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ABSTRACT

Polymerderived ceramics (PDCs) are a unique class of multifunctional materials
synthesized by thermal decomposition of polymeric precursors. Due to their unique and excellent
properties and flexible manufacturing capability, PCa promisingtechnology to prepare
ceramic fibers, coatings, composites and mggonsors for higltemperature applications.
However,the structureproperty relationships of PDCs have not been well understood. The lack
of such understandings drastically limited the Hart developments andpplications of the

materials.

In this dissertation, the structure and propertieamabrphouspolymerderived silicon
carbonitride (SiCN) and silicoboron carbonitride (SIBCN) have been studied. The SiCN was
obtained using commerciallgvailable polysilazane gsre-ceramicprecursor, andhe SiBCN
ceramic with varied Sio-B ratio were obtained from polyborosilazanes, which were
synthesized by the hydroboration and dehydrocoupling reaction of borane and polysilazane. The
structual evdution of polymerderived SICN and SIBCN ceramif®m polymer toceramics
was investigated by NMR, FTIR, Raman, EPR, TG/DTA, and XRii® results show a phase
separation of amorphous matrix and a graphitizatiaifregd carbon phaseand suggest théte
boron doping has great influence on the structuralolution The electric and dielectric
properties of the SICN and SiBCNs were studied ¥ durves, LCR Meter, and network
analyzer. A new electronic conduction mechanism and structure mogléeba poposed to
account for the relationshifetweernthe observedroperties andnicrostructure of the materials

Furthermorethe SiBCNceramicsshowedthe improved dielectric properties at characterization



temperature up to 1308C, which allows the fabricadn of ultrahightemperature wireless

microsensors for extreme environments
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CHAPTER ONE: INTRODUCTION

1.1 Motivation

Thedesperate craving fdnigh temperature materiahas attracted scientisisttention on
nonoxide ceramicsgontaining the elements of Si, C, B, andd\ge totheir remarkablehermal
stability, srengh, andelectrical propertie§™. To synthesizehese ceramigghe conventional
method sintes the raw powders ahigh temperaturewith the aid ofsinteringadditives which,

unfortunatelyreducestheir thermal, chemical, and mechanical stabaif .

An altemative approach named plymerderived ceramic¢PDCSs) is proposed recently
to overcomethe drawbacks of traditional powder teclogy, in which the noroxide ceramics
are prepared by thermalecompositionof preceramic polymers®*?. Using thistremendous
technicalbreakthrougha great number ofovel ceramics with complicged shape, such diber
and layerare able tde synthesizedSincethe precursorderived materialslo not contain grain
boundaries and haveomogeneous chemical distribution on atomic sctile PDCs present

betterhigh-temperaturg@roperties than thosg/nthesized by powder route

Amongthe variousPDCs, silicon carbonitride (SiCN) ceramics have beenlynsttdied
because ofher outstandingcreep and corrosion resistance, high tensile strength and hardness
andexceptionaklectrical propertie8?. Neverthelessthe application of polymederived SiCN
ceramics is limited tobelow 1500 °C regardlessof the precursor speces, due to the
decomposition reaction of S, with carbon®**. It has been demonstratedtdly that the

introduction of boron will increase the thermatability of SICN ceramics™®. This novel
1



polymerderived SIBCN ceramichas been verified to be stable atemperature up to 220

under argoratmospherevith respecto weight changé'”.

As reported in literatureghe excellent properties of PDCseadrectly related to the
structure of ceramic8®. Thus, theinvestigationof microstructure and structural evolution of
polymerderived SIBCN and SiCNeramics is arucial task for researchers tatilize these
advancedmaterials. Numerous papers have beepublished on this topi¢ from molecular
structure and polymebo-ceramic conversion ofprecursorsto crystallization as well as
decomposition of PDC§°%!. Due to the nature of amorphous materidlee majority of
structuralanalyses focu®n preceramic polymer andrystalline ceramics bythe traditional
techniques, like SEM, TEM and XRBut the amorphoumtermediatestate which is extremby
significantto scientific study andndustrialapplication is still lack of comprehensionCouples
of publicationsrecently, have studied the structure of amorphous SIQNSIBCNceramics and
described it as a random-GiN matrix with mixedSiC,N4x (0 Ox O4) units plus aseparated
fifreed carbon phase composed of gatinded carbon clustefsr boronfree SiCN ceramics, and
an additionaBC,Ns (0 Ox O3) phasein the matrix of SIBCN ceramic8*?". However, these
reportsdid not analyz the structural evolution in detail§hey justqualitatively describe the
development at the start and end points of amorplpmhgmerderived ceramics. Neither
amorphous matrix nofifreed carbon phase arquantitativelyanalyzel and a model fothe

structuralevolution has not been set up.

It has been proved that polymaerived Si(B)CN ceramics argreat candidates for

application of high temperatureelectroceramicsdue to theirexcellently and controllably

2



electrical as well as dielectrigropertiesi®®. However the relationshibetween electrical and
dielectric properties and ceramgtructure of amorphous PDCdas not beerthoroughy
understoodand thedielectric behaviors of SIBCN and SiCN ceramics have not been reported

yet, which areextremelyimportant fordesigningelectronicsunderharshenvironment

Therefore, he objective of the researclareto gain adirectinsight into structure and
structural evolution of polymederived SiBCNand SiCN ceramics reveal ther structure
property relationshipand obtain théirst-handdata of hightemperaturealielectric and electrical

properties otheseamorphous ceramics.

1.2 Outline of Dissertation

This dissertation is organized as follows:

Chapter 2 provides the background informatd® DCsincluding a review concentrate
on the SiCN and SiBCN ceramicBhe synthesisstructure and thermal behaviaf pre-ceramic
precursorgor SIBCN ceramicspolyborosilazanesarestudied in Chapter 3 by FTIR, NMR, and
TGA. Thefollowing chapterfocuses on thstructuralevolution of amorphous SiBCN and SiCN
ceramics using various characterizations, such as -s@@lid NMR, Raman, and EPR
spectroscopy. Chapter § devoted to the electrical properties of polyderived ceramigsand
a conducting mechanisns proposedfor these amorphous materials based on the +oom
temperature D.CGconductivities The sixth iapterdiscusseshe dielectric properties of SIBCN
and $CN ceramicdrom room temperature to 130G with frequency up to microwavEinally,

Chapter7 details the overall conclusion from this work

3



CHAPTER TWO: LITERATURE REVIEW

2.1 Overview of PolymeiDerived Ceramics

Polymerderived ceramics (PDCs) are migue class of ceramic materials synthesized by
thermally induced decomposition of organometallic polymer precursors (pyrolysis of preceramic
polymers). Thee materials exhibit outstanding ultrahigh temperature stability in respect of
oxidation®3!, corrosior®?, creep resistand®** decompositioh”, phase separatidtt’, and
crystallization*”). They can be categorized as two classes: the binary systefds @&C, BN,

and AIN) and ternary or higher order systems (SiCO, SiCN, and SiCNO).

The fabrication of noxide ceramics from molecular precursors was first developed in
1960 by Ainger and colleaguEs®!. After a decade, in 1970s, Verbeekal ®” firstly reported
the manufacture of @N4/SIC ceramic fibers by the transformation of polyorganosilicon
compounds into ceramic materials for high temgpure use. At the same time, the synthesis of
SiC based ceramic materials by thermolysis of polycarbosilane precursors archived great
progress based on Frit?’ a n d Y ali¥ wonks.68ce 1991, dense and créigle polymer
derived bulk ceramics have been fabricated by cold/waess powdel™”, filler addition !,

hot-isostatic press (HIP§Y, photocatalyst*?, and polymer templaté® methods.

These early research works show that the compositions and molecular structures of pre
ceramic polymers play significant roles on the composition, microstructure, and phase
configuration of the final products. Frometn tremendous efforts have been made in the

synthesis of polymer precursors, which can be converted into ceramics with tunable chemical
4



and physical properties by suitable thermal processes iftEnent atmospheré™*4. Now a
series of preceramic polymers are commercially available on the mdtRefThey have been
widely used as precursors in the synthesis of dielectric and energyatsatt’ as well as high

temperature ceramics/coatirgfs*”.

This uniquepolymekrto-ceramic approach provides an auspicious route fosyhthesis
of complicatedmulticomponent ceramic systemseramic coating, sensors, fibecomposites,
and micreelectremechanical system@®1EMS), whichcannot be easily obtained via traditional
powder technologieshave been successfully prepal8d®®?. Another advantage of polymer
derived ceramics (PDCs) lies in theiraie low synthesis temperatuiigelow 1®0 °C), which
is more costefficient, compared tdahe above 170®C temperature regrement ofconventional

ceramic processes

PDCs have demonstrated theelves as great candidates for high temperature
applicatiors because otheir excellent properties terms of improved creep resistance, high
oxidation stability, andemarkable thermastability. There is a googxamplethat the silicon
carbonitride (SiCN) ceramicsynthesized fronpolymerderived routepossesgreatoxidation
and creep resistance at temperatures as high as @5680e to the low impurity level,
homogenous distributionf elements, and free of sintering ali®®. Lately, a more striking
PDC, SIiBCN, has been verified to be stableaatemperature up to 2208C under argon
atmospheravith respect to weight chargThis more outstanding thermsatability of SIBCN

overthat of SICN is attributed to kinetreasonsthe additional structural disordevhich comes



from the reduced crodfking state ofprecursorsleads tancreasd activation energiefor solid

state reaction of silicon nitride and carbas well asrystallization™ .

2.2 Preceramic Polymer Precursor Synthesis

The principal and crucial step for polymeterived ceramicsas one can see frorhe
name,is the starting precursorA large number of literatures have reported thatphysical and
chemical properties of PDGse able to benodified through hie desigrof preceramic polymer

precursorsAs stated by Briot and coworkerd, an ideal precursor shoufdve

a) Sufficiently high molecular weight in order tavoid the volatilization of low molecular
weight oligomers.

b) Molecular $ructureof cages or rings to reduce theleaseof volatile fragments due to the
backbone cleavage.

c) Suitable viscoelasticity for shaping procesbefore pyrolysis

d) Functional groupsvith latent reactivity in order to obtain curing properties.

e) Low organic group conteifior increagng ceramic yield andeducingundesired free carbon

During the pastlecadestons of preceramic polymers have been synthesized with sorts
of structures and compositionslost recently, Colombet al reviewed the developments of
PDCs andsummarizedhe synthesis of precursdtg. Theformulaof organosilicon polymesis
able to be simplifiedas inFigurel. The backbonegroup X determines the classe$ Si-based

polymers for instance, with X = Si ité poly(organosilanes) X = CH, means



poly(organocarosilanesX = O for poly(organosiloxanespoly(organosilazanesyith X= NH,

andpoly (organoborosilazanesjth X = B, as illustrated irFigure2 2.
Rl
Hoo
R2
Figurel: General suctural representation of the molecular structure of the preceramic polymer
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Figure2: Main classes of preceramic polymer precursors for the fabnicafi§ibased PDCE®.

The substituestR* and R, which areeither hydrogenaliphatic or aromatic side groups
control te solubility, viscosity and thermal stability of the polymevieanwhile,the carbon
content in the final ceramits able to be adjusted by the organic side group¥Hhe excess
carbonincorporate in matrix is one oimostimportantcharacters of PDCandis related to the

improvement ofcrystallization and decompositizasisance in SiCO ceramid¥ !

