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tetrakis(di met hyl ami .dich)e hahfemii wcnagl ¥ M) ehedbSi® Rdals)t o
confirmddRR mayndFXPS, in which both SiTH and NTH gr
TDMAHhe peloyemmeacnincv ewas oohar acT66Al TPA , Russiwal | as
XPS BhHé@&Nprecursors sBMS$ hZBWAlaad stiomghi gbl1der ami ¢y
wt .@pon pyr olAGsrdeemmano n1 @0 &t mos pher et,h ovshei conf itsh eh ipgh
PHPS (78 whoWd)i,f ibeovobPnkblP Sa  Bmddif fnii erdn P HPHSe (r9e/s wit t%9 n t
SiBNcer aan lts thiife mper ature resistancel5a0d0&Thres t crys
conversion ofSitHf BdNamoiin M HHENBccer ami ¢ nanmwasomposit
obsebyedRiDirenre agl i hT@O0i &t mos,mmekrteensi ve TEM charact e
reveadbmodedi sperHS iBexm hdSENsmat.Fuxt herhmneoroex,i dati on beh
of wmrramns s SdNJbHENBkc er ami ¢ nanocomposit A wadiscamivegt i
t hthe BOgl ass (i .e. ,edeotrwesevh iskca@esh dBf-bir snhous Si O
gl asst d eaaddense and kamtii evoagaipmott,eichnwared di ffusi

I n summar pr es e rdte el .yD.i hvieErsdkgd gepted sy asbpes iymer
toceramver gidhmencr ostr uct uri &la He veodl yustamsocwddfhsa i cati on
of Si Hfe(Biallincocomposi tmeegwiatdfilo e i nvaeiismt &6 n @ b(hlh)s war e
Noveilngdwer ce mprrseccc e sy mu lhleyc hzeendi cvail a rpela)c Hf iir eres

bul k( BNj dfe samiodladbrb e attheed RIBEINgduUMep r F S4/UXn d X (=

Hf MHENgJcer ami ¢ nanwictohmpa sth wrsaecgreonst r uobu ey efdnr tbreer
annealing at hNaorheav ere mptebreatten@oebneecl ual tacro miseossiign,on s ,
mi crostructur e Sandf pBryospreirct i neasw eodf emphdesiil tt & swdhiiscchu s s e «
provides new insights i nte ompenodde sEipgendccadn d mBgnt he

nanocomposites via the PDC approach.
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Zusammenfassung

In den |l etzten Jahren wurden -zasieed) €bEeNFED S mC IS
ei bz
Sint
Sint

e
itngen, um parti kel versNtBersk tse dWer rcbhu nHlew eQrpkr sets
e
e
Sinteradditiven aufgrund des hohen Schmel zpunkt
e
e
d

rn oder hei Ci sostatisches Pressen her zu
rtemperaturen von bis zuD2@¢@keAGowli &ngé eHe

n di e mei sten MNeBduindweli kstHiflffee auwfadbiti o
stellt, dd€Chbnsdead WeéewrebkKomdwegr kst of fe auf d

ie Metallverbindungsparti kel sind nicht h

werd
her g

und

dass mit-Vadrefma PrDe&CDe(r R ovleydmerk er ami sche Verdbduaidowl r K
hergestellt werden k°nnen, die ein hervorragen
Dar ¢ber hinaus k°nnen sogenafSmtueP ckeicnukrosnopro n( eSnStPe)r
mol ekul arer Ebene geziebt sghhbhpest el beter wéndamm
bietet, dar aus kerami sche Nanover bundwer kst of
Mi krostruktur und EigenschafRtoaun eh earl su sdtee | lveine.l v
Ansatz zur ofhegenel | kreg almi scher Nanokomposite d

dur

a

niedrigen Temperaturen.-NZnekowmpesetreAmbei viebkse
ch mol ekul ares Design geeigneter mBimekhdhmpagree:r
S

Z Wi

(¢

hen Zusammensetzung, Mikrostruktur wund Ei ¢

Aus diesem Grund wurde ei-Ker andidk t dSuyf rctbh &5 @ R mon
War mpr essen hergestellt. Di e Verdi chtungh der
War mpressen, begl eincd MikssamgeGA/ DTA Kkritische
Pol yKnermraTi &nsformati on sind Gasentwicklung und
Ri ssbildung der Proben f ¢hr enr nko®l nynseen uunndd Ddriuec kd
werden k°nnen. -KhaalthmkendPaoahgmewur de die Entwick
mi t Hilfe von XRD, TGA, El ementaranal yse, SEM
dass der Einbau vemaHf (PAPBerhiydhopolbysidl e Ker g

die Kristallisationsbest2ndigkeit (1BOMi ©C) er
SiNsb e i hohen Temperaturen (1700 UC) unterdrg¢ckt
SifHKer ami k bei hohen TemPeundbSrianw2 zreémd , de
Hochtemperaturbehandlung (1500 UC, 1700 UC) ge
Nanokristalle homogen verteilt sind. badr ¢glererdeh
erhaltenen additi¥Xeramek a&dmesr gluer 7SiGHfaN bz w. 19
Ver besserung im Vergleich zu den | i tssbatsurhela
Kerami ken darstellt.
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Der zweite Schwerpunkt dieser Dokt orSaN/H&N-t i st d

Nanokomposite sowie die Untersuchung der Zusammen

und Nanogef ¢¢ge. Die Phasenentwi Kkl amgk deot @e npha
unt eeHTBHERdi ngungen mit energi edXRpPersntver WRemweagredwbre
Synchrotronstrahlung untersucht. -Phas&rglebh038eAg
19.5 GPa be@diNanrnd:Nsfmelmwandel n. In den R°ntgendi ff
~1570 AC keine weiteren strukturellen Ver2anderung:é¢
1570 AC HfN mit KochsalzstruktusNsveir | diegser whesmman
Zzu Hf N,aerdseN zt . Daher wuH e i dgen gpen i mat eBi H&Pun
ker amioSiN#HetN-Nanokomposite auf 20 GPa wund 1500 UC f
di e Untersuchung der mechani schent Eidegaen secnhtasfttaennd,
kerami schen Na$SNkKbiNg &s 918 'MPes me deutl i che Verbess
rei oo®imu( 3.5 MPaawmf wei st, ohne dass die H2rte des M
den Nanokomposit bgi?2 heiignenr Kvertadariekwef ¢r technol ogi

harschen Bedingungen.

