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SUMMARY 

The outstanding properties of carbon fibers, such as high tensile strength of up to 7 GPa and a 

Young's modulus of up to 600 MPa, together with a low density of 1.8 to 2.0 g cm-3, made them 

indispensable in high-tech products in the aerospace, transport, military and sports sectors. 

However, carbon fibers have the disadvantage of oxidizing in air above 400 °C, which severely 

limits their applications. Although it is possible to increase the oxidation stability by coatings, 

this is complex and expensive, and a small defect in the coating results again in the oxidation 

of the fibers. Therefore, it is much more promising to increase the oxidation stability 

intrinsically by modifying the organic polymer. Preliminary investigations have shown that one 

approach could be the addition of oligosilazanes (OSZ) to the precursor polyacrylonitrile 

(PAN). 

Another limitation of carbon fibers is their tensile strength. Although the tensile strength of 

commercial fibers is very high, with values of up to 7 GPa, theoretically values of up to 180 GPa 

would be possible. The reason for the significantly lower tensile strength are defects in the 

fibers. With brittle fibers, a single defect is usually sufficient to cause catastrophic failure and 

breakage. However, according to the Griffith principle, the tensile strength increases 

exponentially as the diameter decreases. The reason is that the probability of a defect per unit 

length decreases with the fiber diameter. 

A promising spinning technique to achieve small fiber diameters is electrospinning. In an 

advanced electrospinning process, continuous multifibrillar fibers consisting of thousands of 

nanofibers have recently been processed from PAN. This technique could be suitable for 

processing carbon fibers with unprecedented tensile strengths.  

The aim of this work was to significantly increase the oxidation stability of carbon fibers using 

polymer blends or copolymers with OSZ. Therefore, the corresponding polymer solutions and 

spinning processes had to be developed and optimized in order to obtain continuous fibers and 

to characterize their properties. This work resulted in three publications, which are summarized 

in this thesis.   

In the first publication, PAN and the corresponding blends with OSZ were electrospun into 

polymer nonwovens. Extremely flexible and foldable C/SiCON ceramic nonwovens with high 

oxidation stability and unique electrothermal properties were obtained. The nonwovens 

exhibited a very high electrical conductivity between 4.2 and 20.1 S cm-1 and a low thermal 
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conductivity, which decreased to 10 mW m-1 K-1 with higher OSZ composition. A 

comprehensive chemical and structural analysis of the material revealed the reason for these 

unique properties: The "sea-island" nanostructure. The carbon phase is the "sea" responsible 

for the high electrical conductivity, and the ceramic phases distributed as "islands" lead to the 

low thermal conductivities due to phonon scattering at the interfaces with the carbon phase. 

In the second article, the polymer blends were electrospun into continuous multifibrillar fibers. 

After optimization of the stabilization and pyrolysis programs, these could be processed into 

continuous C/SiCON ceramic fibers with lengths of several meters. However, during the 

stabilization process at 250 °C in air, the individual nanofibers softened and stuck together, 

which severely limits the tensile strength. Various approaches were taken to prevent melting. 

The most successful treatment was electron beam irradiation. Crosslinking in the polymer state 

significantly reduced the sticking during the stabilization step and increased the tensile strength 

from 407 MPa to 707 MPa. The approach of multifibrillar fiber spinning remains very 

promising due to the nanometer scale, the low weight of the fibers and the possibility of 

continuous production. Significantly improved mechanical properties can be expected in the 

future through further development of this approach. 

In the third publication, continuous C/SiCON hybrid fibers were produced from polymer blends 

of PAN and the OSZ Durazane 1800 using a wet-spinning process. Tensile strengths of 2.0 GPa 

were achieved with a fiber diameter of 20 µm. Considering the equipment used and the still 

relatively large diameters, these are excellent values, comparable with commercial ceramic 

fibers. However, the decisive factor is that the oxidation stability of the fibers has been 

significantly improved. Thermogravimetric analysis (TGA) showed a significant delay of  the 

oxidation in air.  Additionally, when fiber bundles were treated under load with a flame at 

1200 °C, they withstood the flame for over 150 s without breaking, in contrast to carbon fibers, 

which only last for 4 s. 
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ZUSAMMENFASSUNG 

Eine der bedeutendsten technischen Fasern sind Kohlenstofffasern. Aufgrund ihrer 

herausragenden Eigenschaften, wie beispielsweise Zugfestigkeiten von bis zu 7 GPa und 

Elastizitätsmoduln von bis zu 600 MPa und der gleichzeitig geringen Dichte von 1,8 bis 

2,0 g cm-3 sind Kohlenstofffasern aus Hightechprodukten der Luft- und Raumfahrt, Verkehr, 

Militär und Sport nicht mehr wegzudenken. Allerdings haben Kohlenstofffasern den Nachteil, 

dass sie ab 400 °C an Luft oxidieren, was die Einsatzmöglichkeiten stark einschränkt. Es gibt 

zwar die Möglichkeit die Oxidationsstabilität mittels Beschichtungen zu erhöhen, jedoch ist 

solch eine Modifizierung aufwendig und teuer, außerdem reicht ein kleiner Defekt in der 

Beschichtung aus, um die Faser wieder angreifbar für die Oxidation durch Sauerstoff zu 

machen. Deutlich vielversprechender wäre es deshalb, die Oxidationsstabilität intrinsisch durch 

eine Modifikation des Ausgangspolymers zu erhöhen. Wie Voruntersuchungen zeigten, könnte 

ein solcher Ansatz das Hinzufügen von Oligosilazanen (OSZ) zum Precursor Polyacrylnitril 

(PAN) sein.  

Eine weitere Limitierung von Kohlenstofffasern sind deren Zugfestigkeiten. Zwar sind diese 

mit Werten von bis zu 7 GPa bei kommerziellen Fasern grundsätzlich sehr hoch, jedoch wären 

theoretisch bis zu 180 GPa möglich. Der Grund für die deutlich niedrigeren Zugfestigkeiten 

liegt im Auftreten von Defekten in den Fasern. Bei spröden Fasern, reicht in der Regel bereits 

ein Defekt aus um zu einem katastrophalen Versagen und dem Bruch zu führen. Nach dem 

Griffith Prinzip nimmt mit kleinerem Faserdurchmesser die Wahrscheinlichkeit für einen 

Defekt pro Längeneinheit jedoch ab, weshalb die Zugfestigkeiten mit kleinerem Durchmesser 

exponentiell steigen. Eine vielversprechende Möglichkeit zu deutlich kleineren 

Faserdurchmessern im Nanometerbereich zu kommen, liefert das Elektrospinnen. In einem 

weiterentwickelten Elektrospinnprozess wurden kürzlich aus PAN kontinuierliche 

multifibrilläre Fasern bestehend aus tausenden Nanofasern elektrogesponnen. Diese könnten 

grundsätzlich für die Weiterverarbeitung zu Kohlenstofffasern geeignet sein, um bisher 

unerreichbare Zugfestigkeiten zu erhalten. 

Ziel dieser Arbeit war es deshalb die Oxidationsstabilität von Kohlenstofffasern durch 

Polymerblends oder Copolymere mit OSZ signifikant zu erhöhen. Hierfür sollten die 

entsprechenden Polymerlösungen bzw. die Spinnprozesse entwickelt und optimiert werden, 

sodass kontinuierliche Fasern erhalten und deren Eigenschaften charakterisiert werden können. 
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Im Rahmen dieser Arbeiten entstanden dabei drei Publikationen, die in dieser Dissertation 

zusammengefasst sind.  