Among numerous preeramicpolymers, this study willocuson siliconbased precursors,
andthe synthesis of poly(organosilazanes) and poly(organoborosilazailesg discussed in

the following sections
2.2.1Synthesis of Poly(organosilazanes)

It is of great interest for researchers to synthesize variollggrganosilazanesjue to
their applicatios in silylating agents and precursors to produce silicon carbonitedamics.
Kriger and Rochow reported the synthesis of poly(organosilazanes) from ammonolysis of
organosilicon chlorides in 1962". Later, the manufacture of $\,/SiC ceramic fibers by the
transfomation of polyorganosilicon compoundgnthesized via aminolysis afethylaminewas
published byVerbeeket al ", However, neithemmmonolysisnor aminolysis methodsan
avoid forming the solid bypoducts,i.e. NH4Cl or HiNRCI (Figure 3), which will cause the
difficulty on producs separatio®®. A novel polymerization methodas proposethy Seyferth
et al ® in which low molecular weightligomers containing SH andN-H grougs react withKH

catalystto give polysilazane with intermediate molecular weight (600 to 180énd high
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ceramic yield.The ringopeningpolymerization of silazane monomers througke transition
metal catalysis was also reported by Blum and cowork€fs A series ofwidely used
polysilazanes with tailorable viscosity have beeaynthesized bySchwarket al and named as
poly(ureamethylvinyl)silazanes (PUMV$Y!. Different amount ofsocyanatesvere mixed with
poly(methylviny)silazane$o obtain tunableheological propertiesThe PUMVS are fabricated
now by KiON, a Clariant Business specialized in silazane technplagg nore ommercial
polysilazanes aravailable asCeraset Polysilazane 20, CeraSePolyureasilazane and HTT

1800 Polysilazane/He#&urabk High Temperature Resin

0
Ammonolysis .
; WNH;  NACT 17 VT
—_Qi—C A R
Cl SI| Cl R R
R Aminolysis —-Sli—lll——
+H2NR' 'H3NRICI I n
R

R, R =Meg, Ph\Vinyl, etc.

Figure3: Fabrication of poly(organosilazane) from chlorosilanes.

2.2.2 Synthesis of Poly(organoborosilazane)

In general, poly(organoborosilazage are synthesized by thaminolysis of boron
modified organosilicon chlorides othe hydroboration of silazanes with vinyl groups.
Takamizawa and colleagues firstly reported the fabrication of SiBCN ceramics from
organoborosilicon polymer comprisir§iR'>-CH,- and-BR*NR?- units, where R,R*and R are

hydrogen or hydrocarbon groughich is prepared by polymerization of organopolysilane and
9



borazine compounds in 1985!. The borazinebased polyborosilazanesych asborazineco-
silazane backbone polymersas well asboran-modified hydridopolysilazanegHPZ), are
classifiedto bethe firstgeneration of SINCB precursdfé®:®? Theyhave high ceramic yield
buttheir viscosity andnolecularweightare unstabland thusharmful to melt-spinning of fibers.
In order to restrict therosslinking reaction of BH and SiH groups,Sneddods group!®®4
synthesizedthe new borommodified HPZ with monofunctional boranesTwo used reaction
approaches are shown kigure 4: Oneis the dehydrocoupling reaction between polysilazanes
and monofunctionalboranes(route 1), the other is the hydroboration byHBgroups of boranes
and vinyl groups of polysazanes(route II). Various monofunctional boranes, such &4
diethylborazine(DEB-H), pinacolborae (PIN-H), 1,3-dimethy}l1,3-diaza2-boracyclopentane
(BCP-H),*¥ and9-borabicylo[3.3.1]nonane {BBN)*”, are added into HPZ freparefour new
series polymeric precursors to SiN€Bramicsas DEB-HPZ, PINHPZ, BCRHPZ, and BBN
HPZ, respectively, with controllable boron contents from 1 to 5T¥e glass transition
temperaturesT() of the PINHPZ and BCPHPZ polymes are higher(100-120°C) thanthat of
DEB-HPZ polymers(25 °C) with increasing modificationSINCB ceramic fibers are produced

by melt spinning of these polymers followed by pyradyai 1200°C, and PIN-HPZ derived

ceramics show improved thernsbility at 1800°C.

Another candidate fopoly(organoborosilazane) precursagnthesisis siliconbased
monomers or oligomerseyfertlis group at MIT, in 1990, firstly suggested the ngwraach
for borosilazane preceramic polymerem the reaction of BHz-Me,S and (CH3SiHNH),, a

cyclic oligomers obtained by the ammonolysis methyldichlorosilane (C§&iHCL), which

10



were comprised oborazine rings as well doron atoms connected to thne#rogen atomsas
shown in Figure 5 °®. A black borosilicon carbonitridevas prepared by pyrolysis of the
polymers in argomatmospherewith 90% ceramic yieldwhereasa white borosilicon nitride
ceramic was gotn the presence ohmmoniaflow. Schmidt and coworker$” synthesized
poly(borosilazane) (PBS) precursdis prepare SiC/SN4/C/BN and SiN4/BN ceramic nano
composites. The PBS was obw&ih by refluxing mixtures of 1,3;8imethyl163856
trivinylcyclotrisilazane (TMTVS) with boranetrimethylamine adduct (CHNABH; in dry
toluene for 24 hours in Natomosphereia hydroboration and dehydrocoupling of vimybups.

The ceramic composites kept amorphous up to 2600

Routel Dehydrocoupling /\
R. R
N o
é H H m H B
o i—NJVSi—I}lH TN — VW '—I}IJVSi—I}j
H e Sime, 4 H B 2 4SiMe
R R
Y ~
Routell Hydroboration R, R
B
~ S
) H . R WV'S—NvvS—NH
VS —NvVSi—NH t hsgr L S L
l\\ ? SIME3 I‘Ii B SIMe3
/7N
8
M onofunctional Borane
Ho B CHg H
N/ 3¥>C—  H.Cw
—B H C/ O 2 N
/ \ 3 I
H Et CH,
DEB-H PIN-H BCP-H 9-BBN

Figure4: The reaction routef polybaosilazane via monofutiond borane modificatn.
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Figure5: Synthesis of poly(organoborosilazane) byfeh et al®®.

In 1996,the SIBCN ceramics withxtremelyhigh thermal stability (2000C) synthesized
through polymeto-ceramic conversion from a new polyborosilazane was report&iduel et
al '®. The precursorwas synthesized by theydroborationof dichloromethylvinylsilanewith
dimethylsulphide borando obtain tris(methyldichlorosilylethyl)borane which was further
ammonolyzedvith ammoniato get final product as shown kgure6 (a). Since thenthis route
has beenvidely used tsynthesizalifferent borommodified polysilazanes througtimmonolysis
of monomerictris(chlorosilylethylporanes A follow-up research was conducted Byanget al
171 according to whom thpoly(borosilazaneyvas synthesized from startirmgpmpoundswith
phenyl groups instead of methyroups (Figure 6 (b)), and the SIBCN ceramics pyrolyzed
thereof exhibited the highest thermaktablity to 2200 C and crystallizatiorresistanceup to
1700 C. The enhancement iftnermal stability is due to the improved free activation energy of
crystallization since #substitutedohenyl groups reduce thleosslinking state of preceramic
polymers. Bernard and colleagued®® prepared Si-methyt and Nmethykcontaining

polyborosilazaneutilizing the same twatep approachdescribedabove but followed by

aminolysis with methylamine, the procedswhichis shown inFigure6 (c). The methyl groups
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on silicon anchitrogenatoms retararosslinking of polymeric precursors during heat treairne
and leadto a controllable viscoelastic properniyhich benefits the mekpinning of polymer
green fibers. The obtainesi; oB1.¢CsoN 2.4 ceramic fibers havéensile strengtlof 1.3 GPaand

Youngo6s ofM@20GPa u s

/
R'= C,H,SCHNH P
||
%) L. n
Q,$ re’('J\ CH,
R1 ’('0$\e\b‘
| R
RI—B_ ‘M3 . o (b)
i N_ R"=CH,SPhNH R —B\ ,CH3
Cl—Si—Cl B'*"ﬂi cl slu HCI 1 \I I
—g— —§—C| ——————
i ‘MeS | -6NH,CI Si_N+
R | n
Ph
R =Meor Ph
cH, ()
H\/
C CH
| ]
S—N
n
CH4

Figure6: Synthesis of poly(organoborosilazaf®m monomeric tris(chlorosilylethyl)boranes

Weinmannet al *® concludel the aboveme t h o dnwonomes routgM) &ince the
polymer precurs@rareobtainedvia transformation of functionalized monomer unitsorder to
understand the crodimking behavior of polymers, a nemethod namedipolymer route )0
was proposed, which is achieved thg hydorboration of polymeric precursor msexemplified

in Figure 7. Besides, they investigated tfidehydrogenative couplinD)o method!®, which
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involved the reactiorbetweenB-H groups oftris(hydridosilylethyl)boraneand NH grougs of
ammoniain the presence of catalystsSigure 7). Compared withthe other twoapproachesthe
polymerroute hasthe advantages of higher yielshore economi¢ fasterrapid reaction process,

and salfree

R H\(CHZ R
_BUH_CH, H_]_
¢ n

R S—N R~ BNHACHs
—Gi— R 1
Cl SII Cl R =H, (NH)ys CHs H SI| H
R R
R =H, Cl, CH, P BI\';|'3"\S"'EZS R =H, CH,
R' = C,H,S(R)Cl, M e 5 R' = C,H,S(R)H,
NH, o
-NH4C| R' NH3,[ BULI]
I -H,
R,/B\E/CHs
| H
Si—N
| n

R' = C,H,SIRNH

Figure7: Synthesis of poly(organoborosilazams)ngdifferent reactionpathwaysM =

monomer routel? =polymer routeP =deydrogenative coupling.

As is pointed out byMiler et al " the Baonto-Silicon atomic ratio of
polyborosilazanes synthesized fragilicon-based monomers or oligomeis limited to 1:3,
because tron containingnoleculessuch as BHg or HsBAlonor, having threeH-B bonds per B
atom can react with three vingltoupswhich usuallycorrespondo the number of silicon atoms
in the polymer. In order b increase the borooontentin the polymers, substituted boranes

AiBEBRO or,0darH® Rsed for theydroboration of vinyl group¥?. The other alternative
14



way is to use silazanewith multiple vinyl groups per silicon atomStarting from diviny and
trivinylsilazanes orsilylcarbodiimidesSi-B-C-N ceramic precursors are obtainedh an Si/B

atomic ratio of 2:3 or 1:["*"3! The reaction scheme is summarize&igure8

— H o
Routel EIB(CZH4)2Si—N—
K K C|32H4
L —_ TS—N
C—9=ClEe™ TS NT Voo |
A K ?ZH4 H
B(C2H4)28i_N_
| _n
Routel | IID,(CZH4)28i —NH,
z K CoHy C,H,+
NH . BHaMesS b N—s—CoH—8
_\W HZN—Sl—\\ W 2 | pARV) \
) C2H4 C2H4._
| .
B(C2H4)28|_NH2 n
— | -
Routelll ?(C2H4)28| =NCN
K (/ \\ J BH M S (I:2H4 /C2H4'_
e
HNCN+PY 3 NCN1Si—C,H,—B
—\ -PyHCI -|v|e,2 | \
) ) NCN \ C,Hy CoH 1
|
B(C2H4)28|— °

Figure8: Summarized reaction scheme for the reactiomativinylchlorosilanes with b@nes

and resultanammonolysis
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2.3 Processing of PolymédbderivedCeramics

2.3.1Shaping and Crosslinking

An exceptionakapabilityof PDCs is to prepanenconventionashaped ceramics through
plastic forming technologiesFiber drawing!”™ warm pressing’®, extrusion””, spinon
coating!® and injection™ etc. are all able tde appied, which can never bexploited by
traditional powder route. In ordéo employ these techniques, the polymers are required to be
crosslinked from liquid to solid, which is alsdesiredto keep their shape and reduce the

evolution of smalmolecularduring pyrolysis.