Der dritte Schwerpunkt vorliegender DKé&tamiakbdbeit
auf Polymerbasi s. Die Keramiken wurmeBhHfutrichhen i e
SSPs hergestellt, di e dur cbi nviotdh yKloskplt feimch ( BMS) PH R |

Tetraki s (diHmadtnh wimg mivdo)( TDMAH) synthetisiert wur de
der soweHhal di audticGrdipepeN Svom tPHPMS und TDMAH reagi
durcchRFind XPS best&tigt. Die Umwandlung des Poly
FIT R und XPS charakterisiert. Die unter Verwendung
Vorstufen fe¢hrenhebeil006r ARy ruonityesre Ammoni akat mosp
Kerami kausbeute (& 100 wt %). Diese ist h°her als
modi fizierten PHPS (92 wt%) und des mit Hafnium r
Si Hf-KBeNr anmeiikstw ei ne hohe Temperaturbestandigkeit ge
Die Umwandlung derKeammi ghdam SNeHFfNBNNa &k o®posit e
wur de mittels XRD >fatbmo 4 @B®r eACaniand yNi er t - und u
Char akttemuingen zeigen die ,Negimo geaMda®er xei Dangbeonh
wurde das Oxi dat i onssNg rHENBI-N aenno kwoan progsei ptr ee sbsetie r1 5010 A
was darauf hi nde wntietdr i avdss kdolss sh wzcvBi vsicGkeans e gne Bi1 0Od et €

Si»B:0+Gl as (Borsilicatglas) zu einer dichten und Kk
vomni ® das Materialinnere f¢hrt.
Zusammenfassend kann gesagt wer den, d&Sosu+r ca der

Prec®ysanodhese, -z&K er aRduidkyamedrl ung, die mikrostruktur e
Si Hf (KR)r M mi sowi e di e Verdi che naa k vlooamp &$ Hf € B) No h
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Sinteradditive eingehend untersucht wurden. Di
neuarti gomuiP8i@rkaglres or en; (2) Her sKellammn ¢ eg dRdDrG@ idv
Route via Warmpressen;sNdA X) ( Bi =dNHrf g\ akngdrfkaonmn psocshi etr
homogener Mi krostruktur durch weiteres Erhitzen

Korrelation zwischZosamomekséBdzemg DeMi gmostrukt
Si Hf {NB)IndM komposite untersucht, di e neue Er ken
met all verbindungsmodi fiziert eBaskiesr agl a# h agthzN P

erm°glicht.
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1. Introduction and motivation

Silicon:exsstda {Bree modkinfoiltcmanESiNg s ,a ntdh i geelwl y
pressure o25§NaThesipzadt i c alSiNalpgideieaaartreid qymy r obhds i t

potenti al to be usddeasoai sepadBhahdamdesbedrka
(ca. 1[48B,UBljaraedvanced cestamitc matetihal requirem
el ectronic, decdrrathiswearaemd mipgrit@seceastld!|oennst bpercoapuesr
as chemical stabi |l i tfyr,a chtiug he wneeacuhgahnei ecéaslt asntcree n ghti
el aisttyi,c di el ectric propeMbr e svheaen dd elfosSiNstyls eBtf i2al e
gcm, whioonh yi @ btolugth i4¢0mpesaper.diiloysombi nation o
mak easmatittraanhdiveat mptatcéi c components that are c
mat eff B Hoswever js vempy odfiuflfdi yc hddrads edSidairea mioc 9 t s
me | t i nagnldw avi-dsitefl ffu s i 0 nA sc cae fcfoincsieegnute nce, numer ous €
t@assi st the debfpi faind atoidummidu g B U Aib emriensgssugiest ed
t echn(ieg.bgepst essi ng, sparalnglpbagmasslinkl]Esengient agi
addilteitvde t he fiomtmart gmoanwlfar gl aSilhygr@abhasedabtdypcat
unavoidably 1empeéeratihree hbglhavi or ,csruecenp arse soixsitdaar
Str eAlgtthhpu gbasugiestnaggmr o mgt es t he dseansdlifienestaii@ddon o
guite compl i,c aotredd cdesdni ¢ @sti loyms when iptr ocdwncétss t o
compl exThaag@knstrreodepwi egar at itdmbme t€ edd ges-b 865 e d

ceramics wi t hboeucto rsd sn toefr itnegc han adlso g i ¢ a iNsaitn ted reevsatt e

temperatures and under harsh conditions.