In der ersten Veröffentlichung wurde PAN und die entsprechenden Blends mit den OSZ zu 

Polymervliesen elektrogesponnen. Es wurden extrem flexible und faltbare C/SiCON 

Keramikvliese erhalten. Neben der auch hier deutlich zu beobachtenden Oxidationsstabilität 

der Hybridfasern, wurden einzigartige elektrothermische Eigenschaften des Materials ermittelt. 

So besaßen die Faservliese eine sehr hohe elektrische Leitfähigkeit zwischen 4.2 und 20.1 S 

cm-1 und gleichzeitig eine niedrige thermische Leitfähigkeit, die mit Zunahme an OSZ auf bis 

zu 10 mW m-1 K-1 abnahm. Solche Eigenschaften konnten bisher von keinem anderen 

Werkstoff erhalten werden. Eine umfassende chemische und strukturelle Analyse des Materials 

offenbarte den Grund für diese einzigartigen Eigenschaften: Diese liegt in der „See-Insel“ 

Nanostruktur begründet. Die Kohlenstoffphase ist dabei die „See“, die für die hohe elektrische 

Leitfähigkeit zuständig ist und die Keramikphasen die als „Inseln“ verteilt sind, führt durch die 

Streuung der Phononen an den Grenzflächen mit der Kohlenstoffphase zu den niedrigen 

thermischen Leitfähigkeiten. 

In der zweiten Arbeit wurden die Polymerblends zu kontinuierlichen multifibrillären Fasern 

elektrogesponnen. Nach Optimierung der Stabilisierungs- und Pyrolyseprogramme konnten 

diese zu kontinuierlichen C/SiCON Keramikfasern mit Längen von mehreren Metern 

weiterverarbeitet werden. Es wurde jedoch beobachtet, dass beim Stabilisierungsprozess bei 

250 °C an Luft die einzelnen Nanofasern erweichen und zusammenkleben, weshalb die 

Zugfestigkeiten stark limitiert sind. Um ein Aufschmelzen zu verhindern, wurden verschiedene 

Ansätze gewählt. Am erfolgreichsten war dabei die Behandlung der C/SiCON multifibrillären 

Fasern mittels Elektronenbestrahlung. Durch die Vernetzung im polymeren Zustand konnte ein 

Zusammenkleben während des Stabilisierungsschritts deutlich verringert werden und die 

Zugfestigkeiten von 407 MPa auf 707 MPa erhöht werden. Da ein Zusammenkleben der 

Nanofasern jedoch nicht komplett verhindert wird, es prozessbedingt zu Verschlaufungen der 

Nanofasern kommt und Faserbündel niedrigere Zugfestigkeiten als Einzelfasern haben, können 

die theoretisch möglichen Zugfestigkeiten von 180 GPa noch nicht erreicht werden. Der Ansatz 

der multifibrillären Fasern bleibt jedoch aufgrund Faserdurchmesser im Nanometerbereich, des 

geringen Eigengewichts der Fasern und der Möglichkeit zur kontinuierlichen Herstellung sehr 

vielversprechend, weshalb durch Weiterentwicklung dieses Ansatzes zukünftig deutlich 

bessere mechanische Eigenschaften zu erwarten sind. 
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In der dritten Publikation, wurden über einen Nassspinnprozess kontinuierliche C/SiCON 

Hybridfasern aus Polymerblends aus PAN und dem OSZ Durazane 1800 hergestellt. Dabei 

wurden Zugfestigkeiten von 2.0 GPa bei einem Faserdurchmesser von 20 µm erhalten. 

Berücksichtigt man das verwendete Equipment und die noch relativ großen Durchmesser, 

handelt es sich dabei um hervorragende Werte die auch mit kommerziellen Keramikfasern 

vergleichbar sind. Entscheidend ist jedoch, dass die Oxidationsstabilität der Fasern deutlich 

erhöht werden konnte. Messungen in der Thermogravimetrischen Analyse (TGA) zeigten eine 

signifikante Verzögerung der Oxidation an Luft, sodass beispielsweise ein Masseverlust von 

20 % bei Fasern mit 40 wt.% Silazananteil um 260 °C auf 833 °C verschoben werden konnte. 

Wurden Faserbündel unter Belastung mittels einer Flamme bei 1200 °C behandelt, hielten diese 

im Gegensatz zu Kohlenstofffasern (4 s) über 150 s lang der Flamme stand, ohne zu reißen. 
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1 INTRODUCTION 

For a long time, the idea of a space elevator, in which people and equipment can simply travel 

into space via a gondola, has existed in science fiction literature. One of the first books in which 

this idea was mentioned is "The Fountains of Paradise" by Arthur C. Clarke published in 

1979.[1] Another example is the novel "Limit" by Frank Schätzing, published in 2009,[2] but 

also the American space agency NASA is discussing this concept on a more scientific 

background.[3] The decisive advantages that such an elevator would have over conventional 

rockets is the immense reduction in transportation costs from several thousand euro to less than 

10 € kg-1 and would thus grant a much easier access to space. The main reason why such a 

device has not yet become a reality is that it would require extremely light, continuous fibers 

with enormous tensile strengths of more than 50 GPa to establish a connection between the 

earth and a geostationary satellite without rupturing.[3,4] 

One of the most used and interesting technical fibers are carbon fibers. The unique combination 

of a low density of only 1.75 to 2.00 g cm-3, combined with tensile strengths of up to 7 GPa and 

a modulus of 600 MPa have led to a widespread use of carbon fibers in a variety of fields, such 

as automotive sector, aerospace, wind turbines and military applications.[5,6] The fact that this 

high-tech product is becoming increasingly important can also be seen in its steadily rising 

demand. In 2010, the usage was 33,000 tons, and has risen continuously in recent years to a 

predicted value of 143,500 tons for 2024.[7] Despite their outstanding properties, commercial 

carbon fibers achieve only a fraction of their theoretically possible tensile strength of up to 180 

GPa.[8,9] The reason for this is that in brittle fibers usually only one defect is enough to lead to 

catastrophic failure and breakage. Therefore, the tensile strength decreases exponentially with 

larger fiber diameters, since the probability for a defect per unit length increases. This principle 

was already discovered by Griffith in 1921 for glass fibers[10] and also confirmed for melt-spun 

SiCN fibers later.[11]  This is the reason why, commercial wet-spun carbon fibers are processed 

with small diameters of 5 to 7 µm.[12] A highly interesting processing technique to produce 

smaller fibers is electrospinning, which is explained in detail in Chapter 2.3.4. In 

electrospinning, fiber diameters of 0.1 to 2 µm can be spun. After pyrolysis to carbon fibers this 

could result in significantly higher tensile strengths than commercial wet-spun fibers. Due to a 

novel developed electrospinning process, multifibrillar polymer fibers, which consist of 

thousands of fibers in the nanometer range aligned in one direction, can be processed.[13,14] This 

technique has already been used to spin fibers from polyacrylonitrile (PAN), suitable for the 
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processing of carbon fibers and is therefore promising for producing novel carbon fibers with 

exceptionally high tensile strengths in a continuous way. 

Another disadvantage of carbon fibers is the low oxidation stability, which is discussed in detail 

in Chapter 2.2.1. The decomposition of carbon begins already at 400 °C in air and therefore 

severely limits the usage of carbon fibers. If carbon fibers should be used for example in ceramic 

matrix composites (CMCs), the oxidation stability has to be improved. Until recently the only 

option was to apply glass-forming coatings to the fibers. However, this technique is not 

economical and as soon as a defect occurs in the coating, the fiber starts to oxidize again.[15–21] 

For this reason an intrinsic approach is much more promising. Such an option was developed 

by Ribeiro et al. [22,23] who synthesized hybrid polymers of acrylonitrile and oligosilazanes 

(OSZ). After pyrolysis, homogeneously distributed Si3N4 nanocomposites, introduced by the 

OSZ, acted as an oxidative protective layer for the carbon. With this approach the oxidation 

resistance was significantly improved from 400 to over 1000 °C in air atmosphere. In this initial 

work, only short fiber pieces with thick diameters of 100 µm via dry spinning were produced. 