Effectual crosslink of preceramic precursors is able to be achieved by ettiesmaly
induced seklcrosslinking or initator catalysis. The thermal selfosslinking is free of
contaminatios but it needs relatively high temperatupe 175 °C). On the other hand, the
crosslinkwould be compleed at90 °C for minuteswith the addition of free radical initiatgrlike
2,5dimethyl2,5-(2-ethylhexanoylperoxy) hexaneor dicumyl peroxide In general, the
preliminary requirement for hermal crosdinking is the presence of functiongroups with
potential activity in the polymerssuch as vinyl (SCH=CH,) and silyl (Si-H) groups
Dehydrocouplingeaction of SiH and NH, hydrosilylationas well as polymerizatioof vinyl
groups,andtransaminationsreinvolved in theprocess*¥. Choong Kwet Yive et &% studied
the thermalcrosslinking of different oligosilazanes and fourbdat the presence of SH and
vinyl groups boostedcrosslinking reaction trough hydrosilationas confirmed by other

researcherg®8l

16



Photopolymerizations another effective approach ¢bemicallycrosslink pre-ceramic
polymersby adding photo initiatorssuch as2, 4, 6Trimethylbenzoylor 2,2-dimethoxyt2-
phenyl acetophenonélhe sdidification is achieved by exposuréhe polymersto the UV
radiation rather than heat treatméefite UV crosdinking route is lowcost and easy toontrol
and thus is a promiag way to fabricate the ceramic MEMS with complicated patterns by

photolithogaphy!??.

2.3.2Polymerto-Ceramic Conversion

Thermal decomposition of crofisked and shaped precursors is the last step to transform
pre-ceramic polymers to target ceramimg oven, lasermicrowae, plasmagtc Amorphous or
crystalline polymerderived ceramics, like SIiC, SiCO, SiCNand SIiBCN, are able to be
synthesized after pyrolysis at above 1000from different starting polymersReactive organic
moieties(e.g.methylas well asvinyl) andSi-H, SFOH, or StNHy groupsareevaporatediuring

pyrolysiswhichis investigated in two aspectseight lossandcomposition change

Thermogravimetric analysis (TGA3ometimes coupled with mass spectrometry (MS) or
FTIR, are applied to study the meclsm of pyrolysisandquantitatively monitothe weight loss.
The molecular structurefunctional groups, and degree of cregsk of precursors have
significant impact orthe weight loss (i.e. ceramic yield)ucke et al®Y reported the effects of
different branching structures and functional groups on the pyrolysis of polysilazdmes. T
unbranched silazasgave a very low ceramic yielg&11lwt.%9 at 1000°C, while the branched

silazanes showed agher ceramic yield of 57 7wt.%.Boury and colleague®? found that the
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ceramic yield ofpoly(carbosilang) was improved from 12% to 60%with increasingcross
linking degree.Choong Kwet Yiveet al ¥ found a threestage weight loss when studied on
various oligosilazanesThe first weight losswas observedat low temperaturedue to the
evolution of low molecular weight oligomer$hen, he seond weight lossoccured in the
middletemperature range @20 to500 C due to the loss of hydrocarborsd the thirdweight

lossat high temperatureas due to the loss of hydrogand methanevolution.

The composition of the starting precursahe degree of crosBnking, and thepyrolysis
conditionscontrolthe elementacomposition of the final pyrolyzed ceramiéss is shown in the
ternary phase diagranfrigure 9) %%, the compositionof polymerderived SiCN ceramickes
within the triangle bound bsilicon nitride (SiNy), silicon carbide (SiC) and the carbon (Sb,
the final ceramic composition can be expresses asnSiN,-xC, wheren is the relative

amountf SisN4 to SiCand thex measureghe freecarboncontent

SiCnSigN4xC

S|C-0.85Si3N4:0.75C

Si

SiNg
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Figure9: Composition diagram for SE-N system Tie line representstoichiometrio ternary

compositions so that all carbon and nitrogésms are bonded to silic§H.

2.4 Microstructureof PolymerDerivedCeramics

Polymerderived ceramics have very unique structures and slomspicuousstructural
evolution when they are subjected to heat treatment atDTLO °C. Previous studies have
suggested thahe propertiesof PDCssuch aghermal stability electrical, optical and mechanical
properties strongly depend on ithenicrostructures In order to figure out the relationship
betweenstructure and properties &DCs, statef-the-art characterization techniques, such as
nuclear magnetic resonance (NMR), small-angle X-ray scattering (SXAS), dectron
paramagneticresonance(EPR), neutron scattering (NS), electron energyloss spectroscopy

(EELS)and Ramarspectrosopy, have been performétf+°H,

According tothe results otharacterizationghe structure of amorphous SiCN ceramics
is described as a random-GiN matrix with mixed SiGN4x (0 Ox O4) unitsplus a separated
fifreed carbon phase composed of setinded carbon clustefd?292° Chemical bond®f Si-N,
Si-C andC-C as well aghedistance of Sto Si wereobservedn amorphous SiCNvith NS and
EELS, but no GN bond??. A ternary amorphous 8Ci N phasewas characterized byC, **N,
29Si NMR for the samples annealed the temperature range from 9@0 1400 C %% asa
broad resonanagentered at aroun@1 ppmin 2°Si NMR spectrum, and thifreed carbon shown

a wide peak at 135 ppm 1iC NMR.
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Several structure models have been proposedh&p scientiss understandingthe
microstructure of PDCsand its still an undergoing research. In 20000 spatialdistribution
models for amorphous PDQsgere reported byordelair and Greil®® when they studied the
structure transitions in polysiloxare derived SiO-C ceramics through their electrical
conductivity as shown inFigure 10. Model A constituts a continuous phase of silicaith
embeddedlispersedsp’ carbonclustes in amorphous cerami¢$ < 1400°C). In model B, the

silica domains wersurrouned bycagel network of sp graphendayers.
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FigurelO: Model of carbon redistributioreactions during pyrolysis iRPS (Model A) and M S

(Model B)derived ceramic resiau*.

Both of two models arin agreement wittNMR data,but Sahaet al®®*” argued thathe
model Bwas a better choice for the structuttescription of polymederived SiOCceramics
because it alseatisfial its remarkableviscoelastic behavior and outstanding resistance to creep

as well as to crystallizatioms shown inFigure 11, the schematicstructurewas conposed of
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graphenesheets interconnected into a cellular network contaisica domains. The domain
walls constituted from graphenand mixedbond tetrahedraf SiCO conneced the graphene to

the SiQ tetrahedra.
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Figure11: Proposed model for the nanodomain structures in polymerde®i@@ °°'.

Miller & group?®°® investigatedthe structures and structural evadat of polymer
derived SiBCNceramics and argudatiat amorphous SiBCKasthree majorstructuralunits at
1050°C: (i) amorphous (graphitiéke) carbonc | ust er s, c al | hexhgofiaboroe e 6 c ar
nitride (BN) domains, and (iii) an amorpho&sC-N matrix. Annealingat high temperaturghe
amorphousSiBCN ceramics crystallizetb silicon carbide (SiCand silicon nitride ($N4) P21

The turbostratic BC-N layersin amorphous SiBCN cerans restrictedhe decomposition of
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SisN, to form SiC, which is attributedo the reducedactivity of carborf’® and the development
of B-N bondsto form a rigid SiBCNnetwork*®Y. Thus, theresistance to the crystallization of

SIBCN ceramicsvasimproved with increasingoron content
2.4.1 RamanSpectroscopy

Raman spectroscopy iskand of vibrational spectrosc@s used to obtain information
about thestructureand properties of moleculesimilar butcomplementarywith infrared (IR)
spectroscopyAs is well known,IR absorptionccome from the change in the dipole moment of
the system causelly a onephoton resonance between the incideritared light and the
vibrational mode ofmolecules. WhereafRamanscattering is a more complex tephoton

processiue tothe changeof the mlarizability.

When characterizedwith Raman spectroscopyhd interaction between incoming
radiation and polarizabilitof measured sampladuces a dipole moment, asdchaninduced
dipole will turn to emit scattered photomhich composed of Rayleigh scattering and Raman
scattering. If thescattered photons have the sanavelength as the incideradiation, theyare
cdled Rayleigh scatténg. In contrast,the Ramarscattering isreferred as thérequencyshift
from the frequency othe incident radiation by the gain or losswbrational energyin the
system.Most of the Ramarscatteringis shifted to longer wavelengt correspondd to the
measured sample gains vibrational energy, nam&iakes shift, but a small portion are shifted
to shorter wavelength.e., sample loses energy, knownaagi-Stokes shiftas shown irFigure

12192 The popularityof Stokes scatteringveranti-Stokesscatterings based on the fact of that
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there are more phonons in the ground state, due to the MaBealelmann distributionThus

only Stokes Ramascattering is commonly used in spectroscopy.
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Figurel2: Energylevel diagrams of Rayleigh scattering, Stokes Raman scattering and anti

Stokes Raman scattering

Carbonbased materialsave beenvidely used in our daily life, andtractedtremendous
interestsn scienceand engineeringSimple changes the nearesteighborbonds,middle- and
longrange ordering would give the great versatility of carb@omfamorphous carbomo
diamondandgraphite, fron2D graphen¢o 1D nanotule andOD fullerene As discussed above,
a very unique characterof PDCs is thathe sp-hybridized excess carbonfifeed carbon) is
alwaysformed in amorphous ceramic matrix duripgrolysis'*°*'° The carbon phase plays a
significant roleon the properties of POXClike thermal stability and electric behavidtaman
spectroscopya fast, reliable andom-destrutive characterization techniguis the tool of choice
for identifying fifreed carbon™®¥. The Raman spectef fi f r e e 6 shavawomajon features
asD band approximately at 1350 ch arise from the breathing modesspf atoms in ringsand