Recentllyas been di scovewietdh# dathf oe csahmigie pobuatssetsasn
behavi or atte mpwlrtartau)rreisgh whi ch | eads to[] a,.AiCef a
TheretoanmaoompobBavesbecome a hoachieswad chome pp
recentd2yor exainNSRianocompersét psepasiede cbya marnpph
SiNa( 20 WSWN4.( 100 nTm)N4aOnmom)desrisng hoBhexesal asntdr eng
f r actowrgeortehses o mtamiocodwerse t eeund MPoa baen dc a-/,206 7MbP a
respectively, whichNswet Bdlet gimenrtploamtti 5on® oMP ars in
f dpexur al asntdr én @tPifPrad-atowrgeh[nleBswe v der e are di ffic
preparetriaombaa®fmp olsyr b 8 8 e ptoiwadneard h nTheeuarsaj or chal | el
restriction of gr aifMnogtrhoewt hd ilfefiraileiuglnitgyoyieipsaio da ¢ ©
wi hlomogeneous ansbesctaaubsl ee osit cafgyg duoéee o go Wdne rtsh e

cont ext of this |issue, the devel opment and ado

subject of extensive research over the | ast f ey
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Thpol ydmeerri ved cer amiscon(SP@@)teheco ymtoes mi si ng met hod f

preparamomompdnodinsul t i ecleermraemmitc nabygcpopmpéGiuy gsEdnigd e
sorpeecsartoevi nt eri ngOh emphearmadh,@r po | y Rseoruircc es ipnrgelceur s o
(SSPan be tailored at the molecular | evel, final
homogeneous el ement al di str iOmuttihen od dpomy mrbodh agsal nss eoqf u
SSP cancontroll ed taondobthanmcamwmetahdiusne material s
which provides access to metastable céAmpbhbheds co
adant agepol gygmehashaping techniduesipoatimeep arptpild =d f
precer amisc Tphoilsginee® possi bicloimpyl etxo sphragppeasr eand s hap
di fficult ttroadaiglovweraes ellysruactht easf ilb&eyesesaannd ¢ matri x
compes.sictonsequence, the PDC route opens up a gr ea
nanocomposites wi tsht avtaersi mauhsé xOosdpaoddlstei st | fesw dec
oki nmhase amor/fh®RisBICE(l MENr ansi t)c ena[mkd6s]l caadi de
weld midagriami ¢ narnec ampo[sIjTERSHCLBaLE/I Hf[NL)9We r e
prepared starti nnpdf fpirmeduwisioalsl e met akrami zed and

anneal ed at high temperatures

As af or eB8éNpli a ek dg ac amalcent c 8 sbibfufnuds iaond sc oteofof | ci €
|l ow fal bg c.dmsicthniédmetdevardyevel op alternathaée praaces
avoid the use Dd alihowritSipbpseduawkeit @miaofcompositi
homogeln@rigog®ethgad ynsetwr at egy based on the PBDRO-mmout e i
pressingaprbewvalsopesat tamarcdheaa si Wy ea tt o mmyhuesceh
sinteddinghivies maintai nThreg iamnlivah i dengidteywa. behi nd t
t deenseift yhper ddwcatd esi gned by the atomic composition
pol yanegr wel H eampel{awudt)esdar m pr essi.M@r e oamnda rfp hoonuss
cer amoinco laintdhei r coapobét eddjummeynrdy vysi s,whemfhmer at ur
idifficulttther eacciptoiecdherdleyd Amoup 8o HE BCN cerami c monc
wi t b-wap &r abol i c oxwaemrme i oinr e Naepoetbal PD@8sdogt e
uni axi al wa2on phes s iaBragc hpeeltanayd . t e piomv eTit N@ati on o
SiNs ( @ = a mo rbpuhlcoeursannainco c o mpa s i ibgasttehde PDC r-prud €siamgl wa
met hiond ,whi ¢ h Ti Na nhaonmoocgreynsetoaulslliyt eesmb e dsi:send t f 22 Xphn amor
Themahar dness oh¢e€lti Ne@adsbsampatdabt §dliobdfai nedC at 1850
(24. 9] ZFPEdh e mi cr ohhiagrhdenre stshiainsghg tchaamp ogsfi ¢ gar ed by SPS
[ 23TThabomet Bopen a new strategy amor pBdlmaocdte add
pol ycr ySSNui-ladseade(nandldetompPh.hWMbe&kcareilasediton t he

above @&pproach

High pressure (MHPddTy)ynteimpeiratiasearvet met hadgNit o prepa
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cer amitchout s.Mot epghMeBggh apicdessdputr eeteme recrystalli zé

and dtihmi tgr ain growth owing to the reduced di ff
syntshetsd mp@reatser eand s 5 a(badd X rbiB§) monol s ampeerse
synthesi zed iudddgdug o md(eamdn as t he sumderi algfmHiat o n s
[ 24]The measured Va®obe¢enbikaodhess eachthe to 20
t he Vvdlmifa t he slib-BiNk e Thrn wantdd ndlgRBT t e c b nfi giueenti s
pat hwayntlhhesi ze densé zadd cmr amo o 5 n amurhtohuebr nsoir net,
SiNspossessi-ngpa spinet ur e HPaHTNnd iIsdYdwee rsd di du redge rs h
>SiN4si s net bhtar dest materi al after diamond and <cu
t her mal stability t han di amond and c BN, maki r
applications in harsh condition$2beTl@&r] atfrhoerl ¢ , h
synt heSiNuhasf attract eadch dg meate otitognthiesm[elc, M5 y e a
However, t he sryerstelmdoBiNgbas ed heer ami c asawetthheanmess
investigation of theaes rnane ploweartedal tpispeittiil és a
for the pFrSeN-baancadnoonc ooniposiltiemi ghafteisoud ttatbhd e st art
and HPHT tlenc htnhi eq uperseosr &khseu cPchessipsnft unl @-S iNgH gNw€ e r a mi ¢
nanoc o mpiolsli tteeshb ®@axeod ooredt he PDC route in combina
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2 Literature review

I n ¢hhlipgs etrhe fundamentals and basic pofi ntchepl prse s
t hesi s araend ndtimgocdulscseedds pect t o t he Tlhaetreesfo rmee s etar
objective of this chapteipoliystme@nmoi wea b vd edre@ddi c s t (el
ceramics and sferrcanmivca rcigompsoossiiottuar ziesg f uadameind taé

with the. main topic
2.1 Polymerderived ceramics (PDCs)

I'n the foll owhegbasbchBRP& kwislplu,ilbbec aidgsii meggn om nan o
t hkRDQ@ i eddnddhe synthesis of apr eve¢ dpamisce ¢ hiea @ u rasnar
convedagfsiBBCsddi tionally, m| ygiert vedt ced waant ico m air
( PBCsawi |1 be given.

