5 center),
platinum-coated alumina and stainless steel 1.4435. Conversely and analogous to the extracts
assay, the latex (Figure 6.5 right) and the stainless steel 1.4301 (data not shown) samples
demonstrated a strong cytotoxic effect. Cell spreading assay allowed an initial evaluation of
the interaction of the tested materials with a cellular environment. However, this approach was
only semiquantitative and does not allow for precise comparison of the tested materials. In
addition, this approach cannot distinguish growth inhibitory from direct cytotoxic effects.
Materials were thus evaluated in two complementary assays.

Figure 6.5: Representative cell spreading optical microscope images of Ceraset, alumina, and latex
direct contact assays. The upper images show the cells after 24 h direct contact with the various
samples. Bottom zoom in images show that the cells in the wells containing Ceraset or alumina
samples reach 100% confluence and grow in direct contact with the samples. Wells containing latex
samples showed a reduced amount of cells and for most, detaching round dying cells surrounding
the samples.
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6.4.3 Cell proliferation
MTT assay is standard biological assay for the quantiﬁcation of cell content. In our setting,
MTT analysis allowed thus to assess possible cell growth inhibitory effects of tested
materials. Similarly, for cell spreading analysis, MTT assays were performed after for both
extracts and direct exposure.
Cell viability assessed after exposure to material extracts showed a clear inﬂuence of the
extracts’ concentration [Figure 6.6(A)]. For all tested materials, a typical 10% to 20%
increase in viability was observed when extract concentration was reduced from 100% to
12.5%. Although cell viability was signiﬁcantly reduced (65.6 ± 11.8%, p < 0.05) after
exposure to PDC material extracts as compared to cells unexposed to any test sample
extract (100.0 ± 17.1%), it was approximately 20% higher than viability observed after
exposure to positive reference material extracts (54.0 ± 10.2%, p < 0.05). Viability after
exposure to latex extracts was nil, except for thin latex extracts when diluted to 12.5%
concentration.
The direct contact assay showed results in agreement with the spreading analysis [Figure
6.6(B)] and conﬁrmed results obtained with the materials extracts. Compared to cells
unexposed to any test sample (100.0 ± 15.2%), cells exposed to PDC samples resulted in
a very high viability level and no substantial difference could be detected between the
conductive (97.0 ± 17.3%) and the insulating PDC materials (98.1 ± 13.1%, p = ns).
Interestingly, and similar to what was observed after exposure to material extracts, direct
exposure to either of the three positive reference materials also showed approximately 20%
lower viability than the ceramics. Conversely, direct exposure to the latex negative
reference resulted in the complete loss of all viable cells. The stainless steel 1.4301
negative reference resulted in a middle range viability of 38.9 ± 22.3% (p < 0.05).
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Figure 6.6: Comparison of cell viability, assessed by MTT assay, 24 h after exposure to sample extracts
(Fig. 6.6A) and after direct contact with the samples (Fig. 6.6B). Data are expressed as % values of result
obtained for normal growth of standard cells (Std cells) not exposed to materials or material extracts. Only
three samples (stainless steel 1.4301 and both latex samples) show very low proliferation, whereas cell
proliferation when in contact with PDC materials or extracts appears approximately 20% higher than
positive reference materials. •p < 0.05 for comparison with values of Std cells. Δp < 0.05 for comparison
with corresponding positive reference materials.
