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Summary

SUMMARY

The outstanding properties of carbon fibers, such as high tensile strength of up to 7 GPa and a
Young's modulus of up 800 MPa, together with a low density of 1.8 to 2.0 gdcmade them
indispensable in higkech products in the aerospace, transport, military and sports sectors.
However, carbon fibers have the disadvantage of oxidizing in air aboV&40hich severely

limits their applications. Although it is possible to increase thdation stability by coating

this is complex and expensive, and a small defect in the coating results atp@nxidation

of the fibers Therefore it is much more promising to increase the oxidation stability
intrinsically by modifying theorganicpolymer. Preliminary investigations have shown that one
approach could be the addition ofigosilazanes(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 upPE80
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 principlbe ttensile strength increases
exponentially as the diameter de@es 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 ewditable 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 widdSZ Therefore, the corresponding polymerusioins 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 ®i8Y 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 20d S cmt and a low thermal
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conductivity, which decreased to 10 mW-1nK! with higher OSZ composition. A
comprehensive chemical and structural analysis of the material revealed the reason for these
unique properties: The "sa@sland" nanostructure. The carbon phase is the "sea" responsible
for the high electrical conductivitgnd 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 secondrticle 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 electr@ambieradiation. 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 theamometer 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 th@©SZDurazane 1800 using a wgpinning process. Tensile strengths of 2.0 GPa
were achieved with a fiber diameter of 20 um. Considering the equipment used and the still
relatively large diameters, these are excellent values, comparable with commercial ceramic
fibers. However, the decis factor is that the oxidation stability of the fibers has been
significantly improved. Thermogravimetric analysisGA) 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 fod4 s.



Zusammenfassung

ZUSAMMENFASSUNG

Eine der bedeutendsten technischen Fasern sind Kohlenstofffasern. Aufgrund ihrer
herausragenden Eigenschaften, WiEspielsweise Zugfestigkeiten von bis zGRPa und
Elastizitatsmoduln von bis z600 MPa und der gleichzeitig geringen Dichte von 1,8 bis
2,0g cnt3 sind Kohlenstofffaserraus Hightechprodukten der Lufind Raumfahrt, Verkehr,
Militar und Sport nicht mehr wegzudenken. Allerdings hakiehlenstofffaserrden Nachteil,

dass sie ab 400 an Luft oxidieren, was die Einsatzmoéglichkeiten stnschranktEs gibt

zwar die Mdglichkeit die Oxidationsstabilitat mittels Beschichtungen zu erhéhen, jedoch ist
solch eine Modifizierung aufwendig und teuer, aul3erdem reicht ein kleiner Defekt in der
Beschichtung aus, um die Faser wieder angreifbar fir die Oxidation durch Sauerstoff zu
machen. Deutlich vielversprechender wére es deshalb, die Oxidationsstabilitat eitrihsish

eine Modifikation des Ausgangspolymers zu erh6hen. Wie Voruntersuchungen zeigten, kénnte
ein solcher Ansatz das Hinzufiigen vofigosilazanenOSZ) zum Precursor Polyacrylnitril
(PAN) sein.

Eine weitere Limitierung voiKohlenstofffaserrsind dere Zugfestigkeiten. Zwasind diese

mit Werten von bis zu 7 GPa bei kommerziellen Fageundsatzlicksehr hochjedoch waren
theoretisch bis zu 186Pa mdglich. Der Grund fir die deutlich niedrigeren Zugfestigkeiten
liegt im Auftreten von Defekten in den Fasern. Bei sproéden Fasern, reicht in der Regel bereits
ein Defekt as um zu einem katastrophalen Versagen und dem Bruch zu fiXaeh. dem
Griffith Prinzip nimmt mit kleinerem Faserdurchmesser die Wahrscheinlichkeit flr einen
Defekt pro L&ngeneinheit jedh ab, weshalb die Zugfestigkeiten mit kleinerem Durchmesser
exponentiell steigen. Eine vielversprechende Madoglichkeit zu deutlich kleineren
Faserdurchmessern im Nanometerbereich zu kommen, liefert das Elektrospinnen. In einem
weiterentwickelten Elektrospnprozess wurden kirzlich aus PAN kontinuierliche
multifibrillare Fasern bestehend aus tausenden Nanofasern elektrogesponnen. Diese kénnten
grundsatzlich fur die Weiterverarbeitung Xohlenstofffaserngeeignet sein, um bisher

unerreichbare Zugfestigkeiten erhalten.

Ziel dieser Arbeit war es deshalb die Oxidationsstabilitdt ¥mhlenstofffaserndurch
Polymerblends oder Copolymere nf2SZ signifikant zu erhohen. Hierfir sollten die
entsprechenden Polymerldsungen bzw. die Spinnprozesse entwickelt und optimiert werden,

sodass kontinuierliche Fasern erhalten und deren Eigenschaften charakterisiert werden kénnen.



Zusammenfassung

Im Rahmen dieser Arbeiten entstanden dabei drei Publikatialhenn dieser Dissertation

zusammengefasst sind.

In der erstenVeroffentlichungwurde PAN und die entsprechenden Blends mit @8&Z zu
Polymervliesen elektrogesponneits wurden extrem flexible und faltbare C/SiGIO
Keramikvliese erhalten. Neben der auch hier deutlich zu beobachtenden Oxidationsstabilitat

der Hybridfasern, wurdesinzigartigeelektrothermische Eigenschaften des Materials ermittelt.

So besal3en die Faservliese eine sehr hohe elektrische Leitfahigkeit zwischen 4.2 und 20.1 S
cnt und gleichzeitig eine niedrige thermische Leitfahigkeit, dieZohahme an OSZ auf bis

zu 10mW mtK-* abnahm. SolcheEigenschaften konnten bisher von keinem anderen
Werkstoff erhalten werdeitine umfassende chemische und strukturelle Analyse des Materials

of fenbarte den Grund f ¢r di ese einzlimgsaalti ge
Nanostruktur begre¢ndet . Die Kohlenstoffphase
Leit f 2higkeit zust@andig ist und die Kerami kpha
Streuung der Phononen an denreiaflachen mit der Kohlenstoffphase zu den niedrigen

thermischen Leitfahigkeiten.

In derzweitenArbeit wurden die Polymerblends zu kontinuierlichen multifibrillaFeasern
elektrogesponnen. Nach Optimierung der Stabilisierungsl Pyrolyseprogramme konnten
diese zu kontinuierlichen C/SiQO Keramikfasern mit Langen von mehreren Metern
weiterverarbeitet werderEs wurde jedoch beobachtet, dass beim Stabilisierungsprozess bei
250°C an Luft die einzelnen Nanofasern erweichen und zusammenkleshalb die
Zugfestigkeiterstarklimitiert sind. Um ein Aufschmelzen zu verhindern, wurden verschiedene
Ansétze gewahltAm erfolgreichsten war dabei die Behandlung der C/$iCGaultifibrillaren

Fasern mittels Elektronenbestrahlubgirch die Vernetzung im polymeren Zustand konnte ein
Zusammenkleberwahrend des Stabilisierungsschritdgutlich verringert werden und die
Zugfestigkeiten von 407 MPa auf 78Pa erhoht werden. Da ein Zusammenkleben der
Nanofasern jedoch nicht komplett verhindert wird, es prozessbedingt zu Verschlaufungen der
Nanofasern kommt und Faserbiindel niedrigere Zugfestigkeiten als Einzelfasern haben, konnen
die theoretisch mdglichen Zugtegeiten vonl80 GPa lch nicht erreicht werden. Der Ansatz

der multifibrillaren Fasern bleibt jedoch aufgrund Faserdurchmesser im Nanometerbereich, des
geringen Eigengewichts der Fasern und der Mdglichkeit zur kontinuierlichen Herstellung sehr
vielversprechend, weshalb durcheWérentwicklung dieses Ansatzes zukinftig deutlich

bessere mechanische Eigenschaften zu erwarten sind.



Zusammenfassung

In der dritten Publikation, wurden Uber einen Nassspinnprozess kontinuierliche ©/SiCO
Hybridfasern aus Polymerblends aus PAN und @87 Durazane 1800 hergestellt. Dabei
wurden Zugfestigkeiten von 2®Pa bei einem Faserdurchmesser vonur0 erhalten.
Berlcksichtigt man das verwendete Equipment und die noch relativ groRen Durchmesser,
handelt es sich dabei um hervorragende Werte die aitckommerziellen Keramikfasern
vergleichbar sind. Entscheidend ist jedoch, dass die Oxidationsstabilitat der Faskch deu
erhoht werden konnte. Messungen in der Thermogravimetrischen Analyse (TGA) zeigten eine
signifikante Verzogerung der Oxidation an Luft, sodass beispielsweise ein Masseverlust von
20% bei Fasern mit 40 wt.% Silazananteil um 260 °C auf°®@8erschokn werden konnte.
Wurden Faserbundel unter Belastung mittels einer Flamme beP C2€handelt, hielten diese

im Gegensatz zohlenstofffasern4 s) iber 150s lang der Flamme stand, ohne zu reil3en.
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1 INTRODUCTION

For a longtime, the idea of a space elevator which people and equipment can simply travel
into space via a gondolaas existed in science fiction literature. One of the Ihiostksin which

this ideawas mentioneds "The Fountains of Paradise" by Arthur C. Clageblished in
19791 Another example is the novel "Limit" by Frank Schéatzing, published in ,Zboat

also the American space agencWNASA is discussingthis concepton a more scientific
background® The decisive advantages that such an elevator would have over conventional
rocketsis the immense reduction in transportation costs from several thoesestd less than

1 0 kgt and would thus grant a much easier access to sjpheamain reason why such a
device has not yet become a reality is that it would reguxineemely light,continuoudfibers

with enormoudtensile strengthof more than 5@Pato establish a connection between the

earth and a geostationary satellite without ruptutéifg

One of the most usaahd interestingechnical fibers are carbon fibefldheunique combination

of alow density of only 1.75 to 2.00 g cincombined with tensile strengthf up to 7GPa and

a moduluof 600 MPa have led to a widespread usearbon fibersn a variety of fieldssuch

as automotive sector, aerospace, wind turbines and military applicafibiise fact that this
high-tech product is becoming increasingly important can also be seensteadily rising
demand. In 201ahe usage wal3,000 tons, and has risen continuously in recent years to a
predicted value of 43,500 tons for 202.l"] Despitetheir outstanding properties, commercial
carbon fibersachieve only a fraction of their theoretically possible tensile stresfgth to 180
GPal®° 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 petemdth increases. This principle
was already discovered by Griffith in 1921 for glass fib8rand also confirmed for medtpun

SiCN fiberslater*¥ This is the reason whygommercial wespuncarbon fibersare processed

with small diameters of 30 7 pm[*? A highly interesting processing technigteeproduce
smaller fibers is electrospinningyhich is explained in detail inChapter 2.3.4 In
electrospinningfiber diameters of 0.1 to 2 um candgmun. After pyrolysis taarbon fiberghis

could result in significantly higher tensile strergjihan commercial wespun fibersDue to a

novel developedelectrospinning process, multifibrillar polymer fibershich consist of
thousands of fibers in the nanometer raaligned in one directigrean be processét 14 This

technigue has already been used to spin fifsera polyacrylonitrile (PAN), suitable for the
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processingf carbon fibersand is therefor@romising for producing novelarbon fiberswith

exceptionally high tensile strengtim a continuousvay.