2.1.1 PDC route: principle,istory andrecent developments

The PDdtse a relativelycogmnamigc t machmphogygr wiod h ¢
powder t,avchh moadli agisgni fi cant techhottrlbpgi davVv elbapmk
ceramic sciencldhheampd i PRBECHMoebpodeypawe t bedamiced pr
byt htther molf ysinsor gani cpoolryrfaesrosmé pa ke aisc ami cinpraecur
controll edT haetrmsaphegples of ppreeauersamisc f or the s\
pPr ecuroxdrdsa stha nddé ¢ rairdee supsreeds atrmdn  c e $ ia OFCi C&iNs,a ENI

BCN ahid@Che resRPRBDCcpr ofaavesobsen predomsiinadmntelayd f o
Sy s theengcsa u saerde¢ W1 e hhbaapseedd on si.l gJfeoerahemosmuiya of a
pol ymer i s Fug @&sleTnhteedbacnk bone X definesutcthe asl
poly(organosi |l polkg)orwgianosX+spx@alneor gwaintohc akKbOsi
X=CHoly(organosil anane®) yWwiorlgaXosNH,| yl cafdtbeodi i m
functi onadn da ®tugasth eRdh eat ssirlel cwosnual |y hydrogen, a
gr owhms ch prppwiideagdneitstp @lnypmeerc ur sor s at .Tthleg eff rces, c
chemical @omp os o iod edyhmtzdace scer amitawunedarmybeapprc
cont molgamfgc o¢Rpasred)aRd process parameters to tai!

reqguirements of, swlicdhvai htpipe | teka ivlest secti on.
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Fi g2t®c hendataigofpemer alul mol st ructure of preceramic
[ 2.8]

The ti merldanetairieckh®Chsehiosgwm F2 glthzee convgolsypueercaufr sor s
toeramassfir stFrrietpzo ralindd®6db2yad pien t Wwtkee c ma | decomposi ti
Si (seéind A%, { € fSAC mb owmals i nv aestsigghdeteear, i gi nal pur pos
pi oneering work was not.lnothednObhBhebyiteslSO€ulparecur
precuhrasvoer sbeen gr daduwaltlhe rpeporatrad i ova raa hp-bseyme r
ceramic transff®0 maBvidasrpslocwrswsi e2, 2 headugsng this
perwefl@ecused on the sg8ithesi shef\wlyi Wa dy3d&ER o K3t 3e]d

Wi nfaddland [ BHpPiitma7sn,umer oudh ast wadredwntde detvbbebdbped
under shteamccyant lodm iex u,rpsoolrygmeer aecnd tv e ps D p a saxnidr t he

mi crostructur al evos Bur bphetranh@dehsiognhs t r empeer athuer ep o s ¢
pr oduscmadiga metleasaeSddCUENsbased CEkaminti it emeehbantal
propertthersmolyps iymmeof sf ganppd ircsadri ons atehdighgtempar
fureket osi pnepao kithhdfoehrytpes of PDCs from various p
Chemicaldamodns of the pol ydreewe lomppesde mutkoa otrabiilnoers et hae
composdftdloynmer i campd etclue s e beyw wcparrogdhokcicege ). PBnt il t hen,
signiifmpcraonvte ment s have beenpmader ami ¢ hgo ldyemerl 0 pwniet
mi crostructures and @evVvenxEeessiulyg dkdeshieahvodpforesngtin dvédr i ¢ h
bi nary amR€stuecriPiaLsf,ani®i CQUat eSNBCN ceramcept wbhahl

t hermmalhani calsupcrhepaashii esy against creep, oxi dat.
separvagrieonr epor 0k naftEBFound xamp | er,e pPoorettleedt aetdi alg.
t her mal st abdelriitvye dofSipBo@ Nvedeard & mi £teadmed bmposi ti on ai
creep u@dReZzZZ2Z0b eyrePOdaveedx pafnpdeendt d mamgy , [SH#i3Hf BCN
and TS@Mfd)alnd nbvghers(s.y@itBINQ 4)5] Reaxdkwaement s in the
manufacturijngu®mhaomrale ssgilenstsensaP[Blgplhot ocrossl inking and
[ 46]prediirsanidopy[rdn]hoit s[ph8hédoit n§ sost[ad,d]cs @ reaswsd ng
paved thepwapad@BbCehwi th superi orl nmeacdhdahntiicbaol¢ upsr op
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in PDC alesematrdedr dszi sgnplhe ®ius coenrt a npibd sa laiazhe s
mor phef ogifsfpceacit i onal applicatilon®, csattdf y@gh dener
anode matethoimnsbfaddt3éri es

FUNCTIONAL

2 022 PROPERTIES
FUNCTIONAL
PROPERTIES T(I:EHN‘[AP:IIEAA-II:URE QUINARY SYSTEMS
2010 pRoPERTIES | VO WERE DEVELOPED
[ECHANICAL
2000 PROPERTIES POROUS PDCs I Si-B-C-N PDCs
UNDERSTANDING THE MICRO STRUCTURE
1990 OF PYROLYSIS PRODUCTS
SiC FIBERS
1970 (YAJIMA)
1t PDC
1956 FRITZ

QUINARY AND
BINARY TERNARY QUARTERNARY HIGHER

Fi g2a2Tei meofi hde evolutiPDE oélr o ettéol Bpec[hdgiémtt he
2.1.2 Synthesis of preceramic precursors