It is therefore necessary to develop and optimize the spinning processes for continuous fibers 

with diameters in the small micrometer or nanometer range in the future.  

In order to turn the mentioned ideas from science fiction to reality and to be able to develop 

components and devices with previously unachievable properties, constant development and 

research is necessary. Therefore, the goal of this work is to develop novel continuous carbon 

and ceramic fibers prepared via the previously described technique for multifibrillar fiber 

electrospinning. As discussed before, it should be possible to achieve significantly higher 

tensile strengths by reducing the individual fiber diameters into the nanometer range. In 

addition, the use of polymer blends or copolymers of PAN and OSZ should increase the 

oxidation stability to enable the use of the hybrid fibers at higher temperatures, for example for 

applications in CMCs, or to increase the flame stability. For this challenging task, it is first 

necessary to optimize the electrospinning process and the thermal stabilization and pyrolysis. 

Afterwards, chemical and structural analysis of the obtained ceramic fibers have to be 

performed. Therefore, flat nonwovens have to be produced first via the standard electrospinning 

technique. This enables a more straightforward optimization of the electrospinning process and 

allows the production of larger fiber quantities for the analysis of the material properties.

  

Afterwards, the electrospinning of multifibrillar fibers will be carried out, and the entire 

process, from spinning to pyrolysis, should be optimized to achieve a continuous multifibrillar 

C/SiCON fiber. The main problem that might occur is a softening of the polymer and sticking 
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of the nanofibers, which would severely limit the tensile strength. For this reason, it may be 

necessary to prevent this by adding catalysts to reduce the crosslinking temperature or by 

precuring via electronbeam radiation.   

In addition, the PAN/OSZ blends should be optimized for a more widespread spinning 

processes such as wet-spinning. This should lead to diameters in the lower micrometer range 

and comparable tensile strengths as commercial fibers but with a significantly higher oxidation 

stability. Since wet-spinning is already commercially used, it could be implemented on existing 

fiber spinning plants, which would facilitate the commercial production of these fibers.   

In order to present the current state of the art, the production of carbon and ceramic fibers, their 

precursors and spinning techniques will be explained in more detail in the following chapters. 
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2 STATE OF THE ART 

2.1 Polymer derived ceramics 

Polymer derived ceramics (PDCs) offer a novel method for producing ceramics through the 

conversion of polymeric precursors by pyrolysis. The polymers usually used have an inorganic 

backbone based on silicon and other elements like O, C and N. Mainly polysiloxanes, 

polycarbosilanes, and polysilazanes, as well as hybrids of these, are used (Fig. 1).[24,25] By the 

elemental composition of the polymer, the subsequent ceramic can be adjusted and modified as 

required. Accordingly, the obtained ceramic consists of SiOC, SiC or SiCN.  

 

Fig. 1: Chemical structure of the most common preceramic polymers (Rx = H or alkyl).[24,26,27] 

 

Other major advantages of PDCs are the relatively low pyrolysis temperatures of 1100 – 

1300 °C and the high creep, oxidation, and crystallization temperatures of up to 1500 °C.[24,28,29]  

To achieve a high ceramic yield the precursors have to be crosslinked before the pyrolysis. The 

easiest way to do this, is by thermal crosslinking at 100 – 400 °C.[24,26] Depending on the side-

groups, certain reactions can be used to lower the curing temperature. For example, vinyl groups 

can be crosslinked by radical initiated polymerization or Si-H and N-H groups can be linked by 

a selective catalytic reaction with tetra-n-butylammonium fluoride (TBAF), which delivers a 

meltable polymer.[11,30,31] Other options enable crosslinking under inert gas by UV light[32–35] 

or treatment with gamma respectively electron radiation.[36–38]  
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In addition, blends or copolymers of PDCs with organic polymers can be made to produce 

organic/inorganic hybrid materials. Various examples of composites made from silicon-

containing components and organic polymers can be found in the literature. One common 

application is fire protection as a halogen-free alternative. 

For example, silanes[39,40] or siloxanes[41] were used as adhesion promoters to produce blends 

of organic polymers and inorganic fillers such as Mg(OH)2 or organoclay to achieve halogen-

free flame retardancy. However, effective flame retardancy is also possible without inorganic 

particles. Other approaches used blends of phosphorus-containing siloxanes and polymers such 

as polycarbonate.[42,43]   

In addition, UV-curable resins have been prepared from blends of phenyl silanes and an epoxy 

acrylate that could be applied to components as flame retardant coatings in future.[44]   

Chiang et al. developed epoxy nanocomposites containing silicon, nitrogen, and phosphorus 

with the sol-gel route.[45] This resulted in significantly improved thermal stability and fire 

resistance compared to pure epoxy resin. In addition, significantly fewer toxic gases are 

released in the case of fire. Other approaches added polysilsesquioxanes and polycarbosilanes 

as flame retardants to thermoplastic polymers such as polypropylene.[46–48] When exposed to 

flames, the preceramic polymers form an insulating layer on the surface that shields the organic 

polymer. Similar approaches can be found for copolymers of polycarbonate and methylphenyl 

silicones.[49] 

Besides their applications in flame retardants, the mechanical properties of organic polymers 

have also been improved. Delaite et al. prepared copolymers of silicone capsules in epoxy resin 

to reduce the brittle character of the polymers.[50] Comparable results were obtained for 

copolymers of methyl methacrylate and butyl acrylate with various siloxanes.[51] Depending on 

the size of the siloxane capsules in the polymer, the mechanical performance was improved and 

the water absorption was significantly reduced. 

In other approaches, various copolymers and blends of siloxanes and organic polymers such as 

polycarbonate with different compositions were prepared and the microstructure and phase 

separation were characterized.[52–55] However, potential applications of the hybrid materials 

were not further investigated. 

Other groups developed composites of organic polymers and silazanes for the preparation of 

ceramics via the PDC route. Garcia et al. prepared block copolymers based on polysilazanes 

and poly(isoprene-block-ethylene oxide) and characterized them in the polymer state.[56] In the 
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future, SiCN-type ceramic mesostructures can be processed from the polymer. Similar work 

has been done by Kamperman et al.[57,58] The pyrolysis of the copolymers resulted in 

mesoporous ceramics with open accessible pores. This strategy of adding an organic polymer 

as a sacrificial filler for the pyrolysis is often done in literature to get a high surface area for 

catalyst carriers.[59–61]   

Hybrid polymers of polysilazanes and acrylonitrile have also been synthesized. The resulting 

C/SiCN ceramics showed significantly increased oxidation stability compared to pure carbon 

due to the homogeneously distributed ceramic phase acting as a passivation layer.[22,23]  

Polymethylmethacrylate and polysilazanes were synthesized by free radical polymerization.[62] 

The resulting hybrid polymer was used for protective coatings against corrosion for steel 

substrates. The added polysilazane increased the thermal stability, hydrophobicity and bonding 

to the substrate.  

Despite all the advantages PDCs show their limitation in their shrinkage of 20 – 30 % during 

pyrolysis, where smaller molecules such as H2, NH3, H2O and CH4 are released. This is the 

reason, why PDCs are less suitable for the production of compact components. However, PDCs 

have a great advantage compared to conventional ceramics: They can be processed like organic 

polymers which enables dip-coating and spraying techniques to produce coatings,[26] or the 

precursors can be spun to fibers. For example, Yaijama et al. developed SiC fibers from 

polycarbosilanes which are commercially available as Nicalon fibers.[63–66] or SiCN fibers were 

developed by Ribeiro et al. from crosslinked polysilazanes.[11,30,31] The various ceramic fibers 

and the precursors used are therefore discussed in detail in the following chapters. 