Another disadvantage oérbon fiberss the low oxidation stabilitywhich is discussed in detail

in Chapter2.2.1 The decompositionf carbonbeginsalreadyat 400 °C in airand therefore
severely limits the wye ofcarbon fiberslif carbonfibersshouldbeused forexample irceramic
matrix composites (CMCsjhe oxidation stability has to be improvéthtil recentl the only
option was to apply glaserming coatings to the fibers. However, this technique is not
economical and as soon as a defect occurs in the coating, thetdiliertcoxidize agairit> 24

For this reasomn intrinsic approacts much more promisingSuch aroption was developed

by Ribeiroet al 22231 who synthesized hybrid polymers atrylonitrile and oligosilazanes
(OSZ2) After pyrolysis,nomogeneously distributeSisN4 nanocompositesntroduced by the
OSZ acted as an oxidative protective layer for the carbdith this approactihe oxidation
resistancevassignificantlyimprovedfrom 400 to over 1000C in air atmospherdn this initial
work, only short fiber pieces witkhick diameters of 100 um via dry spinnimgere produced

It is therefore necessary to develop and optimize the spinning proéasseastinuous fibers
with diameters in the small micrometer or nanometer rantfee future

In order to turn the mentioned ideas from science fidiioreality and to be able to develop
components and devices with previoualyachievable propertiesonstant development and
research is necessaiherefore, the goal of this work is to develop novel continwwauson

and ceramidibers prepared via the previously described technique for multifibrillar fiber
electrospinning. As discussed before, it should be possible to achieve significantly higher
tensile strength by reducing the individual fiber diameters into the nanometer range. In
addition, the use opolymer blends or copolymers &AN and OSZ should increase¢he
oxidation stability to enable the use of thdridfibers at higher temperatures, for example for
applicatiors in CMCs, or to increasthe flame stability. For this challenging task, it is first
necessary to optimize the electrospinning process anti¢hmalstabilization and pyrolysis
Afterwards, chemical and structural analysis of the obtained ceramic fibave to be
performedThereforeflat nonwovens have to be produdedt via thestandaralectrospinning
techniqueThis enables a more straightforward optimization of the electrospinning process and

allows the production of largefiber quantities for the analysis dhe material properties.

Afterwards, the electrospinning of multifibrillar fikewill be carried out, and the entire
process, from spinning to pyrolysis, should be optimized to achieve a contmudiiigorillar

C/SIQON fiber. The main poblem that might occus a softeningof the polymer and sticking

9
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of the nandibers, which would severely limit the tensile strength. For this reason, it may be
necessary to prevent this by adding catalystseduce the crosslinking temperatureby
precuringvia electrabeam radiation

In addition, the PAN/OSZ blends should be optimized for amore widespread spinning
processes such as wsginning.This shouldlead todiameters in the lower micrometer range
and comparable tensile strengilftscommercial fibers buwith asignificantly higher oxidation
stability. Sincewet-spinning is alreadgommerciallyused it couldbeimplementedn existing

fiber spinning plantswhich would facilitate the commercial production of these fibers.

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

precursors and spinning techniques will be explained in more aoethd following chapters.

10
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2 STATE OF THE ART

2.1 Polymer derived ceramics

Polymer derived ceramics (PDCs) offer a novel method for producing cerdmocgh the
conversiorof polymeiic precursordy pyrolysis.The polymeraisuallyused havean inorganic
backbone based on silicoand other elementdike O, C and N.Mainly polysiloxanes,

polycarbosilangsand polysilazanes, as well gbridsof these, are usedFig. 1).[242°% By the

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

required.Accordingly, theobtainedceramicconsistsof SiOC, SiCor SiCN.

O/; &@%@) N/;
Rz P A

Polysilazane

R4 R3 R4 Rs
| | H | | H
Si (N Si Si_
|\o/|\(;; |\H/|\CI:
R R
R2 4 Ry ) R, R2 4 Ry )
H |
Polycarbosiloxane (|: /SII Polycarbosilazanes
| R
H n

Polycarbosilane

Fig. 1: Chemical structure of the most common preceramic poly(Rars H or alkyl)?4.26:27]

Other major advantages of PDCs ane telatively lowpyrolysis temperatures of 1100
1300°C and the high creep, oxidatiaand crystallization temperatures of up to 1500?+28.29]
To achieve a high ceramic yidlde precursors have to be crosslinkefbre the pyrolysisThe

easiest way to do this by thermal crosslinking at 100400 °C 2426l Depending on the side

groups, certain reactions canusedto lower the curing temperature. For example, vinyl groups

can be crosslinked by radical initiated polymerization e @ind NH groupscan be linkedy
a selective catalytic reaction witbtran-butylammoniumfluoride (TBAF), whichdelivers a
meltable polymelt1-3231Other options enable crosslinking under inert igas)V light[323%]

or treatmentvith gammarespectivelyelectron radiatiof£® 38l

11
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In addition, blends or copolymers of PDCs with organic polymers can be made to produce
organic/inorganic hybrid materials/arious examples of composites made from silicon
containing components and organic polymers can be found in the literature. One common

application is firgprotection as a halogdree alternative.

For example, silan&84% or siloxane8! were used as adhesion promoters to produce blends
of organic polymers and inorganic fillers such as Mg(&©dt)organoclay to achieve halogen

free flame retardancy. However, effective flame retardancy is also possible without inorganic
particles. Other approaches used blends of phosploniaining siloxanes and polymers such

as polycarbonaté?43]

In addition, U\tcurable resins have been prepared from blends of phenyl silanes and an epoxy

acrylate that could be applied to components as flame retardant coatings ifffuture.

Chianget al. developed epoxy nanocomposites containing silicon, nitrogen, and phosphorus
with the solgel route®! 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 gdamesbo
asflame retardants to thermoplastic polymers such as polyprop§fetieWhen 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

siliconed#}

Besides their applications in flame retardants, the mechanical properties of organic polymers
have also been improved. Deladteal. prepared copolymers of silicone capsules in epoxy resin

to reduce the brittle character of the polymefisCompanble results were obtained for
copolymers of methyl methacrylate and butyl acrylate with various siloX2hBspending 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 characteriZe®i>>! 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. Gareial. prepared block copolymers based on polysilazanes

and poly(isoprendlock-ethylene oxide) and characterized them in the polymer(&tdiie the

12
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future, SICNtype ceramic mesostructurean be processed from the polymer. Similar work
has been done by Kamperman all®”%8 The pyrolysis of the copolymers resulted in
mesoporous ceramics with open accessible pdtas.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 carrier§? 61l

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 afpassayer22-23!

Polymethylmethacrylate and polysilazanes were synthesized by free radical polymefiZation.
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 tlimitation in their shrinkage of 20 30% during
pyrolysis, where smaller molecules such asRHs, H2.O and CH 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 digpating and spragg techniques to produce coatifor the
precursors can be spun to fibers. For example, Yaijama developed SiC fibers from
polycarbosilanes which are commercially available as Nicalon fit##&.or SiCN fibers were
developed by Ribeiret al.from crosslinked polysilazané&4:3°31The various ceramic fibers

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

221 Carbon Fibers

As mentioned beforearbon fibersare one of the most important technical fibers. They can be
processedrom a variety of sources. For examptarbon fiberscan be obtained by pyrolysis

of cellulose fiber§™ or by mesophase pitdfé! However, the largest proportion @drbon fibers

is obtained from PANThe PAN fibers are spunfrom DMF or DMSO solutionsvia a wet

spinning processChapter2.3.3. After washing, stretching and drying of the fibettee most
important stepthe oxidative stabilization up to 30C in airis performed®® 71 In this step

complex dehydrogenation and cyclization reactions take place, which lead to alikelder
structure(Fig. 2). This step is essential for th#er processg, because the normal PAN
structure would not be stable enough to withstand the subsequent manufacturing steps at higher

temperaturesSince these reactions arery exothermic and easily lead to overheatmgl side
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reactionsit is important to perform this step with a slow heating rate to prevent damage on the
fibers. Other ways to achieve this include catalydtsgat lower the crosslinking temper
aturel’? 78 or crosslinking the polymeshains byplasmatreatment’®-8% with electror’:81.82]

or gamm&°®8384jrradiation. However, these methods are only used in research and not yet
commerciallyusedfor carbon fibers

After the stabilization step thearbonization is performed. During the pyrolysis volatile
moleculesincluding HCN, N, Hz, andH20 are emittedAt temperature®etweenl1000 and
1600°C a turbostratic carbon structure is obtain€hrbon fiberscarbonized at these
temperaturesontaintetrenedralcarbonbased crosslinksvhichconnect thgraphite layerand

the highest tensile strengilof upto 7 GPacan be achievedf graphitization is subsequently
carried out at up to 300, the carbon crystallites orient themselves along the fiber axis,
whereby the higheatoung's modulusf up to600 MPacan bereachedbut this also results in

a decrease in tensile strenth69.85

. - . _ 1)<1600 °C
m 200-300°c © V¥ TV ¥ 1) < 3000 °C -~

Air PR N N X - -
O e

Fig. 2: Structural transformation of PAM acyclized laddettype structureduring the stabilization stef200 i
300°C, air) andto a graphitic carbonstructure after carbonizatiofx 1600°C) and optionalgraphitization
< 3000°C) in an inert atomosphefe?t69.8%]

As previouslymentionedtensile strengthof up to B0 GPa could theoretically mbtained by
carbon fiberd?®® The reason why thactualvaluesof commercial fibersre significantly lower
is due to defectm the fibersThese defectenmediately lead ta catastrophic failure in brittle
fibers under tensionHowever, the probability of such defects occurrnpeg lengthsection
decreases with decreasing fiber diameter, whititeiseasomvhy fibers with smaller diameters
have higher tensile strength$!l This principle is also shown by extremely deffree
multiwalled carbon nanotubes (MWCNT) with diameters af 30 nm, which could achieve
tensile strengthof over 100GPa%%] or by MWCNT bundleswith tensile strengthof 80 GPd?"]
Unfortunately,the nanotubes can only Ipeoducedwith lengthsin micrometer scale diew
centimetersn maximumat the momentor futurecarbon fibersthe electrospinning technique
(Chapter2.3.9 couldthereforebe of interest, with which fiber diameters of 0.1 to 2 um can be
realized

Despite heirhigh processindemperaturegarbon fiberdave the decisive disadvantagestart
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to decomposen air at temperatures higher tha#00°C .8 This severely limits possible
applications. For example, darbon fibersshould be used as reinforcing fibers in ceramic
matrix composites (CMC), they must first be prote@gdinst oxidatiofin a complex process.
For this purpose, SiC layers combined with gissing elements such as Si, B, Al or Zr are
often applied by chemical vapor deposition (CVD). However, this is verydoneuming and
expensive, and the layers tend to form cracksnwdseosed to temperature changehich
leads than to furthesxidation of the exposed carh8f 21!

In another approach,higher oxidation stability ofarbon fibersvas achieved intrinsically and
without complex coatings. Ribeiret al. synthesized copolymers of acrgitrile and the
commercially availableDSZ Durazanel1500 (ML33) and 1800 (HTT1&) (Fig. 3).[2223
Dependingon the proportion of OSZ in the materidde oxidation stability of the resulting
C/SICN fibers significantly increasetlieto nanoscale and homogeneously distributeN4Si
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 1500btginning of theoxidation was
delayedto 750°C. Additionally, the mass losat 1000°C significantly decreased to 2,
compared t@ mass loss afearly 100 %without Durazane 150@ thermaravimetric analysis
(TGA). Unfortunately, only short fiber pieces with a thickness of aboutp®d0and no
continwus fibes were spun Thereforethe mechanical properties of the fiber could not be

analyzed.