Synthesis of the prescemcpmiipapiatBD@Owowde sonbsyat be
composition khwd tahlies onriickrwtsitamnu otbi rmé e mit e &i @ as
infledermy the mol ecul ar pstercwk ts wo epdreef ghat ABRES Withr e c e r
expected chemical and physigabpertiesseveral types obrganosilicon precursors for advanced
ceramicshave been synthesized liye si gn of the precur Agremeanl t
over segdpt mul-lna odd Sgweshioassiug2e.,i 8 chaansibeal | 'y cat e
accordinglto@aaXegr odmpgs he backbodre «fhltdR®isfd laynmes
Xx F30 R = organicfgrqupehntaaw emnuastieedr ineolsst Siba s ¢ dhve
precur sor shaéiigchalrseeaconfnevd ¢ &yg | arbd | li dAws csohsotwn 2i n Fi
3 theynt heut @baded pi acswrad dryst & ¢ lotiuhgeh e d ® docrtgiaonn ¢
chl or owsiitl haknaelsi met als ogdpaohh aasss il uint /hariu memmaonri avat er
polysilanes, polycarbosilanes, [p28]ysil azanes ar
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Polysilane

Polysiloxane

| H,
Sli—C
R? n
Polysilazane Polysilylcarbo
-diimide
Fi ga3Geneymmti hesi o am dowtgeasn oosfi | i [cDo&, poI ]y mer s
't i s waornti mtgme rsaitd ea ngdkaoRuspos hRave an i mportant eff ec
precuTtheyr <anshésears uheeddy f mady di fferent loirnds of
orgamimpo,bedsing to tailored solubility, rheologic
staband ttyheyt hemfteeamed ryiatwnbldabnhidonal properties

fabricat eldn ctelriasni Bl nd erwoe kpoweiesusesdorf or t he synth
haf nibwmodi PHeRWa serdecerami ¢ phasur $dres i ntroducti on
synt hees t-naol doifP H BIHa sseidnggd ler ce .phecer soccm ctth rosme pat hway
Sib asmrde c uwistolr somreg saiacs f(dOQrlgamsasi | i con pol ymer pr e
chemically axygem e dnewiianigmpcoundsnes a¢ h aaet[ybléacet ona
57het al all5Bdain &l emet alf 6&4TF o noyhesmi cal medfi fRHERS I on
withtarmiuunmniFid@edaer e r edovratmod plByp]baoty goimebo\nds
were observed in the synthesized pol ymdrR cangrecur
H NMRor oblaesedSiprePalgsir,Pokgsgs RC&EHTAN A $HOQ

M, ¢Mlo S¢iMbonds could be formed with thepretease of
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Howewvwerygéemevidthdbloyducfeidn@gind gpa e eheemi cs, amhoroeidde
i n thehaswddeerm eneneé @t on t heprhoipgaf tti ceadipleaeniaat f.uorree |,
oxydere metahavempaou wmad eimd i oeacem2lhgemaescti on b

oo ganodllymern parnédc ad s 0 I sfnrad e omeytgeeln c mmpal f denec
6 7anmdet al [h6a8 ,a g6e9s]je | | as [méOt. Bi7dlY shdirsthdbevesaslg nt Weisi s
proamdpsosl y(al umi nasiViaaz athleg smead iefciua @ toimen kaylflaaihed R &
adduciNMepAl7HRhe chemicalf oruéenadc toicemu fHvapdr amtils egM S i
backbone,bafthrdeatdRR3 ichln b ovfads 8 it obsémvdead al d mgmit chael |Sy
i némt t heMePiirhE 8 i f i e db aostehde rp r&ic uprosl oyrvsi nsy8 MR lh@ad a n e
HTT )8®&mM be obtained oM toxMitNh e (O @1y gfetmeot-naddi f §ie d
pr ecur sosygntclamySihmesde d pr emaitrasloramiach@o mp mp etdhxeas t h
previous twioohimgetih®da more advancedoandheohfhadbdmi e
n o-o X icdeer acnoincp olsy tRBL Mhasigrgdepcecursynt wagihze d
chemi cal PHRSthtwbnalifs(di met (TyDNoANi2D )t M Nniesml t
pol yt it anaxshiilbahpgeeeodeesgqui rement s fwhe filneislgehaift i e s
solTihd.s approach ofdfeesrmsgwt It npg o 04 il @ibll iet ynatn@ st r uc
ads howst enti al applications in ceramic coatings
Lat2Z2hou et al . r ecpaonr t e @ mitoheatti yRPteRBISrbayk i s ( di met h
hafnium(Il V) 1.9 TIDLMAIHs wor tthh emecnhteinoincianlg ntohdaitf i cat i
S¢HanNKcHgr oupst hoe ¢nad dvioPHRE pr é EugsoeBRrt Mer, dgr e,
i ntroducti on orfe siehttaplir mogb meno-loinhdge gr ee and cer ami

the precursor via dehydrocoupling.
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Fig2A@hemical modi fi cat i ©a rbiudnoRib,B & bvi mihn (M )hy dr i d
(tri met-dalyd[jmddi]ie )t andakd3 (di met hyll@hi eopedtailfwe luyn( I

2.1.3 Procesmg andthermal conversionf PDCs

The polymeripgr en@dpuaead uorésfobréset t peatwimdes possibilidt
pl abr mi ng tfearh ntol eo gpsrecdeasad i me veefl wadwhacoemep | exr & miac
t hat c ananionte db eb yo bpto wd esru cthenctehism@lo@agsy ¢ f i ,b ke imis, coat |
cerami c mat uinx quempoy iatsesswel t uatsu gdes patr emdalod ti it \nes| vy
l ow tempge&Batlwidg & e tproanddietri otneaclPuidéot! hbogdy s n ot require
binder, thotespmpkiesSgi moqpd avDaldiagn dp oF2 Sgilulriee r e s i
(shaping of rtelceenp i gerucesedsessi)ni que & hRPE | raedd e

i nteresswed | rdadar mor ei mistleefdudsr atmdome mat i on
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A k ey ofgptod grdreerri ved ceramics i s their conversion f

ac hieev by-l icmloissg f ol | owepmr ebcye rpaymiod ¥Fs2ghsycndeder nstath € cal | y
il 1 udthpat geerri vedt her manli ¢ cAsn vsehrosiw hbehleyr ma | gravi met
anal ysiisn (FEGAW e mi cr ost r uacd mmpar e ccelraanngi ecs poofl y mer s
divided in four main stages