2.2 Ceramic Fibers 

2.2.1 Carbon Fibers 

As mentioned before, carbon fibers are one of the most important technical fibers. They can be 

processed from a variety of sources. For example, carbon fibers can be obtained by pyrolysis 

of cellulose fibers[67] or by mesophase pitch.[68] However, the largest proportion of carbon fibers 

is obtained from PAN. The PAN fibers are spun from DMF or DMSO solutions via a wet-

spinning process (Chapter 2.3.3). After washing, stretching and drying of the fibers, the most 

important step, the oxidative stabilization up to 300 °C in air is performed.[69–71] In this step, 

complex dehydrogenation and cyclization reactions take place, which lead to a ladder-like 

structure (Fig. 2). This step is essential for the fiber processing, because the normal PAN 

structure would not be stable enough to withstand the subsequent manufacturing steps at higher 

temperatures. Since these reactions are very exothermic and easily lead to overheating and side 
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reactions, it is important to perform this step with a slow heating rate to prevent damage on the 

fibers. Other ways to achieve this include catalysts, that lower the crosslinking temper- 

ature,[72–78] or crosslinking the polymer chains by plasma treatment,[79,80] with electron[79,81,82] 

or gamma[79,83,84] irradiation. However, these methods are only used in research and not yet 

commercially used for carbon fibers.   

After the stabilization step the carbonization is performed. During the pyrolysis volatile 

molecules including HCN, N2, H2, and H2O are emitted. At temperatures between 1000 and 

1600 °C a turbostratic carbon structure is obtained. Carbon fibers carbonized at these 

temperatures contain tetrahedral carbon-based crosslinks, which connect the graphite layers and 

the highest tensile strengths of up to 7 GPa can be achieved. If graphitization is subsequently 

carried out at up to 3000 °C, the carbon crystallites orient themselves along the fiber axis, 

whereby the highest Young's modulus of up to 600 MPa can be reached, but this also results in 

a decrease in tensile strength.[5,21,69,85] 

 
Fig. 2: Structural transformation of PAN to a cyclized ladder-type structure during the stabilization step (200 – 

300 °C, air) and to a graphitic carbon structure after carbonization (< 1600 °C) and optional graphitization 

< 3000 °C) in an inert atomosphere.[5,21,69,85]  

 

As previously mentioned, tensile strengths of up to 180 GPa could theoretically be obtained by 

carbon fibers.[8,9] The reason why the actual values of commercial fibers are significantly lower 

is due to defects in the fibers. These defects immediately lead to a catastrophic failure in brittle 

fibers under tension. However, the probability of such defects occurring per length section 

decreases with decreasing fiber diameter, which is the reason why fibers with smaller diameters 

have higher tensile strengths.[10,11] This principle is also shown by extremely defect-free 

multiwalled carbon nanotubes (MWCNT) with diameters of 2 – 50 nm, which could achieve 

tensile strengths of over 100 GPa[86] or by MWCNT bundles with tensile strengths of 80 GPa.[87] 

Unfortunately, the nanotubes can only be produced with lengths in micrometer scale or few 

centimeters in maximum at the moment. For future carbon fibers, the electrospinning technique 

(Chapter 2.3.4) could therefore be of interest, with which fiber diameters of 0.1 to 2 µm can be 

realized.  

Despite their high processing temperature, carbon fibers have the decisive disadvantage to start 
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to decompose in air at temperatures higher than 400 °C.[88] This severely limits possible 

applications. For example, if carbon fibers should be used as reinforcing fibers in ceramic 

matrix composites (CMC), they must first be protected against oxidation in a complex process. 

For this purpose, SiC layers combined with glass-forming elements such as Si, B, Al or Zr are 

often applied by chemical vapor deposition (CVD). However, this is very time-consuming and 

expensive, and the layers tend to form cracks when exposed to temperature changes, which 

leads than to further oxidation of the exposed carbon.[15–21]  

In another approach, a higher oxidation stability of carbon fibers was achieved intrinsically and 

without complex coatings. Ribeiro et al. synthesized copolymers of acrylonitrile and the 

commercially available OSZ Durazane 1500 (ML33) and 1800 (HTT1800) (Fig. 3).[22,23] 

Depending on the proportion of OSZ in the material the oxidation stability of the resulting 

C/SiCN fibers significantly increased due to nanoscale and homogeneously distributed Si3N4 

phases, which act as an oxidative protective layer for the carbon against oxygen from air. For 

example, with a proportion of 60 wt.% of Durazane 1500 the beginning of the oxidation was 

delayed to 750 °C. Additionally, the mass loss at 1000 °C significantly decreased to 10 %, 

compared to a mass loss of nearly 100 % without Durazane 1500 in thermogravimetric analysis 

(TGA). Unfortunately, only short fiber pieces with a thickness of about 200 µm and no 

continuous fibers were spun. Therefore, the mechanical properties of the fiber could not be 

analyzed. 

 

Fig. 3: Chemical structure of the oligosilazanes Durazane 1500 and 1800.[22,23] 

2.2.2 Ceramic SiC Fibers 

SiC fibers, meanwhile, have a much higher oxidation stability than carbon fibers and can be 

used for longer periods at over 1000 °C in air. Therefore, they are mainly used in CMC 

components. Commercial fibers have a diameter of 7 to 15 µm and tensile strengths of 2 GPa. 

In industry SiC fibers are melt-spun (Chapter 2.3.2) from polycarbosilanes, stabilized and 

pyrolyzed at 1000 – 1300 °C.[63–66,89] The oxygen content is the strongest limitation for the 

operating temperature, since oxygen is forming SiO2 phases with silicon. In the beginning this 

layer acts as a passivating coating and protects the fiber from further oxidation in air, but with 

temperature changes it is forming cracks and after reaching a certain thickness, flakes off and 
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the oxidation continues.[90] To improve the oxidation stability different developments have been 

made since the 1960s to reduce the oxygen content in the fibers. In the first generation the fibers 

were spun in a nitrogen atmosphere but the stabilization was performed in air, comparable to 

carbon fibers. This resulted in a significant incorporation of oxygen into the fibers and limited 

the mechanical properties and the oxidation stability.[38,91] In the second generation the polymer 

fibers were stabilized with gamma or electron irradiation in inert gas. As a result, the oxygen 

content was reduced and the oxidation stability significantly increased. But because of the high 

amounts of free carbon the operating temperature was still limited to 1400 °C. Due to the high 

doses of radiation the price for these fibers starts at 3000 € kg-1 for Hi-Nicalon fibers produced 

by Nippon carbon.[38,91–94] To increase the operating temperature even further, crystalline, 

stoichiometric SiC fibers were produced in the third generation. Commercially, the fibers are 

marketed for example as Hi-Nicalon S. However, since prices start at 7000 € kg-1, these fibers 

are mainly used in research.[38,91,93,94]  Unfortunately, these high prices severely limit the 

applications, which is why SiC fibers are not used in fiber-reinforced plastics. 