G band at $80 cmi' due to the ifplane stretching of thesp’ carbon. The G band is
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corresponding taan ideal graphitic lattice vibration mode withysESymmetry. The physical
origin of D band, howevehaslong been debated. At beginnirtge D band was explained to an
A1g breathing mode aK poaint of Brillouin zone, activated by the relaxation of the Raman
selection ruleg = 0 by Tuinstra and Kagig in 19701%!, Later, aclosely relatechpproacHinks
the Raman feature mensityof-states (DOS) of graphite a1 andK points?®1°" |t was then
empirically suggestedhat D peak resulted from a resonant Raman coupling ©fq (quast
selection rule), wherg is a phonon wavevectomd k is the wavevector of thelectronic
transition excited by the incident photd?. However, none ahese modelsancogenly solve

all the puzzlesaround the D band. Most recently, Thomsen &eich '° claimed that the
double resonance (DR) is tlaetivation mechanism of D band. The douksonant Raman
scattering is a foustep processvith energy conservatiorequirement (i) a radidgion induced
formation of electrofhole pair, (i) electrorsphonon scatteringoncomitantwith momentum
exchange of] ~ K, (iii) defect scatting, (ivyecombinationof electronrhole pair The intervalley
DR is responsible for the D peak, while the intréesalDR lead to the Bband at 1620 cth
which normally observed in defected graphAe.illustration for the DR process is depicted in

Figure13for graphené*?.
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Figurel3: Theel ectroni c di spersion near the Fer mi
Brillouin zone ofgraphene. The ligihduced electroiole formation and the different
categories of electréphonon scattering processae indicated bgreen and black arrows,

respectively''©,

The systematical workon Ramanspectra of carbon materialsveebeen done by Ferrari
and Robertsoncovered fromamorphous disordered cadn to graphite!****. The Raman
spectra of all carbons arelated tathe following factors: the clustering eff phasethedisorder
of bondlengthand anglepresence o§pf rings or chains, ahthesp/sp’ ratio. And a three stages
model is introduced tdescribethe structuresvolutionof carbon withincreasingdisorder from
graphite to amorphous carbdis**? The amorphization trajetory of this modelis defined as
(i) graphite to nanocrystalline graphite {69, (ii) nc-G to s amorphous carbon {@), and (iii)
aC to tetrahedral amorphous carbon@gas shown iFigure14 4. Generally, stage 1 stands
for the diminution of the inplane correlation lengtlh, in ordered graphite layer. The main
characters of Raman spectrum in this stage are the average G peak position moves from ~1580
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cm* to ~180 cmi® due to the appearance o0bpeak at ~1620 cth the D peakcomes out and
the intensityratio of D and G increases followinguinstra and Koenigelation (TK equation)
[0 | (D)/I(G)” 1/L. Stage Zorresponds to @pologicaly disordeedandmainly sp” bonded a
C. The G peakposition decreases te- 1510 cni, and I(D)/I(G) no longer follows he TK
relation, butis proportional to the number afomatic ringsi.e., I(D)/I(G)" L. ™. Stage 3 is
describedas the conversion o8ff to sp° sites ancdthe configurationof sp? gradually changes
from rings to chains. Theain effects on Raman egtrum is thes peakrisesup to~ 1570 cnt*

with sp’ content and(D)/I(G) = 0 due tdhe absence of rings.
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Figurel4: Amorphization trajectory, showing a schematic variabbthe G position and

1(D)/I(G) ratio!™*.
2.4.2 MultinuclearMAS-NMR

Nuclear magnetic resonan¢dlMR) is the most powerful technique toexplore the
structure of bothramorphous and crystallinmaterials and the dynamics of procésgppeimg
within them by using electromagnetic radiation and magnetic fiehe. target nuclei of NMR are
those with an odd number of protons, neutrons or both have an intrinseermspin angular
momentum/ (nuclear spin), such dC but not*’C. The NMRhas been a mastay in organic
chemistry for decades because of the high resolution and useful structure infofroatibguid
NMR. But inorganic chemists are out of ttesterof NMR beneficiares in eary time since the
NMR spectra of solid are too broad to offer &mpwledgeabout structure. Theroadeningof
solid NMR results from the strong interaction betwdba dipole moments of nuclei, the
guadrupolar interaction of quadrupolar nuclei and their electric field gradient (EFG), and the
anisotropy effegt but thes issues do not show in liquids because the rapid atomic motion
averages thee interactions and gives artremelynarrow NMRspectra Fortunately, a technical
breakthroughnamed as magic angle spinning (MA®as first introducednto solidstate NMR
in 195911141%ltha some broadening factors in solids were able to be cancelled out and thus the
spectral resolution was improved if the sample was fast rotated (normallp k6lz) at a
particular agle (54.74) to the magnetic field axis. The mechanism behind MABas some of
thosebroadeningnteractions include theecondorder Legendre polynomigP,(co)) in thar

spin Hamiltonianwith terms of (3cosi-1), whered is the angle between the dipd magnetic
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field and the principal axis of thepin interactiontensor At the magic angle, cds= 1/+/3 and
theterm RB(cod) = 0. The dipole-dipole, the chemical shift anisotropy (CSA) interactioras)d

the firstorderquadrupadr interactionstherefore, are removed

Hence,MAS NMR has beerextensivéy applied in solid inorganic system, including
polymerderived ceramicsThe structure of SICN ceramiaferived from polysilazanewas
characterized by’C, **N, 2°Si NMR, in whicha random SIC-N matrix with mixed SigN4 (0 O
x O4) unitswas detected®! A similar SICN ceramics system but synthesized from different
precursors,polysilylcarbodiimide consisted of amorphouSisN, nanedomains and carbon
clusters™. It has beerprovel that theaddition of boron to SiICN ceramics will increase their
thermal stability and the resistance to crystallization. To understand the mechdmsm, t
structures and structuravolution of polymerderived SiBCNceramics were investigatesing
multinuclearMAS NMR by Miller et al ?®¢ Three structural unitevere speculatd based on
the results amor phous , hekagana doroc aitridelo®N) domains, and an
amorphous SC-N matrix. The BN or BNG phase restricts the diffusion of atoms and retards the
nucleation of SN, and SiC crystallites via reducing the activities of carbon and nitro§en.
thermodynamic maal is recentlyproposed t@ccount forthis process and thteansformatiorof

BN,C groups to BN by B solid-state NMR?Y.
2.4.3ElectronParamagneti®esonance (EPR)

The dectron paramagnetic resance (EPR) or electron spiasonance (ESR¥ quite

similar tothe concept of nuclear magnetic resonance (NMR). All the techniquesrazerned
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with the interactionbetweenmagnetic moment@and electromagneticadiation The NMR
investigateghe nuclei,whereaghe magnetic moments that EPR deals with are from electrons.
The phenomenonof electron paramagnetic resonance viiast discovered in 198 when
Zavdasky M7 put a CuCl-2H,0 sample into astatic magnetic fieldand observed
electromagnetienergy absorptiarScience then, EPR wastensivéy employed to the systems

in a paramagnetic state by scientist.

2.4.3.1ElectronSpin

The electrorbehaves like a small magnet sinchasthe propertie®f charge ananotion
around an axis. The electron angular momentum is quantized in unite ofh/ 2 = . The
magnitudes of the spin angular moment@hand S, (the z component o with respect to

Cartesian frame) are given by

S=s(s 4> *:/_2§ : 2.1)
s,=m> (2.2)

where,sis the electron spin quantum numlvgth thevalueof 1/2, mgis the quantum number

equal to 4/2.

A magnetic momerts is alwaysassociated with the electron spin angular momentum

e, =gmsS (2.3)
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Where,g is a number called the Laédactor. The g is theBohr magnetorandeg = - el4" mg

where eis the electron chargey is the electron mass.

In the presence adxternal magnetic fieldhe electron magnetic momenigll end their
random orientation and tend to align withe field As a resultan energy separatioamong
different electronspin statess forming. For the electron, thenergy statesplits into twolevels
(i.e., Es= +1/2, andEs= -1/2). The energy of interactionof a magnetic momente{ with a

magnetic field B, or sometimedH) is givenby the following equation:

E= €, B&Gg/m|S B (2.4)

For an unpaired electron magnetic fieldalong the zaxis:

E=g|m|S B (2.5)

where,By is the intensity of magnetic field.

Sa the energy differendeetweentwo enegy levek of electronspin is:

DE =g|m| B (2.6)

Thus, a electron spin in thibw energystatecantransfer tahe high level byabsorling a

photon with energiv which coincideswith the energy difference

hv=g|m| B (2.7)
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wherev is the radiation frequency.

Equation 2.7 is the fundamental equation of EPf populationof electronson loweror

higher energy statwill be determined iraccordance with the Boltzmann distribution:

(2.8)

where,ny, andn.y, are the number of electrons omigher or lower enesgstatecorresponding
to the magnetic moment of electron with +1/2D spin k is Boltzmann constanandT is the
absolute temperature of the lattigsguation 2.8redictsa very slight excess of electrons in the

lower energy state at room temperature.

2.4.3.2Theq factor

The actual magnetic field working on the target spins is not only fromexternal
magnetic fieloB, but also from local fieldB ..o Which consist®f theinduced local field anthe
permanentocal field in the system (i.e., independenB)f Thus the effective magnetield on

electron spins is

Beﬁ = B + B|oca| = B (1 - CI) (2.9)

where U is asimilar concept in EPR as thhemical shifb in NMR, andcan be positive or

negative.
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For electron, the Equation 2shouldbe expresseds hv= g,/ B, . SubstitutedEquation

2.9 into it, we can write:

hv=gmB, =g giBL -} (2.10)

Then, the effectivey factor isg = ge(1 - 0).

Therefore, he value of the factor can providetructureinformation about thenaterials
possessing the free electrdfor example, carbon with different structures such as graphite,
planar graphite, turbostratic carb@md multiwall carbon nanotubes have differgntalues of

2.0027, 2.018, 2.02, and 2.018spectively*?.

2.4.33 EPRof PDCs

Paramagnetic centersr unpairel electronsare always formed during polymer-
ceramics conversion by heatatmentand have great effects on the structumesformatiorof
PDCs. e evaporation of hydrogen and meth&men organic groups of preeramic precursors
leaves behind pleptof dangling bonds which are detected at even®@J8>104118.11% ith the
help of EPR the structural evolution of PDCkas beennvestigate. Previous studies reported
two groups of pramagnet centerssilicon related unpaired electrongth g value of 2.005n
matrix of PDCsand carbonrelatedd angl i ng bonds in #Afr.ded cark
dangling bond®n the surface of the fremarbon phasbaveg-value of 2.0027 antheseinside

the bulk of the SICN ceramic matrishow g-factor equals to2.003218120 Simijlarly, SIBCN
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ceramicshavealso beennvestigated for the presence of carbelated dangling bonds by EPR

spectroscopitechniquée®®.