()Rel e aoslel godfroerfor m t her mos att @ elmypaaecadt@i®, re ent anwoer| ky
crossl Thm&in emgeanreeri anlvioyl v e d i n four reafkydmoonsi liyd acir
dehydrocoupling, transamihhydri osi laynldar viiproy hoxpruba sme |
withkH Sand vinyl Q20@Cps raetsulloOimpt i agCt bl nBages.
Dehydrocousplti t@CalBdrdt @mad he f ocNnaangdnSib Thd&s .
transami nat iaspd apcreo ciens st he t2e0ndp etPCavt hudibehss@arcgat @efd wi t
a massudibbesol uti on of amines, a,meaiaa gloerc roelaisgeo noefr
the nitrogen c@nmtodditctpyngo peicer ami cpol yantearitzati on
at higher tedpveriacdhurwesul>300do not involve mass |

(2Pol ymer decomposition and releasei nft hg dr oro@me hatn
range ceafald0CO napmed g.lPysiod ysi s of ther ec ooscschuirask ed p
t hr oruegahr r a w chmem tc a | bonds aanddsr aadiccoanipralink eeals € 0 0 §
hydr, 0 @ewn wei ghandl hygodneoavaa théoen,sr el ease of gas resul
of pornatdlwvdey gh @B 6 $Bour t heramogree ,v o | uinmee vsidte @& fniki|mhg e

t he pr ogreersasmiopfatclteess according to a densificatic
reacanpmym oby s iss outshlef hewr s hr i nkZJ8ylree yurpo ptyos c3d® s%

the crosslinked mabhetrweade(dlo &G U admdya ncoornmppH ofuese gmat er i
SiOC;, GN,and,CyRier ampmroduesgedtriovnrelpyol ysi |l oxanes, pol
pol ycar)docsiobanadisne dt eanper akt us er2a5 Haati nt rFe agtumeent at
temperatur’@) (wividdOwal |l vy l ead to crystallizati on

carbothermal reactions).

3) Dehydr ogenataroant i amd t ph afsoert nesredprd dhis pnhaonuosc rtytsd al s

temperatur@@c ang€9idd &mor pheus ndcerpamisce veleegpmr at i on
expostamelt ovat ed st eimp B8wi®it @ikNEnasodomains are for med
i's segr ePiaCedC, & nBHN,a mor phomuamaitc LA D3MNhet abil ity of
t he amor phomasi nipnfa suee ticee da dodyi t i on of o tshuecrh cahse mi c ¢
carborndédabomigmBm 18dtdr alrOSi]Jt i on met[adds, (leGegt. h1HIFhEe Zr ,
addi totomerofeaHeepmentco | atwi bar met wot ke awtoircph oaucst smaa g
di ffusion barriers to preventthd otced loeirtylsa adrlii tziad 4 |
[ 10BYgrthethemoabil ity to connatnroodidotayi sitsalus ! Eabmoamof p

crystall winlelesdlatt ed n a significantly di fferent
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@4Xrystallizati or ftehred adreoa cpriipaussiotpioansmea | t iipnh atshee ¢
t emper atnogfe e@ 0t0o ‘2O nualnelatgmie hcrystalline gl
amor prhatuesstc cautr hi gher terf®euatthue ei (or elabDD amd at or
the | ower energy stateedfo tthhe amogtpdipluidghhmitas
addi taobot her mal .&aadidNgStiai koens adpfl aim@ e r &t udruee >t105 0t0
exi stenca ®dfCOc arnldo nSi, CNvhd erha nmiecasd s Sio&Zntah & ufra hrea
wei ghltl112,ss113]

Polymer to Ceramic Transformation

3.0x10" Crystallization
I

Pgolxsis

Cross-linking

-10

Weight Loss / %

>

s
(eg) 2anssaig ser)y

A
Shapin
AAAAAAAAAAAA
0 200 400 600 800 1000 1200

Pyrolysis Temperature / °C

0 200 400 600 800 1000 1100 1200 1400 1600 1800 2000

Temperature (°C)

5cm B S e
‘ Z
Green- Amorphous Crystalline P 'Trr R
Polymer body Ceramic Ceramic a2’ x!

Cross-Linking/ Shaping Pyrolysis 1100°C Thermal Treatment
1500-2000°C

Shaping of the precursors:

Casting Injection moulding Pressing Tape casting  Fiber drawing Coating Impregnation

Fi g2aa3Sec hemat i ¢ etfc drhemipo |ltyrmeemrsf or mati on-demrd vsehda p
cer am2.&]s

|l or dernstuod e | ow weight | osspraencdpaminyinmmal uplona pka
high cergdgni ¢ syidelsd r € et ofeorra nti lce cpolviemmesR Gsh pc bc e
beneffioaidaelhieciaft i on of caenddae cthé cltopweard utcersdency t o
strelsyspeiscal | y, operamir@amyiciefpdtl yeneng® 0 g[éh 1d3fd r A0ni c
yield ®wpnt DS ac hi eved i n {fHdEr6Ecenter amioc t gi e
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preceramic plelfymdedwbygt@dabl on

| (2. 1)
wheadi i i s thet peys 0 lcogfzr eednid i and i s the
initial mas s pofl yfiteer pr eacwearyissmeiveormadi der when desigr
precuwistohr shi gher, camridhminesny aél[dldmpa sldit&]roma l stabil i