2.2.3 Ceramic SiCN Fibers 

SiCN fibers have the advantage, to be even more oxidation stable than SiC fibers because of 

the higher activation energy of Si3N4 with O2. Additionally, the polysilazane precursors used 

for SiCN ceramics are cheaper than polycarbosilanes, which makes them a promising candidate 

for new ceramic fibers.[38,95–97]   

In the 1980s, Wacker Chemie AG developed a polysilazane synthesized from dichlorodiorgano-

silanes and dichloromethylsilanes with hexamethyldisilazane and melt-spun and pyrolyzed it to 

SiCN fibers.[38,98] Nevertheless, these fibers are not produced anymore and SiCN fibers are not 

commercially available at the moment but were investigated in research in the last years. Kokott et 

al. developed SiCN fibers from the self-synthesized polycarbosilazane ABSE (Fig. 4).[36] The 

precursor was synthesized by the hydrosilation and following ammonolysis of 

dichloromethylsilane and dichloromethylvinylsilane in inert gas conditions.[37] Afterwards the 

polymer was melt-spun, cured by an electronbeam treatment and pyrolyzed at 1100 °C. 

 

Fig. 4: Synthesis of the oligosilazane ABSE.[37] 
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In another example, Flores et al. used the previously mentioned OSZ Durazane 1500 (ML33) 

and Durazane 1800 (HTT1800).[11,30,31] Since these precursors are liquid and cannot be directly 

spun into solid fibers, the OSZ was converted into a solid polymer by a polymerization reaction. 

For this purpose, the N-H and Si-H groups of the OSZ were polymerized with the catalyst tetra-

n-butylammonium fluoride (TBAF). Calcium borohydride was used as an inhibitor, which 

catches the fluoride ions to stop the reaction (Fig. 5). By controlling the amount of catalyst and 

reaction time, the properties of the polymer can be controlled and it can subsequently be spun 

into polymer fibers by melt-spinning. After a curing step by electron irradiation, the fibers can 

be pyrolyzed to ceramic SiCN fibers. Due to the formation of a Si2N2O/SiO2 passivating layer 

and the discussed high activation energy with O2 the fibers had a high oxidation stability up to 

1300 °C even with a high oxygen content from 13 to 28 wt.% in the fibers.  

 
Fig. 5: Crosslinking reaction of the oligosilazanes and termination with calcium borohydride.[30] 

2.2.4 Ceramic oxide Fibers 

Besides the different non-oxide fibers, the second category of ceramic fibers are oxide fibers. 

Most oxide fibers are made of Al2O3 or mullite (produced of Al2O3 and SiO2). The largest 

suppliers for commercial fibers are 3M (Nextel) and Sumitomo (Altex). For Nextel 720 fibers, 

for example, the tensile strengths reach 2.1 GPa with a diameter of 10 – 12 µm. The density of 

3.4 g cm-3 is significantly higher than for non-oxide ceramic fibers.[38] Common applications 

for ceramic oxide fibers are thermal insulations of furnaces, tubes or thermal protection, as the 

fibers are already fully oxidized and therefore resistant to oxygen. Mainly oxide fibers are 

produced via the sol/gel process. The starting materials are spinning compounds of aluminum 

sols (e.g. aluminum isopropoxide,) or salts (e.g. aluminum nitrate) and silicon sols (e.g. 

tetraethylorthosilicate) with organic spinning aids such as polyvinylalcohol (PVA) or 

polyethyleneoxide (PEO), which allow the spinnability in a dry-spinning process. To remove 

the spinning aids, the fibers are pyrolyzed and sintered. Despite their resistance to oxygen, the 

biggest limitation for ceramic oxide fibers is creeping of the fibers due to grain growth. 

Therefore, the long-term operating temperature is limited to about 1000 – 1100 °C.[94,99–103]  
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2.3 Processing of Ceramic Fibers 

2.3.1 CVD Process 

The first commercially developed process for producing ceramic SiC fibers was the chemical 

vapor deposition (CVD) method. In this approach, a gaseous SiC precursor, for example 

methyltrichlorosilane, is deposited onto a monofilament of tungsten or carbon. With CVD thick 

fibers with diameters larger than 75 µm are made. The advantage of the CVD process is that it 

can be used to produce almost defect-free ceramic fibers, which thus lead to high tensile 

strengths. For example, SCS-Ultra fibers (Specialty Materials) have a tensile strength of 

5.9 GPa and a Young modulus of 415 GPa despite a thick diameter of 142 µm. Due to their 

high stiffness, these fibers are frequently used for metal matrix composites (MMC) mainly for 

turbines in military technology. They are commercially distributed under the trade names SCS-

6, SCS-9A and SCS-Ultra and as Sigma (TISICS).[38,90] 

2.3.2 Melt-Spinning  

Melt-spinning can be used to process fibers with diameters smaller than 30 µm. Since extremely 

high withdrawing speeds of 1000 – 6000 m min-1 are possible and no solvents are needed, it is 

the most economical spinning process. Therefore, it is the crucial technique for the production 

of non-oxide ceramic fibers. In melt-spinning, ceramic precursors are molten and spun at 

temperatures of up to several hundred degrees celsius. If oxygen should be excluded, the 

spinning process can be carried out under inert gas conditions. Different polymers containing 

silicon are suitable precursors. Depending on the precursor used, the chemical composition of 

the subsequent ceramic fiber can be adjusted. For example, SiC fibers can be produced via 

polycarbosilanes, SiCN fibers via polysilazanes and via boron-containing precursors such as 

polyborosilazanes BN, SiBN and SiBCN fibers can be made.[38,94] Before the green fibers can 

be pyrolyzed to the respective ceramics, the polymers must be crosslinked to prevent a re-

melting of the spun fibers. This can be done by oxygen from the air and is used for commercial 

SiC fibers of the first generation, like Nicalon 200N (Nippon-Carbon), Tyranno Lox-M and 

Tyranno S (UBE Industries). But this has a negative effect on the fiber properties due to the 

incorporation of oxygen into the ceramic structure. Alternatively, crosslinking can be done by 

electron beam treatment, which prevents oxygen from being introduced into the chemical 

structure and is done, for example, for second generation SiC fibers, like Hi-Nicalon and Hi-

Nicalon S (Nippon-Carbon).[38,91,93,94]    

Kokott et al. processed ceramic SiCN fibers via melt-spinning of the polycarbosilazane ABSE 

as discussed in Chapter 2.2.3 [36] and additionally later modified them by introducing 



 State of the Art   

 

19 

MWCNT.[37] 

Ribeiro et al. also prepared melt-spun ceramic SiCN fibers from the crosslinked precursors 

ML33S and HTTS from Durazane 1500 and 1800.[11,30,31] These fibers were spun after synthesis 

in a self-made laboratory setup (Fig. 6). The polymer is molten at 80 – 120 °C by a heating 

sleeve and extruded through a spinneret with nitrogen gas pressure. The green fiber is then 

wound up and, after a further stabilization step by oxygen from the air or electron irradiation, 

pyrolyzed to a ceramic SiCN fiber.   