2.5 Electrical andDielectric Properties ofPolymerDerived Ceramics

2.5.1D.C - Conductivityof PolymerDerived Ceramics

The electric conductivity of PDCs can be tailored in a laaygefrom insulator (1¢°
( em)?) to semimetallic (10 ( ecm)?) depending on thestructure of precursorsand
conditions of pyrolysi$®™>° Cordelairet al® analyzed the electrical conductivities of SiOC
ceramics and claimed that the conductivity of a metiyitaining polysiloxane (PMS) derived
SiCO ceramicshowedinsulatorconductor conversioffom (igc of 102 ( ecm)” to 0.01 ( ecm)”
! when increasing pyrolysis temperature from room temperature to°CA@e to the formation
of percolation network offifreed carbon. While the SiCO ceramics derived from phenyl
containing polysiloxane (PPS) showed higher conductivity( (ecm)?) and a turbostratic

structure ofaromatic carbon sheets (BSWasshaped at temperature of 11900

The apprehensiomf electronic properties of PDGs essential for their applications on
MEMS, sensors, and so on. Therefore, a connection between microstractusdectrical
propertiesmustbe madePrevious studiesn the structurebavesuggestd that PDCsprepared
in the midtemperature regiomre comprised of an amorphous matrix and distributed carbon

) [96,121]

clusters f{freed carbons Based on té structue information several conducting

mechanismsre proposed fdPDCs, as described schematicallfFigure 15122,
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Figure 15: Schematic showing the possible conductimechanisms in polymeterived ceramics

[122]

Two conductingmechanisms are involved in the PDCs drslinguisled by thecriterion
of carbon concentration.h& electrical conductivity of the matesdbllows the percolationrule
if the fifreed carboncontentpas®es a critical levelln contrastwhen the carbooontentis below
the critical level, the electrical conductivishould show amorphous semiconducting behavior
which is underthe control of matrix phase€™?**? In the percolation modelthe electrical
conductivity is mainlyinfluenced by free carbon conceniiat. So,the ultrdnigh piezoresistivity
(piezoresistie coefficient of 10081000)is observed in polymederived SiCN ceramics which is
correspondedwith tunneling percolation processn the existenceof conductive graphene

networks!*?®. In the matrixcontrolledregion, itis revealedthat the electrical conductivityf
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PDCs is controllé by thebond gapof the amorphous network and tbefectstatesof carbon

dangling bond concentratiof§°.

2.5.1.1D.C - Conductivityof PolymerDerivedCeramicsAnnealed aDifferent Temperature

For high carbon content polymderived ceramics as the series of SICN developed by
Trassl and colleagué¥1°*1?"! the excess carbon forms of percolation network and controls the
conductivity. O the other handthe low carbon containingamorphousceramics like these
synthesizedfrom Cerasét, show semicondicting behaviorand an increase of the d.c
conductivity with increasing annealing temperasuas suggested by Wargt al %% The
electrical properties of poly(hydridomethyl)silazasherived SiC-N ceramicswere reported by
Haluschkaet al *?® that hie d.c-conductivitywas influenced by the conditions of the final heat
treatmentwhich causedhe loss of residual hydrogemhereby the electical conductivitywas
increased withincreasing thespf/sp’ ratio of the carbon atomshich loweredthe energy barrier
for the transport of charge carriefssmorphous Si(NyH, ceramicswere prepared by pyrolysis
of 1,3,5trimethyk1,3,5trivinylcyclotrisilazane [MeViSiNH]s (VN)) P2 The d.c:conductivity
dqc increases- 8 orders of magnitude from 10(q -m)'* (pyrolysis temperatur&,=775 €) to

10" (g -m)'* (T,=1400 T).

The orondoped SICN ceramicexhibited significantly higherconductivity at room
temper at t¥'em™ tha 1hat of SICN ceramics( @ =1 ¥em ) reported by
Hermannet al . The conductivity of these ceramiaapidly increasd with increasing

temperaturesdue to the loss of hydrogen in tipee-ceramic polymess. Considering hie high
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conductivity and the unusuallexcellent hightemperature stabilitypolymerderived SiBCN

ceramics have a grepptentialon the application dhigh temperaturelectronics

2.5.1.2TheTemperaturdependence of thB.C.-Conductivityof PolymerDerivedCeramics

Thedependence of d-conductiviies on temperaturgis able to providehe information
of the conduction mechanism and the electronic structure of PDCs. Trassl and coWdrkers
supportel that he temperature dependence tbe d.c-conductivity for SiC\NyH,-ceramics
pyrolyzed at lowtemperaturesT,=700"1200°C) obeyed a Mott law (Equation2.11). At higher
pyrolysistemperature [,=1400°C) samples shoad an Arrhenius dependend&quation2.12).
Theformationof a graphitielike spf-carbon phase and its structural rearrangenmeamsexplain

the observed electrical behavior.

e T, .o
Sa(T)=50% Bxpe ()"0 (2.12)
é U
DE
S4elT)=5,3 Eng' (ﬁ) g (2.12)

Where,lq (T) is the conductivities of samples pyrolyzed at temperatufg i§,constant,
k is Boltzmann constantgE is activation energy (energy gap between Fermi level and

conducting bandgndT is temperature.

Hermannet al *?® found thatthe conductivity variance with temperature lofth as

pyrolyzed and annealed samptésboronfree or borondoped SICN ceramics exhibited a linear
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behavior when plotted agairiBt’* (Mott law) but nonlinear behaviavhen plotted withr™. The
linear behavior of conductivity with** indicated that the electrical trgport followed a typical
of threedimensional variable range hopping (3D VRHgchanismwhich subsequentlymplied
thata number ofocalized stategxisted in the mobility gapf thesehighly disorderederamics

with unsaturated bonds

Very recently, the temperaturdependen conductivity of polymerderived amorphous
silicon oxycarbonitride (SICNO) ceramicwas studied bywang et al “%¢. Three conduction
mechanismsnvolved in the materialsconduction in extended states, conduction in band tails,
and conduction in localized statels.was interesting to notthat the conductionlid not follow
VRH model buta new transport mechanism, in whielectrors near Fermi levelill ed theempty
electronic states near a-soa |l | ed At r aamdtheohoged Backda lgverdocalized
states, namedas band tail hopping conduction mechanism (BTH7***! By considering the
filling rate and assuming an exponential band tail states distribution, BTH model also suggests a

T law.
2.5.2 AC- Conductivity of PolymerDerived Ceramics

The a.c. conductvity of SICN ceramicsderived from polysilazaneswas studied by
Haluschkaet al *?®, The results showedn amorphous semiconductobehavior thathe a.c.
conductivity increased witfrequencys andfollowed apowerlaw with the frequency exponent

sQL (Figure16):

sWM=A0 (2.13)
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Equation 2.13 i typical express in accordance with togping or tunneling processes
described by pair approximatidi*. By plotting the frequency exponers with respect tahe
measuring temperatu(gigure17), the transport mechanism responsible for thecaeductivity
wasderived. Theminimum point of curvefitted s (T) function was the typical feature of large
polaron tunnelingwhich shifted downwardwith increasing annealing temperatutee tothe
enhanced transfer of polaroriBhe barrier heightVd was found to decreaseith increagg

anrealing temperature, which cosmonaedwith the increase of the a=conductivity.
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2.5.3Dielectric Propertiesof PolymerDerived Ceramics

When a delectric materiais placed into an electric field, the charge will be rearranged
inside the medium without loaginge transportation due tbe dielectric polarization Such
dielectric properties varywith frequency and have been attributeddor kinds of mechanisms
of electrical polarizationelectroni¢atomic polarization, ionic polarization, dipolarientational

polarization, angpace chaye (thermal ions relaxation) lavization.

If a dielectric medium is inserted itb a capacitorof vacuum capacitanc€,, the
improved capacitanc€ of the capacitor due to dielectric polarizaticen bedescribée by the

relativedielectric constardis shown irEquation2.14.
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C
e =—
Co (2.14)

where { is the relativedielectric constantC is the capacitance of the capacitor with dielectric

medium andC; is the capacitance of the capaciseparated by vacuum

In more common condition, the dielectrics works in an adting electric field, thus the

relative constant isonvenientlyexpressed in a complékquation 2.15).
ei" (2.15)
where,band are the real and imaginary paofsthedielectric constants, respectively.

If the responses odlielectric materials cannot follow the external electric fields, the
energy is going to dissipatey heat or radiation. The dissipation of energy is called dielectric

loss, anddescribedas loss tangerftant) or loss factor in Equation 2.16
tand'=; (2.16)

A considerable time for the chargelistributionis requiredafter the application of the
electric field on dielectric medium, and it is named r@taxation timewith the definition of

Equation2.17.

e/ (2.17)
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where Uis relaxation time3 is vibration frequency of iong)E is thermalactivationenergy of

ions,k is Boltzmannconstant and is temperature.

Jiang!**? studied the dielectric properties of SICN amics derived from polysilazane,
and found their lectric constants increasedth increasing annealing temperatgrbut the
relaxation time decreasell indicaked thatthe space charge, i.e. the ions and electrons near to
defects, increased due to reodefects at higher annealing temperatuhe addition, several
kinds of defects related to-Sand G bond can also provide ions relaxation polarization at

different temperatuse

Renet al 13313 measured thelielectric properties of polymederived SiCN ceramics
using a high quality (Q) factor resonator methaat microwave frequenciesinder test
temperature from room temperature to 3@0 It is found that the dielectric constant and loss
targent of SiICNat ambient temperaturare 4.358 and 5.280°3, respectivelyAnd the dielectric
constant of SiCNceramicsincreaseswith increasing temperature which makes thesmagreat
candidate for high temperature sensor applicati@esiuse of their extbent dielectric constants,

low loss tangent and high temperature stability.

The porous 3N4i SIC(BN) ceramiavasprepared byrecursor infiltration pyrolysis (PIP)
usinga boron and nitrogen dopgublycarbosilane as precursor aagorous SNy ceramicas
performpyrolyzedfrom 900 € to 1800 € %!, The synthesizegorous SiN4i SIC(BN) ceramic
had higherdielectric constant and logean SiN4 ceramic,and thedielectric properties were

improved aghe annealing temperature increased from @@ 1800°C. The high dielectric
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loss of the polymederived SiC(BN)is attributed todipolar polarization and the increase of
grain boundary.The authors claimed thahe polymerderived SIiC(BN) is an excelht

electromagnetic wavabsorber
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CHAPTER THREE: SYNTHESIS OF POLYBOROSILAZANES

3.1 Introduction

The preceramic polymer precursare the key for polymederived ceramics (PDC)
Not only microstructureand composition, buglso thermal, electricalswell asoptical properties
of PDC aredetermined by thenolecularstructure of precursom.herefore, PDC offers a bottem
up route forfabricationof ceramic withtunableproperties via ystematicabnddeliberatedesign
and modify of polymerprecursorsIn this chapterthe synthesis of polyborosilazanes with
different silicon to boron mole ratio is reported. The molecstiarctureand crosdink behavior

of polymer precursors are studied by-FKI, NMR.

3.2 Experiments

3.2.1 Synthesis of Polyborosilazanes

3.2.1.1StartingMaterials

1. The polysilazane used in this work & commercially available precursor RHIB00
from KiON Corp. (Columbus, OH), a Clariant Busine$sie HTT1800 as received is alear

liquid and themoleculeformulais showel in Figure18from supplier

43



=z

H
H, . N—si—CHs
NN
|
HN Si—CH,
si—N7 XY
H3C’| H H
H

Figurel8: Themolecuhr structureof polysilazane (HT1800)

2. Borane dimethyl sulfiddBH3-Me,S) (BDS) from Aldrich, USA is used as boren
sourceslt is solved in toluene witla 2M concentation, and itanoleculeformulais showed in

Figure 19.

H3C\ /H

Figure19: Themolecuhr structureof Borane dimethyl sulfide

3. Toluene(CgHsCH3) (anhydrous, 99.8%SigmaAldrich) is also usedas solvent, its

moleculeformulais showed irFigure20.