[ 118, 0flit%hle preceramsEilARIZgigielr@B ,andd? 4 U ¢btruarnecsh e d ,
riamgdi MeBre), 12k ,t e 6kalakberde i nf ondatherori ¢amd beéetfeowa

2.1.4Polymer derived ceramic nanocomposites (FICS)

In recensergemacs pajcomnsmpasintgesof mor ea nahnaen oofn et hGinb b
being nanoscal efllf4R¢@hjasa ttthraanc t1edDdd ormgat attenti on d
in their propehiaineésalagadehpadpdg| els06,.VAB3i0gusl 31]
mehtods have been devel oped twhipahe paare ke ra@alma s infain
categories according t(olGaghleaesdsnfuyet toefr itjphbelamjghtwh onrdast e
chemi cal vapb3}3]d &Hits ddtt @ oOme tt hed mosmaiwn lde | yalilsedi ng
gel prot&pgglepdnerri ved ce[rlanvihct er@watl et i[aolmd 5 {sepcrhanyi g u e
convelfrisiccambusti onl3yk6liedite process (e[ 43 8] mechar
The presehnocowpolkydmarrlilved ceramic nanocomposites.

PDC rpbpatgeing on the pyrolyticshasnberesni gmnnoosetnp ¢ loy fme
suitabfler rtolud epr ep araatoicompi®hi |f ¢ eamind met hods have
t o syntthe sP@EL,ncilnighe chemi cal modi fication of t he
containi Mg aeoeihpddexp cecmes dmaddi fi cati on oforma suital
bl ending of polymer wfil33]heBoampetexlu/omadendi scfo mph e x
mosxatt t racti veh aenenthoRIBMICHuett o tidespdhpadaaptaimi mer

at the mo.Téambaphob gshassien gdewrna rbiec kpyr eppraerleidmi nary pyr
at relati velsy (lcoalC)tle2nBpiebrsastquaeal tcl yn,awo t ompdsisee s
composimt coonstaruextturracosp do mecmotwileds be ob-t aeatete bty dte:
hi gher tdmpeltiGPRIe eaHFDMES YyNnt hesiizgldau-pgecunonsodere
have beehyextedsedeand reported fom dtadsseacuadeal an
[51,. 127]

One exampl e for issthBeu CtMi/ @l caep @lmi ca wida ophroenpaorse d e

upon pyrolysi SPa8ndi aft briemmdeertce pS&PYymntshesi zed by
chemical r eactciooonmmebretivaddry available allyl hydrido
Sytselmnc, USA) and a tetrakis(dieAhgtiaohdola®lhanwym(
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The resul theshe@dwdtdhaGPaY®unngo da8d @8 GPlaand fl exur
stre@g8go6h25MPagf $ihe/\Mf/@nonohkhiredmar kably increase

incorpoH&Nixomt of t he AToQ hrmat reixx&mplf ¢-Bh €&ld heer am
nanocomproasp d 8adHf-/ENHf BGWY an[d4.BJSi des i mproving

and elastic modulus of Si HF CN (26.8 andt h3e67 C
i nvestigation of thée oypiadabiodbn c r ex ¢ dlaceedr cammh & & t

nanocomeacsm npear abl e thoi ghhotsempdaailag-é evgl. %HEICC
Mor e Adeant &iNgRidCe r annainco ¢ o mpatsri it easstse d egstopacleghur sor
rowmtnglub segquamk pl asma seixnhticeoeiid¢redhlitegp@mme mqateur e st
(13%0in both oxidative ani4Ickserirmosisud gdntclndg &@n m
enormous potenti al of hHinpe npemamti tc @amalic oanp@ls is & a

environment s

The functi onal pod ppuleirci avteido ncse rcafmidaah en a movcod mrpeads ii tne
fielmdsluding bhat heltée eismo € bdmi  bamadg noetthiecar eme r g i
For exampOE@L8namic naaposgwptols @ $delweendi chay modi fi c
pol ysil e6x8adnae) (WRDO h tin(1l 1) acetilatkOedto Btsbtsaemdiiem
cyclingf dirt & biidunmthyg Lt 4R d vSsSIAME: 5dCo s x =00 788 d) ami c

nanocomposhyder agerd dwal utwiidrh reeettid emc@dBR)y t i c

i s deweglgnpreadbpdi subsequefnte amiomalc&@ngrecur sor s ¢
th ec he mircealct i on of allyl hydr p(daocpdocl)y MAVCNDsF Siade
nanocrystals/ amonpbomp oWii ©O€c & lelr eammtiachrs ocrr boiwagr epr o
was pr epyreldy vigs aafet yl acspnoodniaftiee d Fpeo(laycnaect)hy | s i |
[ L4Mdreother functi onal applCricatdi ofnosf lo¢fehsme s iPOLI
appli ¢adphphmntsoc pil dalsy smedulpea s gdpladeBa]t ®rlBeen r.eport e

2.1.5 Advantagesand disadvantages PDCs

The PDC r outter ainnsvfoa fvreasin i tohmeo r g a n iY ca/no ragmaonr i pclY opucs! ysn

a crystaltherefceramitcher e caonep ssteov etrhaetb papdvwdiaenrtoaid &

0 Pol ymer shap(ego.akicnhjgeicqtuieosn mol dergr asndbdbmn s
pol ymer infilt)cami dre ampo duyedoapioolstydedGorft i es
precerremniua Slghriceti e possi bidampl @tpxe ssphraenpa rseh a
whi ch are dif fti rcad itptoitodneas @ fdj sswmeellt gy r ber s an.
cerami c ompesfsi 29, 149]