 

Fig. 6: Principle of the melt-spinning device of Ribeiro et al.[30] 

2.3.3 Dry- and wet-spinning 

Dry-spinning is usually used for polymers that cannot be melt-spun for example because the 

material is too temperature sensitive. In dry spinning, a sol or a polymer solution is extruded 

through a spinneret and dried with a hot gas stream to remove the solvent. Afterwards the 

precipitated fiber can be stretched and wound up. With this technique small diameters of 

< 15 µm and high spinning speeds of 300 – 500 m min-1 can be achieved. For ceramic fibers 

dry-spinning is used for oxide fibers with the sol/gel process. To adjust the right viscosity 

organic polymers like PVA or PEO can be added as spinning aids. The sol is extruded and after 

evaporation of the solvent, the gel can be converted into a ceramic fiber by pyrolysis and 

sintering. Commercially this is done for example by 3M for Nextel fibers.[104,105] Another option 

is dry-spinning for polymer fibers for example for PAN dissolved in DMF or polyvinylchloride 

(PVC) in acetone. For textiles PAN fibers are often made with dry-spinning, but for the 

production of carbon fibers, the process is less favorable because too many defects are 

introduced into the fibers which makes wet-spinning more suitable for this purpose.[5,106] 



 State of the Art   

 

20 

The second reason why wet-spinning is used for the production of carbon fibers from PAN is 

because melt-spinning is not possible. The reason is that the melting temperature of PAN is 

higher than the decomposition temperature of the polymer.[107]   

For wet-spinning, solutions with 15 – 25 wt.% PAN in N,N-dimethyl formamide (DMF), 

dimethyl sulfoxide (DMSO), dimethyl acetamide (DMAc) are spun into a precipitation bath. In 

principle the bath consists of a liquid, mostly water, which is miscible with the solvent but does 

not dissolve the polymer. This causes the polymer fiber to precipitate in the bath. Precipitation 

is a diffusion-controlled process. If the diffusion rate is too high, the fiber will solidify too 

quickly on the outside, but is still liquid on the inside. Greater shrinkage of the fiber occurs 

during drying and leads in turn to a bean- or sickle shape. This can be prevented by a soft fiber 

surface via a slow diffusion process. The speed of the diffusion process can be adjusted with 

the solvent gradient and the temperature. In principle, a larger solvent content in the bath or a 

lower bath temperature leads to a lower diffusion rate and therefore to a circular shape.   

In the basic set-up the polymer solution is extruded through multiple holes into the precipitation 

bath. After the spinning process, the fiber is washed and drawn under hot water or water steam 

to remove excess solvent and increase the orientation of the polymer chains for a higher tensile 

strength (Fig. 7). Afterwards, the green fiber can be converted to the carbon fiber by the 

previously discussed temperature treatment.[69,106,108,109] 

 
Fig. 7: Principle of a wet-spinning setup for PAN fibers.[106] 
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2.3.4 Electrospinning 

In principle, electrospinning is a process for producing 2D nonwovens from polymer 

nanofibers.[110,111] In electrospinning, a polymer solution is continuously pumped through a 

syringe. During pumping, the droplets are electrostatically charged by friction. When a high 

voltage up to 50 kV is applied between the cannula and the collector, the solution is accelerated 

towards the collector. On its way, the solvent evaporates and deposits solid polymer fibers. Due 

to the surface tension, the droplets would normally form a sphere at the tip, but because of the 

electric field the droplets are stretched to a cylindrical shape. Since the solution is pumped 

continuously, a jet is created. A suitable voltage and a sufficient polymer concentration prevent 

the jet from partially collapsing back into droplets and forming beats on the fibers. Owing to 

the high voltage, the polymer fiber is strongly accelerated and stretched to diameters in the 

nanometer or low micrometer regime. 

In principle, electrospinning is a very complex process and many variables have to be optimized 

to obtain a stable spinning process.[110,112] As already mentioned, the applied voltage is crucial, 

as it causes the formation of the so-called Taylor cone at the tip of the needle (Fig. 8). This 

characteristic shape of the droplet is important to achieve a stable jet and a continuous fiber 

formation. If the voltage is too high, the result is a reduction of the Taylor cone size, as the jet 

is too strongly accelerated, and therefore causes beads on the fibers. Furthermore, the applied 

voltage cannot be treated independently, as a balance has to be found between the voltage and 

the flow rate. The transport of the solution to the collector and the flow rate have to be in 

equilibrium to prevent the formation of drops or beads. Another important parameter is the 

distance between the tip and collector. The larger it is, the smaller the fiber diameter will be, 

since the fibers get more stretched. As mentioned before, the polymer concentration in the 

spinning solution is decisive as well, since a too low concentration causes a breakdown of the 

jet into a droplet shape and the fibers contain beads.   

After optimizing the parameters, different collectors can be used to change the morphology of 

the nonwovens. The simplest collector is a flat plate to produce planar nonwovens. 

Alternatively, a rotating wheel or roller can be used. With a slow rotational speed, the fibers are 

deposited randomly, comparable to plate collector, but with a higher speed, the fibers become 

more parallel and are spun in a preferential direction. By using parallel electrodes as collectors, 

stronger aligned fibers can be obtained, but only fiber lengths of a few centimeters are possible 

with only very thin fiber layers. The schematic structure of an electrospinning device with 

different collectors can be seen in Fig. 8.[110,113]  
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Fig. 8: Schematic structure of an electrospinning process with a) a plate collector, b) rotating collectors and c) 

parallel electrodes. The magnified area shows the characteristic Taylor cone forming at the tip of the cannula. 

 

In a special electrospinning approach, continuous multifibrillar nanofibers can be spun (Fig. 9 

a).[13] For this purpose, two syringes are used which are fixed opposite to each other and charged 

positively and negatively, respectively. As a result, the spun fibers attract each other and get 

caught by a fast-rotating cylinder between the two syringes and wound continuously. 

Immediately after spinning, the fibers are largely disordered, but by drawing them through a 

tube furnace using two rollers running at different speeds, the nanofibers can be almost aligned 

perfectly (Fig. 9 b). 

 

Fig. 9: Schematic structure of a) a multifibrillar fiber spinning setup and b) a tube furnace with two rollers rotating 

a different speed stretching and alignment of the fibers. 

 

In principle, almost all soluble polymers with sufficiently high molecular weight can be 

processed by electrospinning.[110] In the literature, this has been done with a variety of polymers, 

including polystyrene (PS),[114] polycarbonate (PC),[115] aliphatic and aromatic polyamides 
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(PA),[116] polyimides (PI),[117] polyethyleneterephthalate (PET),[118] polyurethanes (PU),[119] 

polyvinylchloride (PVC),[120,121] poly(methyl methacrylate) (PMMA),[122] cellulose acetate 

(CA),[123] polysiloxanes[124] and many more.[110,111] Furthermore, a big variety of synthesized 

polymers can be used or modified.[110,125,126] For the processing of carbon fibers, electrospinning 

of PAN from DMF solutions is very interesting. Vansco et al. systematically investigated the 

electrospinning process of PAN and the dependence of the fiber diameter on the polymer 

concentration and the voltage. Subsequently, the PAN fibers are converted into carbon fibers 

by pyrolysis.[127] In the vast majority of publications, simple carbon fiber nonwovens, often with 

further modification with metals or ions such as Li, Sn, Ru and Pd were produced. These 

nonwovens are interesting as electrode material for batteries, fuel cells or because of the large 

surface area of the fibers for catalysis and filtration applications.[128–130]  

Due to the small fiber diameters in the nanometer range obtained by electrospinning this 

technology is also highly interesting for processing carbon or ceramic fibers with extremely 

high tensile strengths. Since for brittle fibers usually only one defect is enough to lead to a 

catastrophic failure, the average tensile strength increases exponentially with smaller fiber 

diameters, because the probability for a defect per unit length decreases. As mentioned before, 

this principle was already discovered by Griffith in 1921 for glass fibers[10] and also confirmed 

for melt-spun ceramic SiCN fibers.[11]Therefore, Zhou et al. used a rotating collector to 

electrospin aligned PAN nanofiber bundles. The obtained fiber bundles were wrapped around 

a glass rod to apply a force on the fibers for the subsequent stabilization and pyrolysis programs. 

With this technique tensile strengths of 300 – 600 MPa and Young's moduli of 40 – 60 GPa 

were obtained. A very similar approach was also pursued by Moon et al. where a maximum 

tensile strength of 1 GPa was achieved.[131] Both approaches have the disadvantage that the 

length of the fiber bundles were limited by the diameter of the wheel and thus only fibers with 

a few centimeters in length can be produced. In addition, the tensile strengths are well below 

commercial carbon fibers and far from the theoretical maximum of 180 GPa,[8,9] the reason for 

this are often entangled or poorly aligned fibers.    