Si Si Si Si
N7 N7 N~ N7 |
H CH;, H CH; H CH, H CHj
0.33n 0.67n 0.2n 0.8n
Durazane 1500 (ML33) Durazane 1800 (HTT1800)

Fig. 3: Chemical structure of thaigosilazane®urazane 1500 and 18682

2.2.2 Ceramic SiC Fibers

SiC fibers, meanwhile, have rmuch higher oxidation stability than carbon fibersandcan be
used for longer periods at over 1000 °C in dinerefore, they are mainly used in CMC
componentsCommercial fibers have a diameter/ofo 15um and tensilestrengtls of 2 GPa

In industry SiC fibers are me#fjpun Chapter2.3.2 from polycarbosilanes, stabilized and
pyrolyzed at 1000 1300°C.[6366:89 The oxygen content is the strongest limitation the
operating temperature, since oxygen is formingikasesvith silicon. In the beginning this
layer acts as a passivatingatingand protects the fiber from furthexridationin air, but with

temperature changésis forming cracksand after reaching a certain thickness, flakes off and
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the oxidation continue®? To improve the oxidation stabilityifferent developmentsave been
madesince the 1960® reduce the oxygen content in the fibémnghe first generation the fibers
were spurin anitrogenatmospheréut the stabilization was performéadair, comparable to
carbon fibers This resulted in a significant incorporationadygeninto the fibersand limited
the mechanical properties atioxidation stabilityl®8°11n thesecond generatiahe polymer
fiberswere stabilized wittgammaor electron irradiatiomn inert gasAs a result, the oxygen
content was reduced and tivadation stabilitysignificantly increased. & because of the high
amounts of free carbon tloperating temperature was still limited to 14@0 Due to the high
doses of radiation the price foeef i ber s st kgt for#i-Nicalon 8bér§@duced
by Nippon carbor®®°794 To increase the operating temperature even furttrgstalline,
stoichiometric SiCfibers were produced in the third generatiGommercially, the fibers are
marketed for example as {icalon S. However, since prices start at 700@%, these fibers
are mainly used in researBf?.9324 Unfortunately these high priceseverely limit the

applications, which is why SiC fibeese notusedin fiber-reinforced plastics

2.2.3 Ceramic SICN Fibers

SICN fibers have the advantade,beeven moreoxidationstable than SiC fibersecause of
the higher activation energy ofs8lk with O2. Additionally, the polysilazaneprecursors used
for SICN ceramicsre cheaper than polycarbosilangsich makes therapromising candidate
for newceramic fiberg38.95971

In the 1980sWacker Chemie AG developed a polysilazane synthesizeddiamorodiorgane
silanes and dichloromethylsilanes witexamethyldisilazane and mslbun and pyrolyzed it to
SiCN fiberst®-°¢l Neverthelessthese fibersare not produced anymore and SiCN fibers are not
commercially availablat the momenbut were investigated in research in the last yéaokott et
al. developed SiCN fibers from the saljnthesized polycarbosilazane ABJHg( 4).36 The
precursor was synthesized bthe hydrosilation and followingammonolysis of
dichloromethylsilanenddichloromethylinylsilanein inert gas conditionS?! Afterwards the

polymer was melspun, cured bgnelectronbeantreatmentind pyrolyzedat 1100 °C.

H
MeHS|C|2 H3c\ /—\ ,CH3CH3 \SI,N
+ ot Si_ _Si o~
MeVisiCl 1. Hydrosilation N ~N,S|\
evisitla 2 Ammonolysis H H H NH

n

Fig. 4: Synthesis of theligosilazane ABSHE")
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In anotherexample Floreset al. used the previously mentioned OSZ Durazhdb@0 (ML33)
and Durazan&800 (HTT1800)!12%-31Sincethese precurso@re liquid andcannot belirectly
spuninto solid fibers, the OS#&asconverted into a solid polymer bypalymerizatiorreaction
For this purposéhe N-H and SiH groups of the OSZ wemlymerizedwith thecatalyst tetra
n-butylammonium fluoride (TBAF). Calcium borohydrideas used asan inhibitor, which
catchesthe fluoride iongo stop the reactiofFig. 5). By controlling the amount of catalyst and
reaction time, the properties of the polymer can be contratelit can subsequently be spun
into polymer fibers by melspinning. After a curing step by electron irradiation, the fibers can
be pyrolyzed toceramicSIiCN fibers.Due to the formation of a $i20/SiC; passivating layer
andthediscussed high activation energy with tBefibers had a high oxidation stabilityp to
1300°C even with ghigh oxygen content from 13 to 28 wt.#bthe fibers.

H CH3 H CH3
N < - - <
N4 -7 s i
| +BUN'F | CHs 2
H — - N~ Ca2t W ——> Canl
-H, g Si THF
H |
| CHs; R
/N ~ | e -
- Si R =H or CH3 (Durazane 1500)

I R = H or Vinyl (Durazane 1800)

Fig. 5: Crosslinking reaction of theligosilazanesnd termination witlzalcium borohydridé®!

224 Ceramic oxide Fibers

Besides thalifferentnonoxide fibersthe second category of ceramic fibers axa&le fibers
Most oxide fibers are made of &) or mullite (producedof Al203 and SiQ). The largest
suppliers for commercial fibers are 3M (Nextel) and Sumitomo (Altest) Nextel 720 fibers,
for examplethetensile strengthreach2.1 GPawith a diameter of 10 12 um. The density of
3.4gcmd is significantly higher than for neaxide ceramicfibers*8 Common aplications
for ceramicoxide fibersare thermal insulations of furnagégbes or thermal protectipas the
fibers arealready fully oxidized and therefore resistant to oxyddainly oxide fibers are
produced via the sol/gel process. The starting materials are spinning compounds of aluminum
sols (e.g. aluminum isopropoxide,) ealts (e.g. aluminum nitrate)and silicon sols(e.g.
tetraethylorthosilicate)with organic spinning aidssuch as polyvinylalcoho(PVA) or
polyethyleneoxidéPEO) which allow the spinability in a dry-spinning processlo remove
the spinning aidsthe fibers are pyrolyzeaind sinteredDespite their resistance to oxygdime
biggest limitation forceramicoxide fibers iscreepng of the fibers due t@rain growth

Therefore thelong-termoperating temperatuiis limited to about 1000 1100°C.[94,99103]
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2.3 Processing of Ceramid-ibers

2.3.1 CVD Process

The first commercially developed process for produciegamicSiC fibers was the chemical
vapor deposition (CVD) methodn this approach a gaseous SiC precursdor example
methyltrichlorosilaneis deposited onto a monofilament of tungsten or catbiin CVD thick
fibers with diameteslargerthan75 um aremade The advantage of the CVD process is that it
can be used to produ@mostdefectfree ceramicfibers, which thus lead to higtensile
strengtls. For exampleSCSUItra fibers (Specialty Materialshave a tensile strength of
5.9GPa and & oung modulus of 41&Pa despite a thick diameter of 14@. Due to their
high stiffness thesdfibersare frequently used for metal matrix composites (MM@)nly for
turbines in military technologythey are commercially distributed under the trade names SCS
6, SCS9A and SCSItra and as Sigma (TISICE}:%0

23.2 Melt-Spinning

Melt-spinning can be used process$iberswith diametersmaller tharB0 um. Since extremely
highwithdrawingspeeds of 1000 6000m min are possible and no solvents are needed, it is
the most economical spinning proceBlsereforejt is thecrucialtechniqueor the production

of nonoxide ceramic fibers. In me#ipinning, ceramic precursors amlten and spun at
temperéures of up to severalhundreddegres celsius If oxygenshoutl be excluded, the
spinning process can be carried out under inercgaditions Different polymers containing
silicon are suitable precursors. Depending on the precursor used, the chemical composition of
the subsequent ceramic fiber can be adjudted.example SiC fiberscan beproduced via
polycarbosilanes, SiCN fibers via polysilazanes and via boooiaining precursors such as
polyborosilazanes BN, SiBN and SiBCN fibean be madg8 %4 Before the green fibers can

be pyrolyzed to the respective ceramics, the polymers must be crosglingesvent a re
melting of the spun fiberg his can be done by oxygen from the air and is used for commercial
SIC fibersof the first generation, like Nicalon 200N (Nipp&@arbon), Tyranno Lo and
Tyranno S (UBE Industries).uB 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 treatnt, which prevents oxygen from being introduced into the chemical
structureandis done, for example, for second generation SiC fidies Hi-Nicalon and Hi
Nicalon S (NipporCarbon)i38.91,93.94]

Kokott et al. processederamicSiCN fibers via mekspinning of the polycarbosilazane ABSE

as discussed in Chapt&.2.3 3¢ and additionally later modified them by introducing
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MWCNT.[7]

Ribeiro et al. also prepared metipunceramicSICN fibers from the crosslinked precursors
ML33SandHTTSfrom Durazanel 500 and 18061:3°-3UThesdiberswere spun after synthesis
in a sel-madelaboratory setugFig. 6). The polymer isnoltenat 801 120 °C bya heating
sleeve andextrudedthrougha spinneretvith nitrogengas pressurerThe green fiber is then
wound up and, after a further stabilization gbgpoxygen from the air or electron irradiatjon

pyrolyzed to aceramicSiCN fiber.

Fig. 6: Principle of the melspinning device of Ribeiret al"!

2.3.3 Dry - and wet-spinning

Dry-spinning is usually used for polymers tltainnot be melspun for example becautiee
materialis too temperature sensitiven dry spinning, asol ora polymer solution is extruded
through a spinnerednd dried with a hogasstreamto remove the solveniAfterwards the
precipitatedfiber can be stretched and wound W&pith this technique small diametecs

< 15pum and high spinning speeds$ 3007 500 m min' can beachieved For ceramic fibers
dry-spinning is used fooxide fiberswith the sol/gel processTo adjust the rightviscosity
organic polymersike PVA or PEOcan beadded aspinning aidsThe sol is extruded and after
evaporation of thesolvent the gel can be converted into a ceramic fiber by pyrolysis and
sintering.Commercially this is donfer exampleby 3M for Nextelfibers[194.195]Another option

is dry-spinning br polymer fibers for examplior PAN dissolvedn DMF or polyvinylchloride
(PVC) in acetone For textilesPAN fibers are often madevith dry-spinning but for the
production of carbon fibers the process is less favorable because too many defects are

introducedinto the fibers which makasetspinning more suitable for this purpds&!
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The second reason why watinning is used for the production of carbon fibers from PAN is
becausemelt-spinning isnot possibleThe reason is thahe melting temperaturef PAN is
higher than the decomposition temperatnfréhe polymef°7]

For wetspinning solutionswith 157 25wt.% PAN in N,N-dimethyl formamide (DMF),
dimethyl sulfoxide (DMSO), dimethyl acetamide (DMAC) are spun into a precipitation bath. In
principle the bath consistd aliquid, mostly waterwhich ismiscible with the solvent but does
not dissolve the polymeirhiscauses the polymer fiber to precipitatehe bathPrecipitation

is a diffusioncontrolled process. If the diffusion rate is too high, the fiber will solidify too
quickly on the outside, but is stillguid on the insideGreater shrinkage of the fiberccurs
during dryingandleadsin turn to a beanor sickle shaperlhis can be preventdsy a softfiber
surface via a slow diffusion process. The speed of the diffusion process can be adjhsted
the solvent gradient and themperatureln principle, a larger solvent conteintthe bathor a
lower bath temperature leads to a lower diffusion aatktherefore to a circular shape

In the basic setip the polymer solution is extruded through multiple holes into the precipitation
bath.After the spinning procesthe fiber is washednd 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 convertedhe carbon fiberby the

previouslydiscussedemperature treatmel§¢;106:108,109]

Fig. 7: Principle of a wespinning setup for PAN fibef&®!
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234 Electrospinning

In principle electrospinning is a process for produci2p nonwovens from polymer
nanofiberd!1®11|n electrospinning, a polymer solution is continuouyslympedthrough a
syringe During pumping the droplets are electrostatically charged by friction. When a high
voltage up to 5&V is applied between the cannula and the collector, the solution is accelerated
towards the collector. On its way, the solvent evapoeatddeposis solid polymer fibers. Due

to the surface tension, the droplets would normally fospleereat the tip, bubecause ofhe
electric fieldthe dropletsare stretchedto a cylindical shape Since the solution is pumped
continuouslya jetis createdA suitablevoltage and a sufficieqolymerconcentrabn prevent

the jet from partiallycollapsingback into droplets and forming beats on the fib@wing to

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

nanometer olow micrometer regime

In principle electrospinnings a very compleprocess and many variables have to be optimized
to obtaina stablespinning proces8!%1121As already mentioned, the applied voltage is crucial,
as it causes the formation of thealled Taylor cone at the tip of the nee(ifdg. 8). This
characteristic shape of the dropletrigortantto achievea stable jet and continuous fiber
formation If thevoltage istoo high the result isareductionof the Taylor conesizg as the jet

is too stronglyacceleratedand thereforeausedeadson the fibers Furthermore, the applied
voltage cannot beeatedindependently, as laalancehas to bdound between theoltage and

the flow rate The transportof the solutionto the collectorand theflow rate have to be in
equilibriumto prevent the formation alrops or beds. Another important parameter is the
distance betweethetip and collector. The larget is, the smaller the fiber diameter will be,
sincethe fibersget more stretchedAs mentioned beforethe polymer concentration e
spinningsolution is decisivas wel| since a too loveoncentratiorcauses breakdowrof the

jet into a droplet shape and the fibers contain beads.