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6.4.4 Cell mortality
Direct cytotoxic effect of tested materials was assessed by quantifying the LDH values in the
culture medium after both extract and direct exposure (Figure 6.7). As expected and in
accordance with results obtained with the viability tests [Figure 6.7(A)], LDH values after
exposure to 100% concentrated extracts of the investigated ceramic materials were similar as
those assessed in medium of cells not exposed to any material (+0.1 ± 5.8%, p = ns), whereas
results observed after exposure to biocompatible reference materials showed signiﬁcantly
higher values (+29.4 ± 5.4%, p < 0.05). As expected, LDH values after exposure to nonbiocompatible stainless steel 1.4301 were very high (+98.8 ± 3.3%, p < 0.05). Interestingly,
however, the two negative control latex sources, which showed a microscopic drastic reduction
of the number of cells under the microscope (Figure 6.4 and Figure 6.5), were measured as
having a low LDH level (-6.4 ± 6.9%, p = ns), as the standard cells. Similarly, LDH values
after direct contact with the investigated ceramic materials was not signiﬁcantly different (+4.7
± 4.1%, p = ns) as when measured in medium of cells not exposed to any material [Figure
6.7(B)]. Results obtained after exposure to biocompatible reference materials were also
signiﬁcantly higher (+21.4 ± 4.7%, p < 0.05) and direct contact with stainless steel 1.4301 also
resulted in very high LDH values (+116.8 ± 5.6%, p < 0.05). The two negative control latex
sources were also measured as having a low LDH level (-7.8 ± 19.5%, p = ns). In order to
conﬁrm the surprisingly low LDH values obtained with latex, we repeated the tests three more
times and in triplicates. Similar results were obtained (-1.7 ± 9.4%, p = ns) as we measured
LDH level much lower than one would expect when all the cells are dead. Because the
spreading tests showed the almost complete disappearance of the cells after 24 h, we assume
latex not only completely inhibits cell proliferation but mostly provokes rapid cell deaths after
it is brought in contact with the cells. The results obtained in the current experiments would
therefore not be comparable to those obtained with the other reference and tested materials
which all showed proliferation and at least partial survival after 24 h.
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Figure 6.7: Comparison of cell mortality, assessed by LDH measurement in the culture medium, 24 h after
exposure to sample extracts (Fig. 6.7A) and after direct contact with the samples (Fig. 6.7B). Data are
expressed as % values of result obtained for standard cells (Std cells) not exposed to materials or material
extracts. In both situations, all tested ceramics and all positive references show a slight increase in LDH
values as compared to standard cells. Values obtained after exposure to ceramics are, however, significantly
reduces as compared to those obtained after exposure to positive references. •p < 0.05 for comparison with
values of Std cells. Δp < 0.05 for comparison with corresponding positive reference materials.
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6.5 Conclusions
The results of our current study clearly indicate that polymer-derived ceramics are viable
candidate materials for pacemaker electrodes application. Using three independent in vitro
assays, we observed that all tested ceramics demonstrate biocompatible properties that are at
least as high as those of currently used standard implantable materials. The sensitivity of the
assays was conﬁrmed by showing opposing results with two stainless steel materials, one being
bio- compatible (stainless steel 1.4435) and the other known to be not biocompatible (stainless
steel 1.4301). Importantly, the addition of carbon in the tested materials (in order to increase
their conductivity) did not alter their biocompatibility properties. It is true, however, that
further investigations are required to evaluate the long-term comportment of these materials,
especially when in contact with the cardiac tissue and in pacing conditions.
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Conclusions
Electrical conductive ceramic suitable for bio-applications were successfully produced from a
polycarbosilane precursor. A key step in material development was crosslinking the precursor
with DVB via hydrosilylation. Bulk ceramics from polymer precursors were produced with a
careful study of the curing reaction, avoiding the presence of defects, such as bubbles.
Hydrosilylation is an efficient crosslink reaction that can also be used to bond the precursor
with other molecules and change the stoichiometry. The carbon introduced with DVB remained
in the ceramic microstructure improving its electrical properties. Carbon-enriched ceramics
demonstrated with an in-vitro test to be biocompatible and with sufficient conductivity to
stimulate cardiac cells. Hydrosilylation is also effective to bond preceramic-polymer and
carbon structures such as CNT and stabilize them in suspension. This concept was successfully
applied for the production of CNT-ceramic composites. However, the electrical properties
compared to the C-enriched matrix material, did not improve.