CHj,
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Figure20: Themolecular structuref Toluene

3.21.2 SynthesiRouteof Polyborosilazane

To systematically study the influence bbron on the properties of SNCceramics,

borondoped po}silazanes with differdaramouns of boronwere synthesizedia four steps

Step 1: Borane dimethyl sulfideas added into the mixture diTT1800 and toluene,

stirring at room temperature under nitrogen protection in three reesk.f

Step 2: Gradually increasing the temperature to 850efluxing for 24 hours.

Step 3: Keeping the temperature at @)vacuuming to remove the solvent for 10 hours.

Step 4: Transferring the residue to vacuum oven for 24 hours atCl20white aorless

solid was obtained.

The following precursors with different Si/B mole ratnereprepared2:1,4:1,6:1, 12:1,
16:1, andb (pure HTT1800) The samplesvere named with tkir moleratio plus postprocess

temperaturas listed inTablel in this study.

Tablel List of synthesized polyborosilazanes with the@menclature

Si to B mole ratio

2:1

4:1

6:1

12:1

16:1

Sample Name

Si2B1

Si4B1

Si6B1

Si12B1

Si16B1

SICN




A typical procedure fosynthesiof pdyborosilazane with silicon to boron mole ratio 4:1
was described as followingA 250 mL threenecked roundottom flask equipped with a
magnetic stirrer and a reflux condenseas vacuumed and then purged withgds three times
before usel8.0 g HTT1800 (5.9 mmol, purchased fronKiON Corporation Columbus, OH
was dissolved in60 mL toluene (purchased fro®igmaAldrich, USA) under N protection
Then stoichiometric amount @orane dimethyl sulfideBHs-Me,S, BH; concentratiorl.92 M,
purchased fronsigmaAldrich, USA) 36.4mL (69.9 mmol) wasadded aice bath(~0 €). The
solution was slowly heated to reflux oil bath and refluxed for 24 hours Redudng the
temperature t®0 ©, then the solvent was removadder vacuunfor 10 hours The residue wa

further vacuum dried &t20 © for 24 hours. Then white odorless solid wgsepared

3.22 Characterization

3.22.1 NMR Spectra Measurement

The nuclear magnetic resonance (NMR)ais indispensabletool to probe thelocal
chemical environmendf polymerand ceramics by detecting tepecific quantum mechanical

magnetic properties of the atomic nucleus

The synthesized polyborosilazanesre dissolved in euterated chloroforn(99.8 atom %
D, Acros Organics Morris Plains, N}, and then their liquidH-NMR and **C-NMR were
studied using Varian Geminb00 spectrometer all.7T (Oxford, 51mm Unshielded 'H

frequency: 500 MH2 and tetramethylsilane(TMS) as internal standard.The acquisition
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procedures wereised from the standard experimental parameters foundhe sn.par files

included in VNMRJ

The solidstate *°Si-NMR  spectroscopy of crosslinked polyborosilazanes and
polysilazaneveremeasuredo allow the observatioof chemical structuradlevelopmenturing
polymerto-ceramic transfeiprocessin the temperature range o80~700 €. The fabricated
SIBCN materias were firstly ball-milled into powder and thenthe NMR measurementvere
characterizedat the National High Magnetic Field Laboratory (NHMFL) in Tallahasseea&L

thefollowing procedure

The highresolution solidstate magic angle spinning (MAS) NMR experiments were
carried out on Bruker DRX spectrometer at a static magnetic field of 1916 ffequency: 830
MHz) using a homéuilt 4 mm magic angle spinning (MAS) proféSi NMR was recorded at
Larmor frequencies of 165.5 MHz. AfiSi spectra were acquired using a standard single pulse
sequence with a tip angle of about 45 degrees and a recycle delay time of 5s with accumulation

numbers2048 scansThe?°Si chemical shifts are referenced to teteghylsilane (TMS)

3.2.2.2 FTIR Spectra Measurement

Fourier transform infrared spectroscoglyTIR) is employed by researchers as an
importanttechniqueto obtaininformation of chemical bonds in a molecul&he pre-ceramic
precursors, polyborosilazang were investigated by PerkinElmer FTIR spectrometer

(PerkinElmer Inc., Waltham, MA).
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3.22.3 TGA Measurement

The thermogravimetric analysis (TGMAas performed on RerkinElmer Simultaneous

Thermal Analysis STA60QWaltham MassachusettdJSA), at aheatirg rate of10 °C/min to

1000°C in an inert atmosphere Af (20.0 ml/min).

3.3 Results andDiscussion

3.3.1NMR Spectra of SiBCN Precursors

The'H-NMR investigation of the prepared polyborosilazaras acquiredwith a Varian

Mercury Gemini Spectrometer &0 MHz using CDGlas the solventHigure21).
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(b)

HTT1800 x 0.1
CH=CH,
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Figure21: (a) *H-NMR of HTT180Q polyborosilazane and BDS (b) partially enlargedH-

NMR of HTT1800,Si16B1, and Si12B1

'H-NMR spectra oHTT1800 Figure21 (a)) shows four characteristics peaks, which can
be assigned to STH=CH, (5.736.21 ppm), SiH (4.33-4.72ppm), NH (0.66-1.06ppm) and Si
CHz (0.06-0.37 ppm), respectively The peaks of BDS are relatedttee C-H group ofbezene
(7.02-7.20 ppm),the CH; group (2.212-:2.31 ppm),the S-CH; group (2.15 ppm), andhe B-H

groupof borane (1.29.92 ppm).

After reactionwith BDS, the signal ofthe vinyl group from HTT1800around 6ppmis
vanished in all spectra of polyborosilazanas shown inFigure 21 (a), excepted for

polyborosilazane with Si to B ratio 16:1 (Sil6BE)qure21 (b)). Besidesthe N-H peak(~0.6
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ppm)is diminished asthe increase dboroncontent and cannot be detected for polyborosilazane
with Si to B ratio 2:1 (Si2B1)It impliesthatthe polyborosilazangare successfully synthesized
by thehydroboration reactiobetweenthe B-H group of boraneandthe Si-CH=CH, groupsof
HTT180Q and thedehydrocoupling reactiopetween thé&-H andthe B-H groups as reported in

literatures®*°®., The'H-NMR results coincide with the FTIR specas shown in the nexapt

The hydroboration reaction is furtheranifesed by the**C-NMR, which is recorded by
Varian Mercury Gemini Spectrometer 25 MHz using CDC} as the solventAs shown in the
spectrum of Sil12B{Figure22), the signal appead at 29pm is assigned to SB1CH; group
CHsC unit is responsible for the resonances at 19, [ CSi and CH,CB groups are related
to the resonancaround12 ppm as suggested in literatlf®. Thea d d i t i oannsdvimgn U
carbon from borane amesponsible for these peakihe broadpeaksfrom 3 to-1 ppm come

from the methyl groups bonded to silicon.

80 70 60 50 40 30 20 10 0
Chemical Shift (ppm)
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Figure22: *C-NMR of Polyborosilazanavith Si/B ratio =12:1.
3.3.2FTIR Spectraof SiBCN Precursos

The polyborosilazanén our studeswassynthesized usingorane dimethyl sulfideanda
commercially available polysilazane HTT1800 via the hydroboration reactionand
dehydrocoupling reacti@n whichwerereported in the literaturé®. Borane is expected to react
with the vinyl groups (hydroboration reaction) and the amine groups (dehydrocoupling reaction)
of HTT180Q generatingvhite, crosslinked powders after remimg of solvens. The prepared
precursors were characteried by Fourier transform infrared spectroscopy (FT)JR}he

representativepectra were plotted iigure23.
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Figure23: FTIR spectra oHTT1800and SiBCN preceramic polymers

In HTT1800FTIR spectrum, the bands at7@®m™ and 159 cm™* can be assigne the
N-H stretchingand thevibration of NH unit bridging two silicon atoms, respectivelylrhe Si-N
stretching appears a8 cm®. The band at 1% cm’ represents th€=C stretching vibration
along with the vinyl group absorbs Bt04cmi* due to thescissoringof terminal methyleneThe
C-H vibratiors of vinyl groupoccurat 3819 and3007 cm*. The strong absorption band assigned
to SiH vibration appears at 28 cm™. The daracteristics band of ®H; groups locates at 125

cm*, coupled with GH stretching at 2%and 289%&m*.

The FTIR spectra of the SIBCN polymer precursors show a bradd/iBration band at
1300 (Si/B=2:1) or 1315 (Si/B=4:1) cfhin addition to the NH stretching at 3394 cirand 1151
cm*. The SiN stretching (872 cif) is split into two peaks at about 890 tand 850 cr,
which can be assigned to thel$iand SiN-B strettings, respectively. These observations are
in accordance with the dehydrocoupling reaction between the amiki@ grbups ofHTT1800
and the BH groups of borane. The absorption bands assigned to the vinylsdBf48 3007,
1592 and 1404&mY) are notdetected, suggesting that the hydroboration reaction between the B
H and the CH=CH groups proceeds simultaneously with the dehydrocoupling reaction. The
absorption band at 2500 &nclearly confirms the presence of theHBvibrationsin Si2B1
polyborosilaane, but it was not observed in Si4Bhe BH groups can act as active functional

sites for further crosknking reactiong?.
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3.3.3 SynthesisSchemeof SiBCN Precursor

From the FTIR and NMR spt@a, one can safely deduce the synthesisemeof
polyborosilazaneas shown inFigure 24: The polysilazane is crosslinked bye hydroboration

and cehydrocouplingeactionwith BDSto form SiBCN precursa.

CH=CH, +B-H%»2% B-CH-CH (Hydroboration reaction
N-H + B-H %% B-N + H, (Dehydrocoupling reactign
JVV‘T
B CH
[ e
. —CH
HiCQ /N—s./ 3 H o \ /H S|I<CH3 i
S NH
HN,‘ /}S\—CHg | HN S|—CH3
/S|_N X H “ )'
| * —$—N
H
H
HT 1800 Boranedimethyl sulfide Polybor osilazane

Figure24: Synthesis scheme of PolyborosilazéRe [(C;H,4)Si(CHs)-NH-], [N-Si(H)(CHs)-], or

H).