Another option is the previously discussed technique of electrospinning of continuous 

mulitifibrillar fibers. Liao et al. additionally crosslinked the PAN nanofibers via PEG groups 

using a click reaction. This resulted in polymer fibers with a high toughness of 140 J g-1 and 

high tensile strengths of 1.2 GPa, which even surpassed the properties of spider silk.[13] Xie et 

al. developed a similar approach and investigated different stretching ratios of the multifibrillar 

fibers.[14] The polymer fibers had a tensile strength of up to 362 MPa. Additionally, small fiber 

pieces were pyrolyzed to carbon fibers at 800 °C and tensile strengths up to 1.1 GPa were 
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obtained. In this study no stabilization of the fibers or optimization to a continuous process was 

done, and it remained open whether higher tensile strengths could be achieved.  

In literature, not only PAN, but also PDCs were used for the production of electrospun ceramic 

fibers. Xiao et al. fabricated flat SiCN nonwovens from Durazane 1800.[132] Similar 

experiments were made by Ramlow et al.[133] and Ribeiro et al.[134] using crosslinked HTTS. In 

these publications, the focus of possible applications was the shielding of electromagnetic 

waves, new filter systems or catalytic supports. But the processing of aligned ceramic 

nanofibers via electrospinning with high tensile strengths is not known in the literature yet and 

was therefore investigated in this dissertation. 
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3 SYNOPSIS 

As explained in the introduction, the main objective of this work was to process fibers from 

polymer blends of PAN and OSZ with different spinning techniques, like wet- and electro-

spinning. Afterwards the polymer fibers were converted to C or C/SiCON hybrid fibers and the 

chemical, structural and mechanical properties were characterized. The results were published 

in three different papers, which are summarized here and printed completely in Chapter 5. 

Chapter 5.1 deals with the electrospinning of the polymer blends into nonwovens and in 

particular, the characterization of the exceptional thermoelectric properties of the C/SiCON 

hybrid fibers. The results were published in 2023 in the journal Science Advances.  

In Chapter 5.2, the results from 5.1 were refined and the PAN/OSZ blends were electrospun 

into continuous multifibrillar fibers, to achieve high tensile strengths. After optimized 

stabilization and pyrolysis steps were performed, continuous multifibrillar C/SiCON fibers 

consisting of thousands of individual nanofibers were obtained. Since the stabilization and 

pyrolysis steps were also performed continuously, light weight multifibrillar nanofibers with 

lengths of several meters, and after additional treatment by electron irradiation, with high 

mechanical properties were obtained. The results have been published in the journal Scientific 

Reports.  

In the publication in Chapter 5.3, a wet-spinning process for polymer blends with 0, 20 and 

40 wt.% of OSZ was developed and the temperature steps were performed continuously as well. 

The resulting C/SiCON hybrid fibers had a significantly higher oxidation- stability compared 

to pure carbon fibers. Additionally, high tensile strengths of 2.0 GPa for relatively large 

diameters of 20 µm were obtained. The results have been published in the journal Materials 

Horizons. 
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3.1 Extremely low thermal conductivity and high electrical conductivity 

of sustainable carbon-ceramic electrospun nonwoven materials  

In this part of the work ceramic nanofiber nonwovens were processed by electrospinning. The 

fibers were spun from blends from PAN and up to 50 wt.% OSZ. After the stabilization (250 °C, 

air) and pyrolysis steps (1000 °C, N2) highly flexible and foldable C/SiCON nonwovens were 

obtained. The properties and structure of the obtained nonwovens were subsequently 

investigated in the publication. Raman measurements showed an amorphous carbon structure 

for all different compositions. This amorphous carbon structure was also confirmed by WAXS 

measurements. Elemental analysis and 29Si solid state NMR revealed a high oxygen content in 

the fibers, which is incorporated by the oxidative stabilization step and the electrospinning 

process in air. In addition, various SiCxOy, SiNxOy, or SiCxNy species could be detected. In 

contrast the material showed a high electrical conductivity of 20.1 S cm-1, which was only 

slightly reduced to 4.2 S cm-1 even by adding 50 wt.% OSZ. This is based on the high electrical 

conductivity of carbon, which is not interrupted by the ceramic phases and thus retains its 

conductivity over the entire length of the nonwovens. The thermal conductivities, in contrast, 

decreased with increasing OSZ content to a very low value of 19.2 mW m-1 K-1 (C/SiCON-50). 

The structure of the material, responsible for this special combination of high electrical and low 

thermal conductivities, was determined by STEM-EDS analysis. The fibers consist of a "sea-

island" nanostructure. The "carbon-sea" acts as the electron transporting medium and conducts 

the electric current, while the interfaces between the carbon and the "ceramic-islands" lead to 

phonon scattering, in addition to boundary scattering between the individual fibers, which 

strongly reduces the thermal conductivity (Fig. 10 a). Thus, a unique material was developed, 

which has an optimal thermal insulation with a high electrical conductivity at the limit of the 

extrapolated Wiedemann-Franz law (Fig. 10 b). In addition, the C/SiCON nonwovens showed 

an extremely high oxidation stability. While pure carbon nonwovens burned down completely, 

within a few seconds after ignition, in LOI experiments at 80 % oxygen atmosphere, it was 

impossible to ignite the C/SiCON hybrid nonwovens even at 100 % oxygen (Fig. 10 c). 

In summary, ceramic nonwovens were processed via electrospinning of blends of PAN and 

OSZ, which were converted into C and C/SiCON hybrid materials, via an optimized thermal 

stabilization and pyrolysis process. These nonwovens are highly flexible, foldable, and have 

unique properties in terms of their electrical, and thermal conductivity as well as oxidation 

stability. This material could thus be highly interesting for applications as an insulation material 

for example in high temperature furnaces or applications in smart textiles. 
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Fig. 10: a) Schematic drawing of the structure of the C/SiCON fiber web with the "sea-island" structure, which 

leads to high electrical conductivities due to good electron transport, but to low thermal conductivities due to 

phonon scattering. b) Comparison of the thermal conductivity and electrical resistivity of more than 3900 materials 

with the developed C/SiCON hybrid nonwovens. The grey arrow indicates the decreasing trend with increasing 

OSZ content. c) LOI burning experiments of pure carbon and C/SiCON-50 hybrid fibers in 80 and 100 % O2 

atmosphere. 
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3.2 Novel multifibrillar carbon and oxidation-stable carbon/ceramic 

hybrid fibers consisting of thousands of individual nanofibers with 

high tensile strength 

In the first publication two-dimensional nonwovens were spun, which are very flexible but have 

no special tensile properties. Therefore, in the second part of this thesis, continuous nanofibers 

with high tensile strengths should be developed. The corresponding study reports on novel, 

continuously electrospun multifibrillar C and C/SiCON fibers consisting of thousands of single 

fibers in the nanometer scale. The concept behind this idea is based on Griffith's principle 

introduced in chapter 1. It explains the observation that brittle fibers with smaller diameters 

achieve higher tensile strengths. The reason is, that with smaller diameters the probability of a 

catastrophic failure per fiber length is reduced. In addition, the concept of the multifibrillar 

structure has the advantage that such a defect in one of the nanofibers only leads to a failure of 

an individual fiber. However, this can be easily tolerated since a bundle consists of thousands 

of nanofibers and the breaking of one single fiber does not represent a significant loss.   