After optimizing the parameterdifferent collectors can be used to change the morphology of
the nonwovens.The simplest collector is a flat plat® produ@ planar nonwovers.
Alternatively, a rotating wheel or roller can be us&ftith aslow rotationakpeedthe fibers are
depositedandomly,comparable tglate collectorputwith a higter speed, the fibers become
more parallelnd are spun in a preferential directiBy.using parallel electrodes as collectors,
strongeraligned fibers can be obtained, but only fiber lengths of a few centimeters are possible
with only very thin fiber layersThe schematic structure of an electrospinnieygice with

different collectorsan be seen iRig. 8.1110:113]
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Fig. 8: Schematic structure of an electrospinnimgcesswith a) a plate collector, b) rotating collectors and c)
parallelelectrodesThe magnified area shows the characteristic Taylor cone forming at the tip of the cannula.

In a special electrospinning approacbntinuousmultifibrillar nandibers can be spugrig. 9

a).l*3l For this purpose, two syringes are used whiclfixed oppositeto each other and charged
positively and negatively, respectively. As a result,gpenfibers attract each other aget
caught by a fastrotating cylinder between the two syringeand wound continuolys
Immediately after spinning, the fibers are largely disordered, but by drawing them through a
tube furnace usingyvo rollers running at different speeds, thendibers can balmostaligned

perfectly(Fig. 9 b).

Fig. 9: Schematic structure af) a multifibrillar fiber spinning setugndb) a tube furnace with two rollers rotating
adifferent speedtretchingand alignment of the fibers

In principle, almost all soluble polymers with sufficiently high moleculareight can be
processed by electrospinnifg In the literature, this has been done with a variety of polymers,

including polystyrene (P$)!4 polycarbonate (PG} aliphatic and aromatic polyamides
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(PA) 118 polyimides (PI)!'"! polyethyleneterephthalate (PEFY! polyurethanes (PU}®
polyvinylchloride (PVC)t?%121 poly(methyl methacrylate) (PMMAJ?2 cellulose acetate
(CA),11Z1 polysiloxane&?4 and many mor&1%111 Furthermorea big varietyof synthesized
polymers can be used or modifié#:125126FFor the processing afrbon fiberselectrospinning

of PAN from DMF solutions ivery interesting. Vanscet al. systematicallyinvestigated the
electrospinning process of PAN and tthependence of the fiber diameter on the polymer
concentration and the voltage. Subsequently, the PAN fdrersonverted intacarbon fibers

by pyrolysisi*?”lin the vast majority of publications, simglarbonfiber nonwovenspften with
further modification with metal®r ionssuch as Li, Sn, Ru and Rdere produced.These
nonwovensareinteresting as electrode material for batterfasl cellsor because ofhe large

surface area of the fibers for catalyaisl filtrationapplicationg?28 130l

Due to the small fiber diameters in the nanometer range obtained by electrospinning this
technology is also highly interesting for processtagbonor ceramic fibers with extremely
high tensile strength Sincefor brittle fibers usually only one defets enoughto lead toa
catastrophic failurethe average tensile strength increases exponentially with smaller fiber
diametersbecausehe probability for a defect per unit length decrea8ssanentioned befote

this principle was already discovered by Griffith in 1921 for glass f#eand also confirmed

for meltspun ceramic SiCN fibersl!YTherefore,Zhou et al. usal a rotating collector to
electrospinaligned PAN nanofiber bundles. The obtained fiber bundles were wrapped around
a glass rodio apply a force on the fibefsr thesubsequent stabilization and pyrolysisgrams

With this techniqueensile strengthof 3007 600 MPa androung's moduli of 46 60 GPa
were obtainedA very similar approach was also pursued by Mebl. where a maximum
tensile strength of 1 GPa washieved!3! Both approaches have the disadvantage that the
length of the fiber bund$ewerelimited by thediameterof thewheeland thus onlyfibers with

a few centimetexin lengthcan be produced. In additiothe tensile strengthare well below
commerciakarbon fibersand far from the theoretical maximum80 GP3al®° the reason for

this are ofterentangled or poorly aligned fibers.

Another option is the previously discussetkchniqueof electrospinning of continuous
mulitifibrillar fibers. Liao et al. additionally crosslinked thBAN nanofibers via PEG groups
using a click reaction. This resulted in polymer fibeith a high toughness o4DJg* and

high tensile strengthof1.2 GPa which even surpassed the properties of spidef'gilKie et

al. developed similar approachnd investigatedifferent stretching ratios of the multifibrillar
fibers.['4 The polymer fibers had a tensile strengtlupfto362MPa. Additionally, small fiber

pieces were pyrolyzetb carbon fibersat 800°C and tensile strengghup to 1.1GPawere
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obtainedIn this studyno stabilization of the fibers or optimization to a continuous process was
done and itremained open whethlrghertensile strengthcould be achieved

In literature not only PAN but alsoPDCswere usedor the production of electrospun ceramic
fibers Xiao et al. fabricated flat SICN nonwovens frorburazane 180832 Similar
experiments were made by Ramletd.[*33 andRibeiroet all*34 usingcrosslinkedHTTS. In
thesepublications, thefocus of possible applicationsvas the shielding of electromagnetic
waves new filter systems or catalytic supporBut the processingof aligned ceramic
nanofibers via electrospinning with high tensile streagtmot knownin the literature yeand

wastherefore investigated in this dissertation
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3 SYNOPSIS

As explained in the introduction, the main objective of this work was to process fiibers
polymer blends of PAN and OS#ith different spinning techniqueske wet and electre
spinning Afterwards the polymer fibers were converted tor@C/SiCON hybrid fibersand the
chemical,structuralandmechanicaproperties were characterizékthe results were published

in three different papers, which are summarized hergantéd completelyn Chapters.

Chapter5.1 deals with the electrospinning of the polymer blends into nonwovens and in
particular, the characterization of the exceptional thermoelectric properties of the Q/SiCO
hybrid fibers. The results were published in 2023 in the jolBo&nce Advances.

In Chapter5.2, the results frond.1 wererefinedand the PAN/OSZ blends were electrospun
into continuous multifibrillar fibers, to achieve high tensilstrengtls. After optimized
stabilization and pyrolysis stepgere performed, continuousultifibrillar C/SICON fibers
consisting of thousands of individual nanofib&rere obtained.Since the stabilization and
pyrolysis steps were also performed continuougint weight multifibrillar nanofibes with
lengths of several meterand after additional treatment by electron irradiation, Vith
mechanical propertiesereobtained.The resulthave ber published in the journ&cientific

Reports.

In the publication in Chaptds.3, a wet-spinning process for polymer blends with 0, 20 and
40wt.% of OSZ was developeuhd the temperature steps were performed contihuassvell.
TheresultingC/SICON hybrid fibers had aignificantly higher oxidationstability compared
to pure carbon fibers Additionally, high tensile strength®f 2.0 GPafor relatively large
diametes of 20 umwere obtainedThe results have begiublished in the journdfaterials

Horizons
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3.1 Extremely low thermal conductivity and high electrical conductivity
of sustainable carbonceramic electrospun nonwoven materials

In this part of the work ceramic nanofiber nonwovens were processed by electrospinning. The
fiberswere spun from blendsom PAN andup to 50wt.% OSZ. After the stabilization (250 °C,

air) and pyrolysis steg(1000 °C, N) highly flexible and foldable C/SiC® nonwovens were
obtained. The properties and structure of the obtainemhwovenswere subsequently
investigated in the publication. Raman measurements shawach@rphousarbon structure

for all different compositionslThis amorphous carbon structuras also confirmed by WAXS
measurements. Elemental analysis #&d solidstateNMR 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 S{@, SiNkOy, or SiGNy species could be detectdd.
contrastthe materialshowed a high electrical conductivity of 2@tnr!, which was only
slightly reduced t@.2 S cni! even by adding 5@t.% 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 nonwovehse thermal conductivitiesn contrast,
decreased with increasing OSZ content to a very low value ofd\@.2n! K1 (C/SiCON-50).

The structure of the material, responsible for this special combination of high electrical and low
thermal conductivities, was determinegd STEM-EDS analysisThe fibers consist of a "sea
island"nanastructure. The "carbesea" acts atheelectron transpoirig mediumand conducts

the electric current, while the interfaces between the carbon and the "ceslamis" lead to
phonon scattering, in addition to boundary scattering between the individual fibers, which
strongly reduces the thermal conductivifyg. 10 a@). Thus, a unique materialasdeveloped

which has an optimal thermal insulation with a high electrical conductivity at the limit of the
extrapolated Wiedemarifranz law Fig. 10 b). In addition, the C/SICON nonwovens showed
anextremely higloxidationstability. While pure carbononwovensurneddowncompletely

within a few seconds after ignitiom LOI experiments at 80 % oxygen atmosphérejas

impossible to ignite th€/SICON hybrid nonwovensven at 100 % oxyge(fig. 10 c).

In summary,ceramicnonwovers were processedia electrospinning of blends of PAN and
0OSZ, which were converted into C and @WON hybrid materials, vian optimized thermal
stabilization and pyrolysiprocess Thesenonwovensare highly flexible foldable andhave
unique properties in terms of their electricahd thermal conductivityas well asoxidation
stability. This material could thus be highly interesting for applicatiormassulation material

for example irhigh temperature furnaces or applications in smart textiles.