The data also implied that this synthesighe hydroboratiorof boraneand vinyl groug
is prior to the dehydrocoupling reactibetweenamine group@nd boranewhich meansoron
prefers to bondcarbon This conclusion was obtained frotH-NMR spectra. In1 mole

HTT180Q there are 0.2 mole vingroup and 1 mole NH group which can react with borane.
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And 1 mole borane has 3 mole-B groups thus themaximasilicon to boron ratio in the
synthesized pgborosilazanes will be 2.5 to 1t was noticed that all the NMR results of
polyborosilazanes witdifferent Si/B ratio did not show thesonancef vinyl group at 6 ppm,
excluding Si16B1. If thereactivity of dehydrocoupling reactions higher thanthat of
hydroborationthe protoANMR spectra otll polyborosilazanes except Si2B1 shohée vinyl
group signal, thus this assumption is wrong. If assumingéhetion probabilityof B to C is
equal to B to N, theCH=CH, peak would bedetectedin spectra of Sil2B1 and Si1l6B1
Therefore the only possibility was thathe hydroboration is prioto the déydrocoupling
reaction and it wasconfirmed by the vinyl signal probed in tpeotonNMR of Sil6B1. Based
on these resultsvarious polyborosilazanes withverseboron content as well afistinctboron

bondingenvironmentsvere able to be produced.
3.3.4Crosslinking of SIBCN Precursors

One of the mosintriguing characters of polymeterived ceramics is their abilities of
forming complex component, including fibers, coating layers and MEMS, bydse#loped
plastic forming technologies as well as micnachining™!*24%4243 These outstandinfpatures
are achieved by the latent reactivity of functional groups in precuisorslatively low
temperatureThence, the curingehavios of preceranic polymersareextremelysignificantfor
the application and properties of PDCs. In tlssction the crosdinking behavios of

polyborosilazanes and polysilazane were investigated.
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The liquidpolysilazane, HTT1800yas first crossinked without any ctalyst in a Teflon
tube at 200 € for 16 hours under ultrahigurity argon (UHP Ar) gas protection order to
avoid contact with ajrand the obtained white solid was further fullled to fine powdersThe
solid polyborosilazanes were cured280 € and 400 & for 4 hours in tube furnace witdHP Ar
flow, and thenwere balimilled for characterizationThe solidstate NMR was employed to
probe the structurevolution of cured HTT1800 and polyborosilazanes due to theirperior
sensitivity for both amqhous and crystalline sampleBhe solidstate*Si-NMR spectra of

cured SIBCN or SIiCN precursors were plottedrigure25.

(a) Cross-linked HTT1800

200°C
100 50 0 50 1100 -15C

Chemical Shift (ppm)
(b) Si6B1 (c) Si4B1
400°C 400°C
200°C 200°C

100 50 0 50  -100  -15C 100 50 0 50 -100 -15(
Chemical Shift (ppm) Chemical Shift (ppm)
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Figure25: Solid-state’Si-NMR of HTT1800cured a00 € (a), Si6B1 (b), and SitB1 (c) cured

at200 © and400 G.

The crosslinked HTT1800showedtwo distinctive peak group@-igure25 (a)). Onewas
located at-22 ppmrelated toSiN,CH. The other was centered at ppm with two cleasplit
peaks,and all of them were assigned toSiN,C,, but with different bondconfiguratiors as
reported in literature&%°%. The -4 ppm resonancwas due to sbmember ringSiN,C; group,
and the2 ppm peak was considered to fanember ring or chai8iN,C, group.The appearance
of SIN,C, suggested that the self curing process HFT1800 was conducted by the

hydrosilylationof vinyl and SiH groups (Equation 3.1).

| / \ HyH, /
\Sll + H—S— —» —Ss—c’-Cc’-s—
HC=CH, \ / \ (3.1)
\?-/ + \?-/ > \é/ \é/
_ _ | Hy |
HC=CH, HC=CH, —C—C "—C—CH
H H 3 (3.2)

From he moleclar structure of polysilazandTT1800 (Figure 18), it assumed that the
functional groups of vinyhad thepotentialto initial crosslinking by hydrosilylationwith Si-H
groupsor polymerizationof themselves (Equation 3.2Prevous researches claimed that the
hydrosilylation of Si-H and SiCH,=CH, groups in polysilazanes ammore reactive than
polymerizationof vinyl groups,andit started tareactat 120 ~250 € 2°#% On the contrary, the

rival polymerizationof vinyl only reactedat highertemperatures>350 ©), thus one could
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concluce that the hydrosilylation would dominate during crtask. Howbeit, the polymerization

could beinitiatedat 50 G in the addition operoxides*3®.

The ?°Si-NMR of polyborosilazanes with Si/B ratio 6:1 and 4Eigure 25 (b) and (c),
regectively) showeddistinct signalscomparedwith boronfree polysilazaneHTT180Q All the

peaks ofFigure25weresummarizedn Table2, and the peaks assignments were also listed in.

Table2 Solid-state’Si NMR chemical shift values and related assignments of-tirdesi

polyborosilazanes and polysilazane

Polysilazane Polyborosilazanes
U(ppm) | Assignments| Reference| U(ppm) | Assignments| Reference
2 SiN,C; chain 79 -3 SiN,C, 84
-4 SiN,C; ring 79 -22 SICN3 84
-22 SiN,CH 61, 79 -34.5 SiN,CH 126

From the list, there were three characterigignalsfor crosslinked polyborosilazanes.
The peak around3 ppm, in whichalso observed in the polysilazane, was still existed, due to
SiN,C, group.Theresonancat -22 ppm was assigned 8CNs;, and the onat around-35 ppm
was attributed to SIN,CH ™). It was noticed that the chemical shift 8N,CH unit had been
changed from22 ppm in crosdéinked HTT1800 to-34.5 ppm due to thirmationof B-N bond.
The ratio of integrate area &N,C,to (SICN3 + SIN,CH) is 1:4.1, which supported thgeak
assignments too, becauS&,C, could only come fronthefSi(CH=CH, )CH, -NH{groups of
HTT1800 with 20% mole percentFigure 18). As discussed inSection 3.3.3, the

polyborosilazanes were synthesized Hydroboration ad dehydrocoupling reactiorthus the

only latent reactive functional groups in the polymers whbeeresidualSi-H and NH bonds.
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The observe signal ofSICN;s is the evidence ofrosslinking reaction betwee®i-H and NH

groups (Equatio.3).

N-H+SiHY Si-N+H, ¥y (3.3)

As the crosdinking temperaturavas raised fron200 & to 400 €, theintensityof SICN3
environmentwas increased by thexpenditureof SIN,CH units. And the signalincrementof
Si6B1 was more than the one of Si4Bhis differenceis due to the higher il content of

Si6B1lin contrast with Si4B1.

There is a fbumm observed in the NMR spectra of cureddTT1800 and
polyborosilazanes at abotfO0 ppm, and one extra peak at7® ppm in borordoped samples.
These signalsriginatedfrom oxygen contamination in the experiment process, e.g-/robithg,

samples transfer, and compress.

It is of significance thathe ceramicyield is excellent when the pi@eramic polymers
were pyrolyzed through the polymeto-ceramic conversion processpeculiarly, in the
application of coating and MEMS. For the evaluation of the ceramic yield for the polysialazane
and polyborosilazane, the TGA experiments were carriedlbettypical TGA curves as well as
yields of HTT1800 and polyborosilazanesvith different Si/B mole ratio werghown inFigure

26 andTable3.
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Figure26: Thermogravimetric analysis (TGA) éfTT1800andpolyborosilazaneéSi/B- ratios

of 12/1, 6/1,and 2/1).

Table3 The ceramic yield dHTT1800and polyborosilazanes with differentBimole ratio at

1000 &

Precursor Namg HTT1800 | Si12B1 | Si6B1 | Si2B1

Yield (%) 70.9 84.1 88.1 90.3

From the resultgheceramics yials of polyborosilazanes were improved more than 14%
when contrast with the ndmoronmodified polysilazanelHTT180Q and they were increased as
the boron content went up. As shown in TGAglUre 26), the weight loss curve diTT1800
was extremelysteepin the polymerto-ceramic conversion rang00 € 700 €), because it has

relatively higher percentage of reactifegnctional groups than polyborosilazanégheseactive
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groups would react with each other to releasq, GHHz, and H, and finally reduce the ceramic

yield of HTT180Q

3.4 Summary

In this chapter, the polyborosilazanes with different silicon to boron mole ratio were
successfully synthesizedvia hydroboration and dehydrocoupling reactiohhe molecular
structure of the prepared polyborosilazanes was investigated-by &1d NMR spectraand the
synthesismechanismwasdeduce from these datarhe crosslinking behaviors of polysilazane
and polyborosilazanes were also explored by ssibte®°Si-NMR, and the results suggested that
hydrosilylationof HTT1800and crosslink between SH and NH groups ofpolyborosilazanes
were thedominantreactions in theipolymerto-ceramic conversion processhe produced

polyborosilazanes showed a great improvement in ceramic yield convpigingublysilazane.
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CHAPTER FOUR: STRUCTURE OF POLYMER -DERIVED SiBCN

CERAMICS

4.1 Introduction

The refractory non-oxide ceramics were fabricated ke pyrolysis of polymer
precursors atelativelylow temperature compared traditional methods, with the advantages of
homogeneousatom distribution andconvenienceof shaping. This technical breakthrough

B33 andnumerouditeratures were reported on

attractedr e s e a mgreatirgerestssinceit born
the siliconbased PDCs system. Among them, the precwdsdved covalent amorphous
siliconborocarbonitride (SIBCN) ceramiexhibited noticeabledhermomechanical properties
that could withstand at 220C *®*"] The mechanism of excellent thermal stability \&asribel

to kinetic cause In this chapter, the SIBCN ceramics wefabricatel from the thermal
decomposition of polyborosilazanes with different Si/B mole ratio which were described in
chapter Three. The microstructure andstructural developmentduring pyrolysis of prepared
SIBCN were studied by solistate NMR, Raman spectroscopy and EPRe effects of boron

content and the polymer architecture on the microstructure and thermal stabili&e3QGH

ceramics were discussed.
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4.2 Expennents

4.2.1Shapingof Crosslinked Precursors

The SICN ceramic precursddTT180Q wasfirstly cured at 20®C for 16 hours under
ultrahighpurity argon(UHP Ar) gasprotection and thenpostcured at 400C for 6 hours. The
crystal clear crosslinked solid was balmilled in high energy balmilling (8000M-115, Spex
Certiprep Group, Metuchen, NJ) for 30 minutéhe prepared white powders wenixed with
liquid HTT180Q andcompressed into disks of 12.5 mm in diameter aBdr8n in thicknesby

hydrauliclaboratorypress(Automatic4533,Carver, Inc. Wabash, IN at 3 tons for 5 minutes.

The polyborosilazanes were directly batlilled without post heat treatments. The white
or yellowish powders were compacted into cylindemslerthe same conditions of SiCN disks

but withou liquid binder.

4.2 2 Pyrolysis and Annealing d?olysilazane an&olyborosilazane®isks

The compaced discsof HTT1800and polyborosilazanes with different Si/B ratiwere
pyrolyzedin a quartz tube under a steady flow of argdhlP Ar) in a tube furnae (GSL-1100X
MTI Corporation Richmond, CA to 1000 & as shown ifrigure27 (a) as the following cycle: (i)

a heating rate of 3 €/min from room temperature to 900 €, (ii) a 1 €/min ramp to 1000 €, (iii)
a 4 hours dwellingime at 1000 €, and (iv) a cooling rate of 5 €/min to room temperature.