In conclusion, PDCs technology was demonstrated to be suitable to achieve the project goals.
It was possible to achieve the material requirements for its application as pacemaker electrode.
Processability, high electric conductivity, biocompatibility and sufficient mechanical
properties.
Processability. For moulding, the use of liquid polycarbosilane SMP10 assures good
flowability and simple filling of the mould, also in microscale. Flowability is increased after
the addition of DVB, due to the lower viscosity of the mixture. During cure, promotion of
hydrosilylation as crosslinking reaction between SMP10 and DVB was found to be an
important step to obtain integer ceramics after pyrolysis. No gas are released from the reaction
and the carbon added as DVB remains in the ceramic, increasing the ceramic yield. This was
not possible when the main crosslinking reaction were dehydrogenation or vinyl
polymerization. With the control of the curing step it was possible to produce bulk crack-free
ceramics up to 10 mm.
The obtained C-enriched ceramic was used as matrix for developing a CNT-ceramiccomposite. The process steps, from filler dispersion to casting and ceramization were studied.
Commercial MWCNTs were suspended with simple sonication in organic solvents with the
use of preceramic polymers and Pt(0) catalyst. It was demonstrated that hydrosilylation induced
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by Pt(0) catalyst, bonds preceramic polymers to the CNT surface. If CNTs are sufficiently
covered by the polymer, aggregation is avoided. This method was shown to be generally valid
for different CNT types, solvents and precursors. CNTs were suspended in a concentration up
to 0.50 mg/ml in chloroform and 0.41 mg/ml in cyclohexane using polycarbosilane SMP10.
Similarly a concentration of 0.47 mg/ml, 0.29 mg/ml and 0.26 mg/ml were obtained,
respectively, in THF, cyclohexane and chloroform using polysilazane Ceraset.
Starting from the suspensions, SiC/MWCNTs ceramic composite discs up to 10 mm in
diameter were produced. The process was pressure-less, the integrity of the ceramic was
maintained and CNT were well dispersed into the matrix. However, the initial mixture is highly
viscous and it can limit its applicability during moulding. In addition, the complex fabrication
process leads to a higher amount of defects in the ceramic and a higher probability of breakage
during pyrolysis.
Electric conductivity. Crosslinking the precursor with DVB is an efficient method to add a
large amount of carbon to the polymer structure. During pyrolysis the carbon is separated in
the microstructure forming a percolation network already at 1000°C. The result is an
improvement of the electrical conductivity up to 2.5 S/cm depending from pyrolysis
temperature and DVB amount. The composition selected for electrode fabrication has an
electrical conductivity of 7.8∙10-2 and 9.4∙10-1 S/cm after pyrolysis at 1000 and 1400°C
respectively. This value of electrical conductivity was demonstrated, during the project, to
sufficiently stimulate the contraction in cardiac cells in-vitro.
To increase the electrical conductivity the use of MWCNT as filler was investigated. No
significant improvement was observed after the addition of 2 wt. % of MWCNT. In addition,
the stability of CNT is reduced at high annealing temperatures.
Biocompatibility. The cytotoxicity test demonstrates that SiC and SiCN ceramics produced
with the presented method, have a biocompatible behaviour comparable to commercial
biograde alumina and stainless steel. The promotion of a percolative carbon network to increase
the electrical properties did not affect the cytotoxicity, making it a suitable candidate material
for pacemaker applications.
Mechanical properties. C-enriched SiC ceramic 10 mm discs were tested using ball-on-threeball-test. The measured characteristic strength was 1472 MPa, comparable or better than state
of the art PDCs. The calculated low Weibull modulus of 2.3 makes the discs currently
unreliable for applications, due to the poorly controllable flaw size. Flaws amount and size are
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related to process quality and sample dimensions. Microscale applications and process
automatization can therefore be a suitable solution for the use of the C-enriched SiC.
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