32



Synopsis

carbon/ce

Electron “lectron Transpor: Phonon Scattering
b) 3] | Wied Franz | . Material C) 0.0s o.Zs(v‘ao.rz?sO ni;.%?i% 21s 22s
o 10°] | iedemann-Franz law ko -
e @ Ceramic
§ Il Glass
‘S m Metal
> B Natural
§ - Synthetic Polymer ﬁ
2
8 Morphology C/SiCON-50: 100% 0
© e Bulk 0.0s 13s 225 345 795 1065 11.1s
§ ( ‘ G * o Porous
2 .‘ s X &
= % ¥ e roe Data Source
. v . . o  GRANTA
10 10° 10 10" 10° & Literature
Electrical resistivity (Q m) %  This Work

Fig. 10: a) Schematic drawing of the structure of the C/SKCfiber web with the "sedsland" structure, which

leads to high electrical conductivities due to good electron transport, but to low thermal conductivities due to
phonon scatterindgs) Comparison athe thermal conductivity and electrical resistivity of more than 3900 materials
with the developedC/SiCON hybrid nonwovens. The grey arrow indicates the decreasing trend with increasing
OSZ content. ¢) LOI burning experiments of pure carbon and C/Sie®Nybrid fibers in 80 and 106 O,
atmosphere.
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3.2 Novel multifibrillar carbon and oxidation -stable carbon/ceramic
hybrid fibers consisting of thousands of individual nanalbers with
high tensile strength

In the first publication twalimensional nonwovens wespun whichare very flexible bubave

no special tensile propertieBhereforejn the second padf this thesiscontinuoushandibers

with high tensile strengthshould bedeveloped The corresponding studgeports on novel,
continuously electrospumultifibrillar C and C/Si©N fibers consisting of thousands of single
fibers in the nanometer scaléhe concept behind thisleais based on Griffith's principle
introducedin chapterl. It explains the observation thhtittle fibers with smaller diameters
achievehigher tensile strengshThe reason is, that with smaller diametées probability of a
catastrophic failurger fiber lengthis reducedIn addition, the concept of the multifibrillar
structure has the advantage that such a defect in one of the nanofibers only |dailisreooh

an individual fiber. However, this can be easily tolerated since a bundle consists of thousands
of nanofibers and thiereakingof onesingle fiber does not represent a significant loss.

Such fiberswere fabricated by a special electrospinning setup that allows spinning of
continuous fibers rather than nonwovéaksapter2.3.4. The asspunfibers were stretched to
obtain highly parallel polymer nanofiber bundleqFig. 11 a), afterwardsstabilized and
pyrolyzed tomultifibrillar C or C/SiCON fibersin a continuous procegkig. 11b). Since the
tensile strengths were significantly limited by the nanofibdreh werefusingtogether during

the stabilization process, different options to redini® effectwere testedBy precuringthe
hybrid fiberswith electron irradiation, theensile strengthef the multifibrillar C/SiGON fibers

were significantly improveédtom 400 MP&o over 700 MPa

Since sticking could not be completely preverdadthe nanofibersverepartly entangled due

to the spinning procestefiber bundleshadlower tensile strengths thame could expect for
individual fibers But the properties of the multifibrillar fibers aareadyremarkablevhen the

low inherentweight of themultifibrillar fibersis consideredThe correspondindinear density
wasas low ag.33tex (gkm™?) for C and 1.@ex for C/Si@N fibers. For comparisonfiber
bundles of conventional C or SiGundles, with 3000 fiberdave linear densities of about
200tex. In summary this development enablethe productionof novel oxidation stable
C/SiCON ceramicmultifibrillar nandibers witha continuousength of several metersuitable

for upscaling to an industrial setup. The combination of high tensile strength, low weight, high
oxidation stability as well asa scalable continuous process makes these fibers a highly
attractive candidate for a wide rangdutfireapplicationgor exampleas reinforcing fibers for

plastics.
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Fig.11: a) Opticaimages and SEM micrographs of the stretching process of multifibrillar fibers from a disordered
structure (SR1) to a highly aligned muiltifibrillar fiber (SR} b) Continuous oxidative stabilization at 250°C in
air and pyrolysis of the multifibrillar fitrs at 2000C under N.atmophere.

35



Synopsis

3.3 Synergisticenhancement ofthermomechanicalproperties and
oxidation resistance inaligned co-continuous carbon-ceramic
hybrid fibers

In the third part of thishesis thickerfiberswith diametersn the smalimicrometeregimewere
developedrom PAN/OSZ blends by wet-spinningapproachas discussed in Chapt213.3
Since PAN cannot be medpun, his principle is widelyused for the production @bmmercial
carbon fibers Therefore it is also interesting for the material developed in this waskthis
principle would be easier to transfer to a commercialpet/suallythe precipitation medium

is water, in which PAN is not soluble. However, DMF or DMSO is also added, as this slows
down thesolidification of the fiber surfacevhich leads to a rounder fiber shape and thus to
better tensile propertieBor the PAN/OSZ blends, the water was replaced by toluene to prevent
thehydrolysisof theOSZ which would lead to defects in the fiber. Bed-madespinning set

up consisted of a syringe pump witle polymer solution of PAN, OSZ and DM[Fig. 12 a).
After the fiber was precipitated,was drawn through a tube furnaatel50 °C by two rollers.
Due to the heatindhe solvent®vaporatdasterandthestretchingof the fibers ismproved as

it is heated above the glass transition temperatfilAN (~105°C). A subsequent second
stretchingstep allowed the fibers to be stretcla@8i 9 times their original lengthAfterwards
fiber bundleswith lengthsof several centimeters weséabilized at 250C in air and pyrolyzed

at 1000i 1500°C in nitrogen atmospher@ig. 12 b-d). Sincethe best tensile properties were
obtained at a pyrolysis temperature of 1200 this temperaturavas usedin the continuous
procesgo pyrolyze fibers with lengths of several metéfle fibers with a diameter of 20n

had hgh tensile strength of 2.0GPa on averageand a Young snoduls of 175 GPa.
Considering thesimple process setup the lah these arexcellentmechanical propertiem

the same order ahagnitude as commercial ceramic fibers.

The oxidation stability of the C/SICON hybriidbers was &r superior to the purearbon fibers

is, as confirmed by GA measuremeni{$ig. 12e). For example, a 28 mass loss was delayed
by 260°C from 573°C to 83 °C for C/SICON40. In burningtestswith 1200°C gas flame

the carbon fibersalready brokeafter 4 ssconds whereas the newly develop€iSiCON40
fibers withstood the flame for almost 2.5 minu(€gy. 12 f and g) Such fibers ar®f great
interestfor technical applications, since thexidation stability is in between pure C and
oxidationstable butvery expensive S fibers and thereforeextent thelimitations in the
applications otarbon fibersHence the combinationof these properties and tpessibility to
process tasefibers in acontinuousndustrial setup, makes this developmenhighly relevant

for reatworld applications
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Fig. 12 a) Schematic illustratioof wet-spinning econtinuous® AN/OSZhybrid fiberwith a continuous stretching
process. b)-8ilament PAN/OSZ hybrid fibers during the continuous stabilization process. ¢) Oxididach@nt
PAN/OSZ hybrid fibers after being stabilized at 170 °C (right) and 250 °C (left). d) Collection ofitamént
C/SiCON hybrid fibers on the reel after the continuous pyrolysis proge§hermogravimetric analysis of carbon
and C/SICON fibers with different content of OSZ in the polymer solution. f and g) A set dimealmages

showing a 4€ilamert carborfiber bundle f) and a 4@lament C/SICON40 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 detall

4.1 Extremely low thermal conductivity and high electrical conductivity
of sustainable carbonceramic electrospun nonwoven materials

This paper was published in the jourBaience Advancé€Sci Adv. 2023, 9, 13).

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

Rosenfeldt, Stefan Schaffoner, Markus Retsch, Andreas Greiner, Gunter Motz, Seema Agarwal

The work on the publication was planned by Xiaojian Liao, Ginter Motz, Seema Agarwal and
myself. Xiaojian Liao and | fabricated the nonwovens and we petformed most of the
characterizations and analyses methods such as SEM, FTIR, electrical conduictiiey,

oxygen indexand 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 waswritten 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 wapublished irthe journalScientific Report§Sci. Rep2024 14, 18143.

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

Schafféner, Seema Agarwal, Glnter 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 werequdry myself

and performed with the help dhe responsiblescientific 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. | wrotditdtedraft of themanuscript, all

the authors reviseiti carefully and provided helpfuhput

4.3 Synergistic enhancement of thermomechanical properties and
oxidation resistance in aligned cecontinuous carbonceramic
hybrid fibers

This paper was published in the jourhdterials Horizons(Mater. Horiz. 2024 11, 577
5789.

Authors: Jakob Denk, Xiaojian LiaoMartin Dulle, Stefan Schafféner,Stephan Forster,

Andreas Greiner, Gunter Mot3eema Agarwal

The fiber preparation was conductedXmojian Liao and myself together. | did most of the
characterization and analysis like FTIR, SEM, fiber diameter, tensile test, TGA andiB&C.
burning experiments were done by Xiaojian Liao and myself asT#&Wl, RAMAN and solid
state NMR measurementsere planned by myself and performed with the helpthef
responsiblescientific staff.Martin Dulle and Stephan Forster were responsible for the SAXS
measurements. The writing of the manuscript was done by Xidapanand myselfall other

authors revised it carefully and provided helpful input.
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5.1 Extremely low thermal conductivity and high electrical conductivi
ty of sustainable carbonceramic electrospun nonwoven materials

SCIENCE ADVANCES | RESEARCH ARTICLE '.)
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Extremely low thermal conductivity and high electrical s

exclusive licensee

conductivity of sustainable carbonceramic electrospun  #merian asociron

for the Advancement

nonwoven materials of Science. No claim to

original U.S. Government
Works. Distributed

Xiaojian Liao', Jakob Denk? Thomas Tran®, Nobuyoshi Miyajima", Lothar Benker’,
under a Creative

Sabine Rosenfelsdta, Stefan Schafféner?, Markus Retsch®*, Andreas Greiner', Giinter Motz?*, Commons Attribution
Seema Agarwal’* License 4.0 (CC BY).

Materials with an extremely low thermal and high electrical conductivity that are easy to process, foldable, and
nonflammable are required for sustainable applications, notably in energy converters, miniaturized electronics,
and high-temperature fuel cells. Given the inherent correlation between high thermal and high electrical con-
ductivity, innovative design concepts that decouple phonon and electron transport are necessary. We achieved
this unique combination of thermal conductivity 19.8 + 7.8 mW/m/K (cross-plane) and 31.8 + 11.8 mW/m/K (in-
plane); electrical conductivity 4.2 S/cm in-plane in electrospun nonwovens comprising carbon as the matrix and
silicon-based ceramics as nano-sized inclusions with a sea-island nanostructure. The carbon phase modulates
electronic transport for high electrical conductivity, and the ceramic phase induces phonon scattering for low
thermal conductivity by excessive boundary scattering. Our strategy can be used to fabricate the unique non-
woven materials for real-world applications and will inspire the design of materials made from carbon
and ceramic.