Such fibers were fabricated by a special electrospinning setup that allows spinning of 

continuous fibers rather than nonwovens (chapter 2.3.4). The as-spun fibers were stretched to 

obtain highly parallel polymer nanofiber bundles (Fig. 11 a), afterwards stabilized and 

pyrolyzed to multifibrillar C or C/SiCON fibers in a continuous process (Fig. 11 b). Since the 

tensile strengths were significantly limited by the nanofibers which were fusing together during 

the stabilization process, different options to reduce this effect were tested. By precuring the 

hybrid fibers with electron irradiation, the tensile strengths of the multifibrillar C/SiCON fibers 

were significantly improved from 400 MPa to over 700 MPa.  

Since sticking could not be completely prevented and the nanofibers were partly entangled due 

to the spinning process, the fiber bundles had lower tensile strengths than one could expect for 

individual fibers. But the properties of the multifibrillar fibers are already remarkable when the 

low inherent weight of the multifibrillar fibers is considered. The corresponding linear density 

was as low as 0.33 tex (g km-1) for C and 1.0 tex for C/SiCON fibers. For comparison, fiber 

bundles of conventional C or SiC bundles, with 3000 fibers, have linear densities of about 

200 tex. In summary, this development enables the production of novel, oxidation stable 

C/SiCON ceramic multifibrillar nanofibers with a continuous length of several meters, suitable 

for upscaling to an industrial setup. The combination of high tensile strength, low weight, high 

oxidation stability, as well as a scalable continuous process makes these fibers a highly 

attractive candidate for a wide range of future applications for example as reinforcing fibers for 

plastics. 
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Fig. 11: a) Optical images and SEM micrographs of the stretching process of multifibrillar fibers from a disordered 

structure (SR1) to a highly aligned multifibrillar fiber (SR6-9). b) Continuous oxidative stabilization at 250°C in 

air and pyrolysis of the multifibrillar fibers at 1000 °C under N2-atmosphere.  
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3.3 Synergistic enhancement of thermomechanical properties and 

oxidation resistance in aligned co-continuous carbon-ceramic 

hybrid fibers 

In the third part of this thesis, thicker fibers with diameters in the small micrometer regime were 

developed from PAN/OSZ blends by a wet-spinning approach as discussed in Chapter 2.3.3. 

Since PAN cannot be melt-spun, this principle is widely used for the production of commercial 

carbon fibers. Therefore, it is also interesting for the material developed in this work, as this 

principle would be easier to transfer to a commercial set-up. Usually the precipitation medium 

is water, in which PAN is not soluble. However, DMF or DMSO is also added, as this slows 

down the solidification of the fiber surface, which leads to a rounder fiber shape and thus to 

better tensile properties. For the PAN/OSZ blends, the water was replaced by toluene to prevent 

the hydrolysis of the OSZ, which would lead to defects in the fiber. The self-made spinning set-

up consisted of a syringe pump with the polymer solution of PAN, OSZ and DMF (Fig. 12 a). 

After the fiber was precipitated, it was drawn through a tube furnace at 150 °C by two rollers. 

Due to the heating, the solvents evaporate faster and the stretching of the fibers is improved, as 

it is heated above the glass transition temperature of PAN (~105 °C). A subsequent second 

stretching step allowed the fibers to be stretched at 5 – 9 times their original length. Afterwards, 

fiber bundles with lengths of several centimeters were stabilized at 250 °C in air and pyrolyzed 

at 1000 – 1500 °C in nitrogen atmosphere (Fig. 12 b-d). Since the best tensile properties were 

obtained at a pyrolysis temperature of 1200 °C, this temperature was used in the continuous 

process to pyrolyze fibers with lengths of several meters. The fibers with a diameter of 20 µm 

had high tensile strengths of 2.0 GPa on average and a Young’s modulus of 175 GPa. 

Considering the simple process setup in the lab, these are excellent mechanical properties, in 

the same order of magnitude as commercial ceramic fibers.   

The oxidation stability of the C/SiCON hybrid fibers was far superior to the pure carbon fibers 

is, as confirmed by TGA measurements (Fig. 12 e). For example, a 20 % mass loss was delayed 

by 260 °C from 573 °C to 833 °C for C/SiCON-40. In burning tests with 1200 °C gas flame, 

the carbon fibers already broke after 4 seconds, whereas the newly developed C/SiCON-40 

fibers withstood the flame for almost 2.5 minutes (Fig. 12 f and g). Such fibers are of great 

interest for technical applications, since their oxidation stability is in between pure C and 

oxidation-stable but very expensive SiC fibers, and therefore extent the limitations in the 

applications of carbon fibers. Hence, the combination of these properties and the possibility to 

process these fibers in a continuous industrial set-up, makes this development highly relevant 

for real-world applications. 
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Fig. 12: a) Schematic illustration of wet-spinning a continuous PAN/OSZ hybrid fiber with a continuous stretching 

process. b) 8-filament PAN/OSZ hybrid fibers during the continuous stabilization process. c) Oxidized 8-filament 

PAN/OSZ hybrid fibers after being stabilized at 170 °C (right) and 250 °C (left). d) Collection of the 8-filament 

C/SiCON hybrid fibers on the reel after the continuous pyrolysis process. e) Thermogravimetric analysis of carbon 

and C/SiCON fibers with different content of OSZ in the polymer solution. f and g) A set of real-time images 

showing a 40-filament carbon fiber bundle f) and a 40-filament C/SiCON-40 fiber bundle g) exposed to a 1200 °C 

gas flame under tension with 30 g weight in air, respectively. 
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4 CONTRIBUTION TO THE PUBLICATIONS 

This dissertation contains three publications, which were developed in cooperation with other 

scientists. In the following, the contributions of all cooperation partners to the respective 

publications are presented in detail. 

 

4.1 Extremely low thermal conductivity and high electrical conductivity 

of sustainable carbon-ceramic electrospun nonwoven materials  

This paper was published in the journal Science Advances (Sci. Adv. 2023, 9, 13). 

Authors: Xiaojian Liao, Jakob Denk, Thomas Tran, Nobuyoshi Miyajima, Lothar Benker, Sabine 

Rosenfeldt, Stefan Schafföner, Markus Retsch, Andreas Greiner, Günter Motz, Seema Agarwal 

 

The work on the publication was planned by Xiaojian Liao, Günter Motz, Seema Agarwal and 

myself. Xiaojian Liao and I fabricated the nonwovens and we both performed most of the 

characterizations and analyses methods such as SEM, FTIR, electrical conductivity, limited 

oxygen index, and burning tests. The thermal conductivity measurements were performed by 

Thomas Tran in the chair of Markus Retsch. Nobuyoshi Miyajima was responsible for the 

STEM-EDS measurements. Sabine Rosenfeldt performed the XPS measurements. The 

publication was written with input from all authors led by Xiaojian Liao, Seema Agarwal and 

Andreas Greiner. 

 

4.2 Novel multifibrillar carbon and oxidation stable carbon/ceramic 

hybrid fibers consisting of thousands of individual nanofibers with 

high tensile strength 

This paper was published in the journal Scientific Reports (Sci. Rep. 2024, 14, 18143). 

Authors: Jakob Denk, Xiaojian Liao, Wolfgang Knolle, Axel Kahnt, Andreas Greiner, Stefan 

Schafföner, Seema Agarwal, Günter Motz  

 

The main part of the work was conducted by myself, including the temperature treatments 

(stabilization and pyrolysis) and the different characterization and analysis techniques (TGA, 

DSC, SEM, FTIR, mechanical tests, gel tests). The RAMAN and TEM were planned by myself 

and performed with the help of the responsible scientific staff. Xiaojian Liao did the 
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electrospinning of the polymer fibers. Wolfgang Knolle and Axel Kahnt performed the electron 

beam treatment under my experimental planning. I wrote the first draft of the manuscript, all 
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5.2 Novel multifibrillar carbon and oxidation-stable carbon/ceramic 

hybrid fibers consisting of thousands of individual nanofibers with 

high tensile strength 
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