Furtherannealing to desired temperatsi(@100, 1200, 1300, 140@350 for SiCN) 1500, and
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1600 C) wasprepared byhe following procedureRigure27 (b)) underUHP Ar atmosphere in

a tube furnaceGSL-1600X, MTI Corporation Richmond, CA equipped with an alumina tube

The obtaine®iCN andSiBCN ceramic discs were then anneale6@ C for 2 hours in

air to remove the surface carbéor dielectric and kectric measurements.
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Figure27: Pyrolysis(a) andannealing (bprograns for SICN andSiBCN ceramics

4.2 3 Characterization

4.2.3.1 Solid-stateNMR Spectra Measurement

The sdid-stateNMR spectroscopy o6iCN andSiBCN ceramicyrolyzed at various
temperaturesvasutilized to investigate thehemical structuradlevelopmenturing polymerto-
ceramic transfeprocessn a pyrolysis temperature range d¥00~1600 ©. The fabricatedsiCN
andSiBCN materias werefirstly ball-milled into powder and thercharacterize@t the National
High Magnetic Field Laboratory (NHMFL) in Tallahassee, fte characterization parameters
were statea@s thefollowing.
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The high resaltion solidstate magic angle spinning (MAS) NMR experiments were
carried out on Bruker DRX spectrometer at a static magnetic field of 1916 ffequency: 830
MHz) using a homébuilt 4 mm magic angle spinning (MAS) protl&8 NMR experiments were
performed at 267.4 MHz*'B NMR spinecho were recorded at 50 kHz rf field at a pulse length
of 3 and 6 e€s with a recycle delay of 2 s and
were calibrated relative to an aqueous solutions##®( 0 = 19. 6 ppm) rds an ¢
and are given relative to BBEt , ( U = G°Si pl[Rnyas recorded at Larmor frequencies of
165.5 MHz. All °Si spectra were acquired using a standard single pulse sequence with a tip
angle of about 45 degrees and a recycle delay time of 5s witmalation number2048 scans

The? Si chemical shifts are referenced to tetramethylsilane (TMS)

4.2.3.2 Rama®pectra Measurement

Non-destructivecharacterizationechniqgue Raman spectroscopwas the tool of choice
for identifying multifarious materials and especiallyuseful for probingffree carbord in PDC.
The Raman spectraere obtainedfrom Renishaw inVia Raman microscopy (Renishaw Inc.,
GloucestershirelJK), equippinga 532 nm line of silicorsolid laserexcitation sourceand a
sensitive Peltiecooled couple charged device (CCD) detector. The laser beam was focused on
the sample through an 50 objective lengpurchasedrom Leica And thelaser spbsize was
about10 em in diameter and the laser power on the sample was kept below 2.t raVidid
decompositionof surface carbanAt least10 Raman spctra were obtained for eaclisk by

mapping acquisition fominimizing the measuring error associcte
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4.2 3.3XRD Spectra Measurement

X-ray diffraction(XRD) detects the atomic structure of target matsriromdiffracted x
rays which is due to the elastiscattering ofincident X-rays from the electron clouds of
measurecgample It is a powerful weapon texplorethe crystal structure and lattice parameters
of solid materialsas well as identificatiof unknown materialsbutité not such useful to get
the information of amorphous materials this study, XRD was characterized bRrigaku
D/MAX X -ray Diffractomete (XRD Rigaku, Tokyo, Japan) usingmonochromatic Gk U
radi ation wi t i2=45406m, ® lstedy thecrystallzdtiondehavioof SIBCN
materials duringpyrolysis process.The XRD showed amorphous characters for all SICN

ceramics derived from HTT1800 at temperature range of 1000 to°C350

4.23.4HT-TG/DTA Measurement

The themogravimetric analysis (TGA) was performed to explore the poktmeeramic
conversion of crosbnked HTT1800 precursor and thermal stability of synthesized amorphous
SICN ceramics (SDT Q600, TA Instruments, New Castle, DE) in UHP Ar atmosphere between
room temperature and 1400 € (heating rate of 5 €/min, argon flow 150.0 ml/min, data recorded

from 200 to 1400 €).

The pyrolysisprocedure of polyborosilazanes was investigated usimghatemperature
thermal gravimetri@nalyzer (Netzsch STA 409 C/CBelb, Germany) in the temperatuenge

of 30- 2000 ©. The test was carried out under argootection at a ramping rate of ¥©/min.
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4.2.3.5 EPR Spectra Measurement

The unpaired electrons in polymer derived ceramics, which formed during pyrolysis, are
extraordinarilyimportant to their electroniproperties EPR haseenprovenasa requisitetool
to explore theseunpaired electron spinglso known asdangling bonds including their

concentratiorand statusf distribution in SBCN ceramics

For EPR neasurements,hé synthesizedSIBCN materiaé were ball-milled into fine
powdes. The Xband (9.5 GHz) EPR spectra of the variouBCN ceramics atroom
temperatures were recorded on a Bruker H06 spectrometeiBruker Instruments, Billerica,
MA) at theKashalLaboratoryin Florida State UniversityT@allahasseeFL), using a Tk, cavity

with a microwavegower 2 mV The modulation frequency was0 kHz.

The Gband(406 GHz)EPR spectra from3K to 300 K were recorded on a hotheilt
spectrometer at the Natial High Magnetic Field Laboratory (NHMFL) in Tallahassee, FL. The
instrument was a transmissitype device in which micteaves are propagatedong a 10 mm
cylindrical waveguide through the sample compartment and further towards the bolometer
detector.The microwaves were generated by a phase locked Virginia Diodes source, generating
a frequency of 406.4000(4) GHz &2.00 around 14.52 T). A superconducting magnet (Oxford
Instruments) capable of reachiagfield of 17 T was employed’hin Teflon vesselsvith an

outer diameter of 9 mm and a depth of up to 10 mm or more are used as sample containers.
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4.3 Results and Discussion

4.3.1 Morphologyof SIBCN Ceramics

The pyrolyzed and annealed amorph@I€N andSIBCN samples are black ceramic
materialsas shownin Figure 28. The diameterof the sample is abo@ millimeter. The black
color is a hint for the formation of free carbon pha&&*®! For the ceramics pyrolyzed atQ®
°C, the color changed tgrey, which might be due to thelecreaseof carbon concentration.
Figure29is a SEM imageof pyrolyzed $BCN. It is seen that the material is not fully derad

containssomeporescaused by thgasrelease during pyrolysis.

Figure28: Pyrolyzed and annealedBfIN ceramics disks

10 pm Mag= 1.00KX EMT=1000kV  Signal A= InLens Date :3 Mar 2011

WD = 6.1 mm Photo No. = 7801 Time :17:48:59
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Figure29: SEM picture ofSIBCN sample §i/B ratio=4:) pyrolyzed at 100 C.

The element contesof SIBCN ceramicswvere measured byenergy dispersive XRay
fluorescencespectrometer(EDX) Genesis 2000 (EDAX Co.) equipped on S4800 Skkd
calculated by the modification with certified reference mateG&l (purity>99.9%), SN,
(>99.99%),BN (>9.999%) and Si©(>9.999%) the data were listed imable4. The silicon to

boron ratio of fabricatederamicsvasclose to the designed ratd polyborosilazanes precursor.

Table4 Elementmoleratio of SBCN ceramics with Si/B ratid:1 measured by EDX

Temperature 9C Si N C B O
1000 1 1.012 0.676 0.247 0.128
1100 1 0.992 0.689 0.238 0.194
1600 1 0.955 0.761 0.278 0.060

4.3.2Thermalstability of SIBCN ceramics

The polymerderived SiCN ceramicgossess$antabuloughermal stabity below 1500 €
[20.138.139] £\ rthermore, the higher temperature stability will be tremendously enhm22eD ©
by boron dopind'”. This extraordinaryimprovement was explained by the formation eBS
layer structure in the SiBl,x matrix as abarrierto restrain the crystallization aflicon nitride
andretardthe carbon diffusiod®*% Ités also suggested that the more doped boron, the higher
thermal stability!*®, andthe addition of bororincreases the driving energy required for the

crystallization proces$>*%

The pyrolysis process of the crdssked HTT1800was studied by thermal gravimetric

analysis (TGA), and the results are shownFigure 30. As revealed by the differential
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thermogravimetc (DTG) curve, the weight loss of cresked HTT1800 has fousteps: (1) an
initial mass loss of 2% between 200 and 380due to the release of low moleculeeight
oligomers, (2) 5% loss in 380570°C range resulted from the evolution of ammonia {Nby/
transamination reactions and the consequently formed oligomeric units, (3) a magaisdeufr8%
between 570 and 75T by the release of hydrogen fHand methane (CHl and (4) a weight
loss of 1.8 % between 750 and 1®@because of the +evoluion 9211 From 1000 to 1400

°C, the weight curve shows a straight line without detectable loss.

The pyrolysis and crystallization of SIBCN ceramics wenenitoredby HT-TG/DTA,

thecurve of pdyborosilazane with Si/B mole ratio 4vlere shown irFigure31.
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Figure30: TGA and DTG curvesf crosslinked HTT1800.
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Figure31 HT-TG/DTA curve of polyborosilazane with Si/B ratio 4:1.

The TG curve 0Si4B1 showedour stagesof weight changefrom 30 to 200C°C. The
first onehappenedetween 100 and 50C with 5% loss is due to the release of oligomegs, C
and G units asdiscussedat section 3.3.4, which &milar toliteratures®>?%, The second stepf
mass loss irange of500-860 °C rangewas caused byhe formation of CkH and H during
polymerto-ceramictransbrmation From 1000 to 500 °C, the curveexhibited a straight line
with a total 12 % madg®ss The mairnweightlosstook place in the temperature rangel 500 to
1700 °C because thailicon nitride reacted with carbon to form silicon carbated nitroge
(Equation4.1), and the amorphous SIBCN ceramics started to crystallieefinal 5% decrease
from 1800 to 2000C was accounted for thdecompositiorof silicon nitride into liquidsilicon

and nitrogen (Equation 484142
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SisNy4 (s) + 3C(s)Y 3SiC(s) + 2N(g) (4.1)
SisN4 (s) Y 3Si(s) + 2N(g) 4.2)

X-ray power diffraction was performed to investigate the crystallization procedure of
SiBCN. Figure 32 was themeasurementesultsfor Si4B1 ceramicswith different pyrolysis
temperaturesAs it shown, the preparederamicswere typically amorphous solid until the
annealing temperatumasincreased to 1608C. This observation wasonsistent withthe HT-

TG data. After annealing above 15%D) the XRD pattern showetireebroadp e a ks at 2 d
60°and 72°, which originated from th€111), (220) and (311planeof b-SiC. Intriguindy, the
graphitelike carbon pealkat 2 d 265, which was attributed to (002) plane of turbostratic
carbon®8143144 \yas detected at all XRD patterns of Si4B1 ceramics even for the sample
pyrolyzed at 100°C, and it gotsharperas theannealing temperatur@as improved which

suggested that the carbon phase was orderinguxisclirection.
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Figure32: X-ray diffraction (XRD) of SBCN ceramicswith Si/B ratio 4:1 at different annealing

temperature

These data showethat by boron doping, the high temperature thermatability of

SIBCN ceranics exhibiedonly a slightimprovementcomparing with the previous repoft’!

The Si4B1 ceramics decomposed at 1%00while the bororree SiCNsamples wittthe similar
pyrolysis processlegaded at 200 °C *®2% Consideringthere waghe 5 wt. % of boron in the
Si4B1 ceramics, this result was not in expect. As reported ileivand coworker§®?, the 2.6

wt. % of boron would lead to a thernsthbilizationto 1650°C, and further went up to 190C

by 5.9 wt. % of dopingAn analogousceramic prepared from different synthesis methods was
claimed to be stable at 2000 by Riedel *°!. Oppositely, some researcher observedithited

effect of boron doping on the enhancement of thermal properties, but without eXpEihs'™!
72