INTRODUCTION ceramic porous materials, like silica aerogels (15.9 mW/m/K) (19),
Flexible, thermally stable, and flame-resistant nonwovens with tai- hexagonal boron nitride aerogels (20 mW/m/K) (20), SiC@SiO,
lored low thermal conductivity and high electrical conductivity are nanowire aerogel (14 mW/m/K) (21), and SisN4 nanofelts (11
desirable materials (1, 2). Because high thermal conductivity is pro- mW/m/K) (Ar atmosphere) (22). Because of the inherent thermal
portional to high electrical conductivity, special strategies are re- stability and extremely low thermal conductivity, these ceramic ma-
quired to invert the proportionality (3). Multiple strategies, like terials show excellent flame resistance and high working tempera-
introducing strong anharmonicity (4), crystal complexity (5), ture up to 1000°C. However, because of the correlation of low
heavy elements (6), clusters (7), entropy engineering (8), boundar-  thermal conductivity and low electrical conductivity, such excellent
ies (9), size, and interface effects (10) are known for the achievement  thermal insulating materials are electrically isolating, which limits
of a combination of low thermal conductivity (about 50-1000 mW/  their applications in high technology, like electronics, energy, etc.
m/K) and high electrical conductivity in the materials, like dense  Thus, achieving extremely low thermal conductivity in combination
inorganic materials, conjugated polymers, and alloys. Some low-  with high electrical conductivity is still a major challenge for flexible
density porous carbon materials are known to exhibit low thermal — materials.

conductivity and high electrical conductivity, for example, carbon- We found a facile concept for the combination of extremely low
graphene composite aerogels (11) show electrical conductivity of  thermal conductivity and high electrical conductivity together with
2.25 S/cm and thermal conductivity of 27 mW/m/K. Otherwise, foldability and excellent fire resistance, as shown by the schematic
the high density and conductive graphene films/fibers (12-14),
carbon nanofiber nonwovens (15, 16), and amorphous carbon
(17) show high thermal conductivity (more than 10* mW/m/K).
Meanwhile, thermal stability is another practical challenge. While Carbon/
carbons have excellent stability in inert environments, they
degrade at around 400°C in air (18). Recently, extremely low
thermal conductivity (lower than air) could be achieved in flexible
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illustration of electrospun carbon/silicon-based ceramic nanocom-
posite nonwoven materials (Fig. 1). The key for the discovery of the
concept was the combination of carbon with nano-sized silicon-
based ceramic inclusions in the form of a sea-island-type nano-
structure (designated as C/SiCON) in the individual fibers
(Fig. 1), derived from hybrid polymer materials: commercial poly-
acrylonitrile copolymer (PAN) and oligosilazane (OSZ) precursor
(fig. S1) and the appropriate processing conditions. While PAN is
used as a standard precursor for the carbon phase, the OSZ contrib-
utes to the formation of the nano-sized ceramic phase that is homo-
geneously distributed alongside the carbon phase in every single
fiber in the form of a sea-island structure. We postulate that the in-
creased density of interfaces between dissimilar materials (carbon
and silicon-based ceramic), small pore size, and randomly laid
solid fiber network structure result in the combination of extremely
low thermal conductivity and high electrical conductivity.

RESULTS

The nonwovens were produced in three steps. At first, PAN/OSZ
composite nonwovens were obtained by electrospinning of PAN
and different amounts of OSZ. The nonwovens obtained by electro-
spinning were then stabilized by a step-wise temperature program
or directly heating (fig. S2, A and B), from 20° to 250°C under the air
atmosphere. Last, the stabilized nonwovens were carbonized and ce-
ramized in an inert nitrogen atmosphere at 1000°C for 1 hour (fig.
$2Q), yielding the foldable C/SiCON composite nonwovens compa-
rable to the printing paper (Fig. 2A). The polymer nonwovens are
designated as PAN/OSZ-X, and the resulting carbonized and cera-
mized nonwovens are designated as C/SiCON-X, where X stands for
the weight % (wt %) of OSZ relative to PAN in the electrospinning
solution. Amounts ranging from 0 to 50 wt % of OSZ were
investigated.

We found that the PAN fibers without OSZ had a near-circular
shape with no beads and an average diameter of 900 + 70 nm after
electrospinning (fig. $3, A to C). The fiber shape and the diameter
were retained after stabilization (figs. $3, A to F, and $4, A to C). The
stabilization of PAN fibers by direct heating from 20° to 250°C at a
heating rate of 2 K/min (fig. S2B), followed by carbonization result-
ed in brittle fibers. Insufficient hardening of the fibers caused
melting and sticking of the fibers during carbonization, which led
to a molten and brittle fibrous microstructure (fig. S5). We found
that the stabilization with a step-wise temperature program from
20° to 250°C used to stabilize PAN fibers in this work was essential
to avoid the melting of PAN and the fracturing of the fibers. Thus,
after the carbonization of the stabilized nonwovens at 1000°C (Ny;
fig. S2C), flexible carbon nonwovens were obtained. The carboniza-
tion of fibers caused a reduction of the fiber diameter down to
470 + 50 nm (fig. S6) because of an increase in density and mass
loss. Raman spectra show typical carbon material peaks such as
the G-line (a primary in-plane vibrational mode) and the disor-
der-induced D-line (fig. S7). Meanwhile, XRD (x-ray diffraction)
was used to investigate the crystalline reflection of the carbon
fibers. Typically, a broad peak at 26 of approximately 25° is assigned
to the disordered graphitic (0002) plane, and a weak peak at 20 of
about 43° belongs to the overlapping of the (1010) plane, and (1011)
plane diffraction (fig. S7) (23). These broad peaks were the reflexes
of ill-defined or small (nano-) crystallites.

Liao et al., Sci. Adv. 9, eade6066 (2023) 31 March 2023

The findings on PAN were transferred to the preparation of
PAN/OSZ-X nonwovens. The fibers with an average diameter in
the range of 500 to 600 nm were obtained using 10 to 30 wt % of
OSZ in the electrospinning solution (fig. S6). The average fiber di-
ameter increased to 1 to 1.6 pm when using higher amounts of OSZ
(40 and 50 wt %) (figs. S6, S8, and S9). OSZs were reported to form
advanced Si-based ceramics through a polymer-to-ceramic trans-
formation at high temperatures (~1000°C) in an inert gas atmo-
sphere (24). The carbonization and ceramization of the step-wise
stabilized PAN/OSZ provided foldable and resilient C/SiCON non-
wovens (see reversible foldability in Fig. 2A and movie 81) with an
average fiber diameter ranging from 0.34 to 1.5 pm (fig. $6) and a
porosity with a few micrometers in size (fig. S10). Compared to the
obvious crease in the normal printing paper, we did not find the
bold crease line in the C/SiCON nonwovens (Fig. 2A). In general,
electrospinning has the advantage of modulating the mechanical
properties based on the fiber diameter, which improves the foldabil-
ity of the structure and can contribute to confining ceramic fillers
(25, 26). This versatility makes it a useful tool for the production of
flexible hybrid materials with tailored properties. Furthermore, to
test the materials' fatigue resistance property, a 5000-cycle
folding-unfolding test with compression strain from 10 to 99.0%
was conducted (Fig. 2, B and C, and movie S2). A slight variation
in work per cycle was found during this 5000-cycle folding-unfold-
ing process, indicating that these C/SiCON-50 nonwovens have
good fatigue tolerance, sufficient mechanical resilience, and fold-
ability (Fig. 2B). The main changes in the work loss coefficient
were very low and occurred in the first 10 cycles (from 1.6 down
to 0.4%) (Fig. 2C). Meanwhile, after the 5000-cycle folding-unfold-
ing test, the scanning electron microscopy (SEM) images in three
perspectives (top, front, and side) revealed negligible damage to
the fibers in the crease portion and bendable fibers (Fig. 2, D to
I) compared to the pristine nonwovens (fig. S8, G to I).

To determine the effect of the ceramic phase on the thermal and
electrical properties of the nonwovens, the thermal conductivity
and electrical conductivity of the C/SiCON nonwovens with
varying SiCON contents were investigated. The increase of the
SiCON ceramic phase decreased the electrical conductivity gradu-
ally from 20.1 to 4.2 S/cm at room temperature (RT) measured in
the in-plane direction (Fig. 3A) but did not turn it into a complete
insulator, indicating that the SiCON ceramic phase did not block
electron transport through the conductive carbon phase in the
fibers. A light-emitting diode (LED) lamp could be lighted using
our flexible C/SiCON-50 nonwoven as an electric conductor. The
brightness of the LED lamp visually did not change during
bending, twisting, and folding operations (fig. S11 and movie S3).
Meanwhile, the electrical resistance variation was recorded during
the 5000-cycle fold-unfolding testing (movie $2). The C/SiCON-50
nonwovens revealed a negligible change in the electric conductivity
after folding-unfolding 5000 times, represented by the electrical re-
sistance variation (R/R) of 1.01 (fig. S12). Moreover, we found that
the electric conductivity increased slightly with increasing temper-
ature from —50° to 300°C, which is known for semiconducting gra-
phitic materials derived from pyrolyzed PAN and suggests our
materials have a broad range of working temperatures (Fig. 3A).
The thermal conductivity of the nonwoven was investigated along
two distinct orientations: along (in-plane) and perpendicular
(cross-plane) to the fiber orientation. We used lock-in thermogra-
phy (LIT) for the in-plane transport, and light flash analysis (LFA)
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Fig. 2. Robust and foldable C/SiCON-50 nonwovensABCD | (A) Digital images of C/SiICON-50 nonwoven showing the foldability of the material. The nonwoven can
maintain its structure after being folded. The normal printing paper was used as a contrast test. (B) Work versus fold strain during a 5000-cycle folding-unfolding test with
folding strain from 10 to 99%. (C) Changes of work and work loss coefficient per cycle with different cycle numbers during the 5000-cycle fold-unfolding test. (D to I) SEM
images at three different angles of C/SiICON-50 nonwovens after the 5000-cycle fold-unfolding test in different magnifications. Top view of the surface images of unfolded
nonwovens (D and E). It shows that a negligible amount of fibers in the membrane is broken. Side view (F) and front view (G) of flexible C/SiCON-50 nonwovens in a folded

state. Images of deformed surfaces in high magnification (H and I).

and transient plane source (TPS) characterization for the cross-
plane transport (Fig. 3, B to E, and figs. S13 and S14). LIT and
LFA determine the thermal diffusivity, from which the thermal con-
ductivity is calculated by k = a - p - ¢p, with k being the thermal con-
ductivity, a being the thermal diffusivity, p being the effective
density, and cp being the specific heat capacity. Increasing SICON
marginally raised the heat capacity, while the effective density of the
nonwovens remained constant (about 100 mg/em®) (figs. S13 and
S14, A and B). The thermal diffusivity showed a clear falling
trend with increasing SiCON content, particularly for the cross-
plane thermal diffusivity (fig. S14, C and D). As a result, also the
in-plane thermal conductivity decreased with increasing SiCON.
We obtained the lowest in-plane thermal conductivity for C/
SiCON-50 nonwovens (32 + 12 mW/m/K), being well in the
range of state-of-the-art polymer foams. The in-plane thermal
transport measurements were performed in vacuum (<1072
mbar). A similar decreasing trend of thermal conductivity was
also observed in the cross-plane direction, which was all conducted
under ambient conditions. First, the cross-plane thermal conductiv-
ity of C/SiCON-X nonwovens was measured via TPS. The
minimum value was obtained for the C/SiCON-50 nonwovens
with 10 = 0.1 mW/m/K (in air, RT). Furthermore, LFA was used
to confirm the cross-plane thermal conductivity. Although higher
thermal conductivity values were recorded, like 19.8 + 7.8 mW/m/K

Liao et al., Sci. Adv. 9, eade6066 (2023) 31 March 2023

in the C/SiCON-50 nonwovens (in air, RT), it clearly showed the
same trend as TPS: The higher content of SiCON, the lower
cross-plane thermal conductivity. The lower thermal conductivity
in the case of the TPS measurement can be attributed to an addi-
tional interfacial resistance between the measurement sensor and
the nonwoven sample surface. Regardless, both cross-plane
thermal conductivity values of C/SiCON-50 nonwovens are ex-
tremely low (thermal conductivity of air = 26 mW/m/K). Although
the nonwovens constitute an open porous structure, heat transport
via the gas phase apparently does not substantially add to the heat
transport of these fibrous skeletons.

We highlight the unique combination of extremely low thermal
conductivity and high electrical conductivity of our C/SiCON non-
wovens by an Ashby plot (Fig. 3F) compared to more than 3900 ma-
terials of all types, including carbons, ceramics, natural materials,
synthetic polymers, metals, glasses, and their composites in the for-
mation of bulk or porous. Our C/SiCON nonwovens populate an
empty space in quadrant b, where strong thermal insulation is com-
bined with a low electric resistivity. This behavior could seemingly
be expected when extrapolating the thermal conductivity and elec-
trical conductivity of metals (orange) and carbonaceous (blue) ma-
terials; however, for ceramic materials, this property combination is
quite remarkable. Moreover, our robust and foldable C/SiCON
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Fig. 3. Thermal and electrical properties of the C/SiCON nonwovensABCD EFG (A) Temperature-dependent electrical conductivity of the C/SiCON-X nonwovens
derived from PAN with different contents of OSZ. The measurements were conducted with the van der Pauw method. The marked area shows the RT electrical conduc-
tivity of the C/SICON-X nonwovens versus the OSZ content. (B) LIT data for a C/SiCON-50 nonwoven. The excitation frequency is 0.5 Hz. After 40-s equilibration time, the
sample was measured for 100 5. The resulting amplitude and phase were calculated using direct Fourier transformation. For the diffusivity evaluation, data along the two
principal axes of the ellipse are taken into account. (C) In-plane thermal conductivity of the C/SiCON-X nonwovens derived from PAN with different contents of OSZ.
Samples were measured with LIT. (D and E) Cross-plane thermal conductivity of the C/SiCON-X nonwovens derived from PAN with different contents of OSZ. (D) is
measured via TPS, and (E) is measured via LFA. (F) Comparison of the thermal conductivity and electrical resistivity for C/SICON-X nonwovens (in-plane thermal con-
ductivity marked by black stars and cross-plane thermal conductivity marked by gray stars) and more than 3900 materials of all types in the Ansys Granta Selector
database (www.grantadesign.com, date: 30 September 2021) and additional literature. The data of additional literature in this Ashby plot are shown in table S2. The
arrow beside our work shows the decreasing trend of thermal conductivity as SiCON content increases. (G) Electronic and phononic contributions to the overall in-plane
thermal conductivity of the C/SICON-X nonwovens derived from PAN with different contents of OSZ. Samples were measured with LIT.

nonwovens are scalable as electrospinning is a continuous and in- On the basis of our findings, we hypothesize that the sea-island—
dustrialized production method for nonwovens. type structure, consisting of electrically conductive carbon as the
Analyzing the electronic and phononic contributions to the matrix and a large number of phase boundaries owing to the dis-
overall thermal conductivity, we find that the electronic contribu-  persed thermally insulating SiCON inclusions (Fig. 1), resulted in
tion is low and decreases with increasing OSZ content (Fig. 3G). nonwovens with the combination of extremely low thermal conduc-
Note that the exact electronic contribution strongly depends on  tivity and high electrical conductivity. A pure carbon nonwoven
the Lorenz number used for the calculation of the Wiedemann-  alone is not suitable to reach an extremely low thermal conductivity
Franz law. The Lorenz number has been reported to range rivaling the thermal insulation of air. ATR-FTIR (attenuated total
between 2.45 x 107° and 4.60 x 10~® WQK ™ for graphitic materials ~ reflectance—Fourier transform infrared spectroscopy) demonstrated
(27). The calculation of the electronic contribution in Fig. 3G indi-  overlapping signals of the Si-O-Si, Si-N, and Si-C (987 cm™") be-
cates the minimum electronic contribution. longing to the SiCON phase and the typical C=C (1500 cm™")
carbon phase (Fig. 4A and fig. S15). Evidently, during the solid
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Fig. 4. Analysis of the carbon and C/SiCON fibers. (A) ATR-FTIR spectra of the polymer, stabilized, and carbonized/ceramized nonwovens from PAN with 40 wt % OSZ.
(B) Solid 2Si NMR spectra of C/SICON-50 nonwovens. (C) XRD analysis of the pure carbon and C/SICON-50 nonwovens. The (1010) plane, and (1011) plane reflexes overlap
at 20 near 43°. Table 53 shows the information on the nanocrystallites based on the XRD analysis. (D) Raman spectra of the pure carbon and C/SiCON nonwovens. (E and F)
Curves fitted in Raman spectra of carbon fiber (E) and C/SiCON-50 (F) with a Gaussian function. The area values of (D) and (G) peaks were used to calculate the ratio of /(D)/

1(G). a.u., arbitrary units.

*’Si-NMR [Si-29 nuclear magnetic resonance (NMR)] spectro-
scopy, a distinct SiOy signal at —104 ppm (parts per million) was
found. A broad peak in the —50 to —90 ppm region was character-
istic for complex, mixed SiC,0,, SiN,O,, and SiC,N,, environments
(Fig. 4B). It indicated that the SICON phase had been incorporated
into the carbon phase. However, the addition of the SICON phase
did not result in substantial changes in XRD and Raman spectra,
which we explain by overlapping broad peaks of the nano-crystaline
reflexes of the carbon phase (Fig. 4, C to F). Compared to the pure
carbon fibers, C/SiCON-50 fibers had a higher intensity ratio of the
D band and G band [I(D)/I(G)] in the Raman spectra (Fig. 4, E and
F), which indicates a higher disordering of the carbon phase and
lower graphite content in the C/SiCON-50 fibers. The higher disor-
dering carbon phase can complicate and extend the electron trans-
port path and arouse additional scattering, which results in a
decrease in the electrical conductivity and thermal conductivity.
In addition, both d(0002) interplanar spacing and the size of nano-
crystallites in L, (crystallite lateral size) and L, (crystallite thickness)
of graphitic carbon in C/SiCON-50 fiber were smaller than that of
pure carbon fibers (table S3). Further investigation from the selected
area electron diffraction pattern with three Debye-Scherrer rings in
the cross-sectional TEM (transmission electron microscope) image
of C/SiCON-50 fiber (Fig. 5, A to C) confirmed the graphitic (0002),
(1011) planes observed in the XRD spectra, and additional (1122)
and/or (1120) planes (d-spacing is about 0.12 nm, corresponding to
the 26 of approximately 78° in XRD spectra), while it also indicated
a nano-crystalline structure in the C/SiCON-50 nonwovens. Fur-
thermore, elemental analysis and XPS (x-ray photoelectron spectro-
scopy) investigated the elemental composition (table S4 and fig.
§16). We observed that following stabilization and carbonization/

Liao et al., Sci. Adv. 9, eade6066 (2023) 31 March 2023

ceramization of PAN/OSZ-50 nonwovens, the concentration of O
and Si increased, whereas the quantity of N decreased, and the
one of C remained constant (table S4). XPS surface survey of C/
SiCON-50 fiber revealed an atomic ratio of Si species of 17.6
(equal to 29.4 wt %) (fig. S16), which is accompanied by a lower
ratio of C species compared to the elemental analysis (table S4).
Hence, a slight decrease of C at the surface of the fiber can be
assumed for the C/SiCON-50 sample. Together, our analyses
strongly indicate that carbon and SiCON were incorporated into
the C/SiCON fibers by electrospinning, stabilization, and carboni-
zation/ceramization. Furthermore, STEM-EDS (scanning transmis-
sion electron microscopy-energy-dispersive x-ray spectroscopy)
spectroscopy was used to profoundly investigate the distribution
and combination of elements inside the fibers (Fig. 5, D to H,
and figs. $17 and S18). A high-resolution HAADF (high-angle
annular dark-field) cross section of a C/SiICON-50 fiber depicted
bright blocks (heavy element, here Si) emerging from the dark or
a gray area (light element, here C), similar to numerous islands dis-
tributed homogeneously in the sea (Fig. 5I) without the agglomer-
ation of big blocks. The EDS mapping images show two dominant
components: C-bearing matrix (C-C or C-N) and Si-bearing inclu-
sions (Si-O, Si-C, and Si-N) (Fig. 5, D to H), consistent with the
above results. We can see that the SiCON phase is distributed ho-
mogeneously within the carbon phase. This is also supported by the
C/SiCON fibers with different contents of SiCON ceramic (C/
SiCON-10 and C/SiCON-30; figs. S17 and S18), with a decrease
in the sizes of the dispersed domains. All these results show that
both carbon and SiCON phases are distributed homogeneously in
the fiber with the formation of a sea-island nanostructure (26). On
the basis of the two-dimensional slice through the fiber, we cannot
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Fig. 5. Nanostructure and elemental distribution of the C/SiCON fiber and the
proposed model of thermal and electrical properties analysis. (A) TEM cross-
sectional image of C/SiCON-50 fiber. (B) Selected area electron diffraction pattern
(the position indicated the NT223 circle in the insert TEM cross-sectional image of
C/SICON-50 fiber) with three Debye rings originated from three strong (0002),
(1071), and (1122) planes in the graphite-like structure (with sp? and sp> bonds).
(€) High-resolution TEM micrographs of the cross section of the fiber. The marked
areas show the basic structure of the nanocrystallites in the free carbon nanodo-
mains. (D to H) High-resolution HAADF-STEM cross-sectional image (D) and EDS
mapping (weight %) images (E to H) showing the cross section of a single C/SiCON-
50 fiber. Note that the dominant components are C-bearing matrix (C-C or C-N)
and Si-bearing inclusions (Si-O, Si-C, and Si-N) (dark and bright on HAADF-STEM
image, respectively). Scale bars, 400 nm. (I) Schematic illustration of the sea-island
nanostructure. (J) Schematic illustration of the electrical and thermal transport of
C/SiCON fibers.

discriminate between nanoparticulate inclusions inside the carbon
matrix or the formation of a sponge-like co-continuous structure.
In both cases, however, a high amount of interfaces can be expected
inside the C/SiCON nanocomposite fibers. These interfaces, in
combination with constriction resistances at the fiber-fiber
contact points (fig. $9), lead to the unique combination of electric
conductivity and thermal insulation.

The major achievement of this nanocomposite is that the in-
creasing ceramic phase is not strongly increasing the electrical resis-
tance and that the ceramic inclusions do not increase the phononic
heat transport (Fig. 5). The uniformly dispersed SiCON phase in-
troduces phonon boundary scattering within the carbon matrix
(Fig. 5, I and J), resulting in a reduction in phononic thermal con-
ductivity. This mechanism is also supported by the fact that a higher
content of SiCON phase lowers the thermal conductivity (Fig. 3, C
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to F). Consequently, the C/SiCON nonwovens demonstrate
optimum thermal insulation combined with an electrical conduc-
tivity close to the highest possible value as indicated by the extrap-
olated Wiedemann-Franz law (Fig. 3G). We attribute this unique
combination to the intricate nanostructuring inside the C/SiCON
fibers, where the presence of interfaces attenuates the phononic
thermal transport of the ceramic parts, without impeding the elec-
tronic transport that is confined to the graphitic phase.

Besides achieving the combination of extremely low thermal
conductivity and high electrical conductivity, we also found that
the C/SiCON nonwovens are nonflammable and thermally very
stable (Fig. 6). The initial results showed that the pure carbon non-
woven could be easily ignited and burned out as the oxygen content
is up to 80%, while the C/SiCON-50 nonwovens withstand and
maintain the fiber form even at 100% O, atmosphere in LOI (lim-
iting oxygen index) tests (Fig. 6, A to C, and movie $4). As shown in
the SEM images of both materials after LOI testing, the pure carbon
fibers were burned into carbon dust with a block formation (fig.
S19, A to D), while the C/SiCON-50 can remain in the fiber form
with a melted state (fig. S19, E to H). Furthermore, the SEM-EDS
surveys of both specimens were performed to investigate the ele-
ment's content (fig. $20). The carbon dust consists of carbon and
oxygen with a weight ratio of 1:1. A clear increase of Si and O
content (up to 43 and 46.5 wt %, respectively) and a decrease in
C content (decrease to 10.4 wt %) were observed in the C/
SiCON-50 nonwoven. On the basis of the above finding, we postu-
late that the homogeneously distributed SiIOCN ceramic phase can
remain and form a passivating silica layer on the surface after the
surface carbon burn out, which can protect the fibers very effective-
ly against further oxidation during the LOI testing. Our materials
with outstanding fire resistance (LOI values of 100) are better
than most polymers and carbon materials and are comparable to
commercial ceramic materials, such as SiC, Al,Os, and SiO, (fig.
§21). In addition, a methane burner burning experiment in air
(~800°C, 5 min) was conducted (Fig. 6, D to F, and movie S5).
The carbon nonwovens were oxidized entirely, leaving no fiber
residue (Fig. 6D). Whereas C/SiCON-10 and C/SiCON-50 nonwo-
vens neither burnt nor showed any dripping and shape deformation
(Fig. 6, E and F). Because the materials maintained their structural
integrity, it makes them safer during fire hazards than pure carbon
materials. After burning at 800°C for 5 min, the thermal conductiv-
ity and electrical conductivity of C/SiCON-50 nonwovens were also
tested. The thermal conductivity remains at the extremely low value
of about 16.6 mW/m/K (cross-plane), while the electrical conduc-
tivity drops to 0.02 S/cm due to a 36 wt % loss of carbon phase (fig.
§22). This low electrical conductivity is still in the range of semicon-
ductors. In the future, other concepts are required to maintain
structural integrity during burning at higher temperatures and
longer time while maintaining high electrical conductivity. This
might require replacing carbon with other appropriate materials
and making innovative phase-separated structures.

DISCUSSION

A combination of extremely low thermal conductivity and high
electrical conductivity was achieved by combining the SiCON
ceramic phase and the carbon phase in electrospun fibers with a
sea-island—type nanostructure. This enabled the simultaneous opti-
mization of electron and phonon transport in the fibers. Thus, the
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Carbon: 80% 0,
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Fig. 6. Flame resistant and thermal stability of C/SiCON nonwovens. (A) A set of real-time images showing the process of the LOI test on pure carbon nonwovens
under 80% O, atmosphere. (B) LOI values of the carbon nonwovens and C/SiCON nonwovens derived from PAN with different contents of OSZ. (C) A set of real-time
images showing the process of the LOI test on C/SiICON-50 nenwovens under 100% O, atmosphere. (D to F) Digital photos of carbon nonwovens (D), C/SiCON-10 non-
wovens (E), and C/SiCON-50 nonwovens (F) before and after burning with a methane burner at about 800°C for 5 min in air.

electronic transport inside the carbon matrix phase could be re-
tained without adding to thermal transport by phonon scattering
at the SICON ceramic interfaces. We are convinced that our under-
lying principle to combine dissimilar phases in the fibers to opti-
mize phonon and electron transport is not just limited to the
present system. The unique multifunctional properties of this
textile-like material combine the best properties of various material
classes, such as polymer-foam rivaling thermal insulation, ceramic-
like fire retardance and nonflammability, and high electric conduc-
tivity. We are convinced that such materials with multifunctional
properties would open up several application areas and tackle
present bottlenecks for applications in the field of energy manage-
ment, smart textiles, electromobility, or aerospace.

MATERIALS AND METHODS

Materials

PAN was obtained from Dolan GmbH (Germany) and used as re-
ceived [copolymer with maximum 8% methyl acrylate and methal-
lylsulfonate according to the datasheet from Dolan GmbH; number
average molar mass (M,,) = 95,000 g/mol; registration no. 26658-88-
8]. OSZ Durazane 1800 was obtained from Merck (Germany) and
used as received. Dicumylperoxide (DCP) was obtained from
Sigma-Aldrich (Germany) and used as received. N, N'-dimethylfor-
mamide (DMF; 99.99%) and 99.9% acetone were obtained from
Thermo Fisher Scientific GmbH (Germany) and used as received.
The normal printing paper was Orange Label print paper from

Liao et al., Sci. Adv. 9, eade6066 (2023) 31 March 2023

Canon, A4, 80 g/m” (https://staples.de/orange-label-performance-
papier-a4-80-g-m2-weiss/364513/).

Electrospinning

The solution (~15 wt %) for electrospinning was prepared by dis-
solving PAN powder and Durazane 1800 (with 3 wt % of DCP) in
DME. After dissolving for 12 hours with a stirring speed of 500 rpm,
acetone was added to the solution and stirred for another 2 hours at
a speed of 500 rpm. The compositions of the solutions can be seen
below in table S1.

The electrospun nonwovens were fabricated using a homemade
setup with a syringe pump, a high-voltage direct-current power
supply, and a rotary collector covered with aluminum foil. The sol-
ution was loaded into a syringe capped with a metal needle (diam-
eter of 0.8 mm) connected with the high voltage. The polymer
solution was pumped at a feed rate of about 0.8 ml/hour. The dis-
tance between the metal needle and collector was set at about 25 cm.
After high voltage (+17 kV) was applied, polymer fibers were col-
lected at the collector with a speed of 100 rpm and a diameter of
about 10 ¢cm for about 1.5 hours. The whole electrospinning
process was conducted at RT and humidity of about 20%. Last,
the polymer nonwovens were obtained after drying in a vacuum
oven at 50°C for 48 hours.

Stabilization process

The stabilization process was performed under air in a high-tem-
perature clean room oven chamber furnace (Carbolite Gero,
Germany). The polymer nonwovens were covered with graphite
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foil. A step-wise temperature program from 20° to 250°C with a
heating rate of 2 K/min was used (fig. S2A). At 130°, 150°, 170°,
190°, 210°, 230°, and 250°C, the temperature was held for 1 hour
each. The airflow rate was 4 liters/min. After cooling to RT by
passive cooling within 1 day, the oxidized samples were obtained.

The control experiments were conducted by preparing carbon
nonwovens. The PAN nonwovens were stabilized by heating from
20° to 250°C with a heating rate of 2 K/min and held at 250°C for
1 hour in the air (fig. S2B), and the airflow rate was 4 liters/min.
After cooling down to RT by passive cooling within 1 day, the ox-
idized samples were obtained.

Carbonization and ceramization process

The stabilized nonwovens were cut into strips with a length of 200
mm and a width of 50 mm. Each strip was covered with graphite foil
and stacked layer by layer on the quartz glass board. The carboni-
zation and ceramization process was performed in a FA100-500/13
tube oven furnace (Carbolite Gero, Germany) under a nitrogen at-
mosphere. The quartz glass board with samples was pushed into the
heat zone position of tube oven from one side of the tube oven
under the nitrogen atmosphere with N, flow rate of 2 liters/min.
After loading the samples and sealing the tube, the N, flow rate
was set to 150 ml/min. Then, samples were heated with different
heating rates from 20° to 1000°C (fig. S2C): A slow heating rate of
1.25 K/min was used during RT to 100°C segment to flush out the
oxygen contamination; a faster heating range with 2 K/min was used
during 100° to 300°C segment and 700° to 1000°C segment; and
during 300° to 700°C segment, a slower heating range of 1 K/min
was set to ensure that the material has enough time for the carbon-
ization and ceramization reactions to carbon and SiCNO ceramics.
The holding time of 1 hour at 1000°C was used to complete the
transformation of the material. Afterward, the furnace was cooled
down to RT by passive cooling (without heating and natural
cooling) within 1 day, the final materials in the quartz glass board
were removed from the tube oven.

Scanning electron microscopy

The SEM images of the nonwovens were acquired by the Zeiss LEO
1530 (Gemini, Germany) scanning electron microscope equipped
with a field emission cathode and a secondary electron (SE2) and
an Inlens detector. An acceleration voltage of 3 kV and a working
distance between 5 and 6 mm were used. Before the measurement,
the nonwoven samples were cut into small pieces and attached to a
sample holder with conductive double-sided tape. The samples
were subsequently sputter-coated with a 2.0-nm platinum layer by
a Cressington 208HR high-resolution sputter coater, equipped with
a quartz crystal microbalance thickness controller (MTM-20). From
50-diameter measurements with the software Image], an average
value and the standard deviation of the fiber diameter were
calculated.

Folding-unfolding test

The 5000-cycle folding tests with compression strain from 10 to
99.0% were conducted to test materials' fatigue resistance property.
The sequential fold cycles were performed by the tensile tester
(zwickiLine Z0.5, BT1-FR0.5TN.D14, Zwick/Roell, Germany)
with a clamping length of 10 mm and a 20 N load cell (Zwick/
Roell KAF TC). The samples were loaded between the two clamp
stages with the top clamp stage applying uniaxial tension on the

Liao et al., Sci. Adv. 9, eade6066 (2023) 31 March 2023

samples along the vertical direction. Meanwhile, a multimeter was
connected to materials via copper conductors to record the electri-
cal resistance during the folding test (movie S2). All curves were ob-
tained at the strain ramp rate of 200 mm/min. The test time, cycle
number, stress, stain, and the work per cycle were recorded. The
work loss coefficient is calculated as the ratio of the work difference
between the folding and unfolding of the each cycle to the folding
work. After the 5000-cycle test, the samples were cut out from the
specimen after suffering the 5000-cycle test with a scissor and used
for SEM measurement. For the nonwoven sample’s side view of
SEM, the nonwoven sample was maintained in a folded and vertical
state in an SEM cross section using the accompanied screw. For the
nonwoven sample's front view of SEM, an unfolded nonwoven
sample was attached to a conductive double-sided tape. All of the
SEM measurements were carried out in the same way as the previ-
ous SEM measurements.

ATR-FTIR spectroscopy

The ATR-FTIR studies were performed on a Tensor 27 system
(Bruker, Germany) equipped with an ATR unit with a diamond
crystal. After a background measurement, the nonwovens were
cut into small pieces (about 5 mm by 5 mm) and pressed against
the measuring diamond to receive a good signal. The measurements
took place in a wave number range of 4000 to 400 cm ™" at a reso-
lution of 5 cm™". Thirty two measurements were averaged per
sample to obtain higher signal-to-noise ratios. After the measure-
ment, a baseline correction by the ATR-FTIR software (OPUS)
was performed, and the measured data were saved as a .CSV file
and plotted graphically using the Origin software.

X-ray diffraction

XRD characterization was carried out using an anode x-ray gener-
ator (Bruker D8 ADVANCE, Karlsruhe, Germany) operating at 40
kV and 40 mA with Cu-K, radiation (wavelength A = 0.154 nm).
Before the measurement, the nonwovens were fixed in a metal
frame, and then the whole frame was installed in the instrument
stage. XRD profiles were recorded in the 26 angle range from 5°
to 60° at a scanning speed of 0.05°/min at 25°C in transmission
mode. The background was recorded by measuring an empty
metal frame. The acquired XRD curves were analyzed by DIFFRA-
C.EVA V4.0 software, while the final spectra were obtained by back-
ground subtraction.

Raman

A combined Raman Imaging/Scanning Force Microscope System
(WITec alpha 300 RA+, Germany) with WiTec Control FIVE 5.3
software was used for RAMAN measurements. Laser is equipped
with a UHTS 300 spectrometer combined with a back-illuminated
Andor Newton 970 electron multiplying charge-coupled device
camera [resolution: ca. 300 to 400 nm (lateral) and 900 nm (z)
with 100x objective].

The measurements were carried out at an excitation wavelength
of A = 532 nm and a laser power of 1 mW with 50 accumulations
with an integration time of 0.5 s pixel . The samples were stacked
on a glass slide. After adjusting the focus on the nonwovens at x100
magnification, the Raman spectrum was recorded. A cosmic ray
removal and a baseline correction were performed on all spectra.
The peaks were then fitted with a Gaussian function using the
built in routine of Origin 2016.
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