0 Theidityutaer ffdame chpoaeét acitd@decnsoit thye cer ami
sysaememguabl yi ¢ thien enois ¥ceodmpdavtaendt catigpeisonal cer am

technol ovhpii & ommam oded grde byof amrdo pylciorbkgisd g n ki
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agernthse,r maét,ct.)dmi ng agents ( froirx i ma@r ooufs pnoal tyemei
precudomarmst,s (for mulmaitep]{nPesd rselnlt3 ,c elr3ad9ji c

0 Ceramic product sl ickoeembpirnoipnegr tdi éefsamina o ptorl yanteu r e
preplaywddusihdeergygg ee of decompotsddri ami dufrad e rpoil gr
149,. 150]

0 Ternmrgyaternargucchera®hi SECRGMd Si BEABCMNnl y be
pr odbgpeod ydrerri vedr @Eelirheemirce a scoanr biosn tahfadk ymiethnr o g e n
cannot dbii sn@éNkhyavred cRirG. miMosr elodel € rf ,usi oro bcoaeofnf i ci er
and meat &li GNsand,tbhoew eferedni xmanopowders cannot ¢

t hedealdue stud tt he aggregation of nanoparticles

0 Pol ymeri ved coval ent ciempmébasdnge hanbathy pxrxbpbr
with respedtlpthinzat is@&mp aaenmtxii @rat i O ApPO4 o 151,
152]

0 Addifireent.erSingt eri ng auwsualilvy suswhd ctho airrecr eas
sinteredncéehemcosvdratsiedn aloiumizremalgni cal appl i ce

due to the contamination by decomposition pr oc
U The | ow syntathres i sf tlelmpo ACPDEshBOMI 4AilRtler e st

There are many other advantages|[ bBat554an9bgeg 1083 Nd:
15B6.0]

I n opiduvbeeht racti veePR@ovaint hgkesocasdmé cul ti es in the
pr ocTehses mai n di Bk vracuethea ¢ Bpddrteo f ammwhéeéi bar ge vol ume
shrinkKlggsePpdue togadvei mdg fof orghat c o6 dpeosl ghmetrgws e n
precsarnfdooalr ami csdprodagss!| i nki n[jgl@ah,avhpcHlatlgst e | arg
density mhkaegepnondeyacestih agpoerogfonent. s Adiioft fhieg uildéi sadvan
the high costs of polymer precursobscangle mimoe co
theeame temperatur e [a28&] Tnnoeirsetfuorioed tseeRpOEBO ssciavaek nf i el d s,

whitchHteo n v e mptoiwadreat annoabh es @t i sf actory resul ts.
2.2 Silicon nitride
2.2.1 Crystal structure ddilicon nitride

SiNse x sistthree di fferent ciryslt @dédbmd SENpehrimSiNsaarmct ur es
ber eplay edo nvsinntitegnddrimgi qoe d i mraasgsur ¢ owvhn cciht ipdmy a ¢
role in apel pratdivemaledfc et a,abiblsssynt hesi zed under e
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hi gh phreess smua epr ac thihapsdittestei ylett o be usede atsoait
hi gh har4ddné&pPa) (ca.

2.2.1.1 USi3N4 and b-Si3N4

Thevek howWnmnibtSiNs h a \hee x a gloantamii tle t he same chemical
stoichobmBiaWd si midaBr. 2d&MMdimoiremdea (SiirMNgg tetrahe
(FiurQe.a 6andi ® t he UbaESiNgi niniwthd &8tht om i s shared by
t et raahaetifeat om i s | oceanfe dt haet tilefier achéerdfr eornent ar r at
SN |l ayers results in tbGenEIN.Act shawnd@ihfa6&8idgnc e
th é})SiNsst r ucd ampo stehde obfas al op |damB DA BICERhH.BLSENsi s
constracpedi oflic stackThg ABruayer eidanideABame
and the OBiNJcoyeareliart es wibBSiNst e o & &dllibadgeeTricéoafn e i t
celBSiui sonsdBdNSi whi ch bel ongs . thi Isep atchee USuiMpi utp cPe€
has a comp®Nsed t € @ © wptyhien gd eaxlidlsene o(ssipoanc e grTchwep P 3
det acirlyesdt al | ogrssp Bi stnd drtazf [1gdf 2Si

Theal ¢ofnradm yr st st hmiNzpsemos ko @Iiubine tthieanm emper
range flr8d@ D6 3 @ hnidsi tcla@3eNsi s a met astabl e phase un
at heasitdpatwe mper at.Us e alSbNaiel | be t b-&iNgafto rameodu ntdec
150°,the transifoemans tprwacikissse ei t her volatilisat

-

solution/reprecibpitt dei.6 56 p b btehtes stersaynostFSaNsmBxt i o n
Siscannot bei mpphy evathgqed | i Ad 1a6i4t]58 00 ansf or mati o
controddrdasThaygeni re Uptr®8N.spshastt rahef or mati on
divided intmSiMunlUsatcihomao® i x, tUt@dpbhbeemdtikaenrd
grain gorSeNat hT hoef di ESdi nttioomoafndary | i quwiSdNsand r
grains is ithet e ipe casisrtwdt | Mdieht ansiwbnmdt s bnu
fhdr obtBisNagr aplnasys a ¢ heashtirgebn gt Hh nanSdN-sbasgtnmasenf a
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Fi gRB@r yst alsodt tSad,t ub-BiNsa n(deoSiNsand v i( edsidNg,g e )

SiNaf r @1lnl 2d0i r eBltueo®nand garSgn annph dNrreess p g tuing ed fy . I n tt
USiNs a n @S dN,, trigonal d9jpradiadn dteilont cofekMi brsad dpl an
trianglueng éd -34Nst heet r ahedro®&li @i whnmoblivym agudroml e. Tetr ah
and octahedrathoclwprpgumpltée oandriel ue pol yheéd) a, res
andg)epreseoking | ayers repefilti3gn in the directio

2.2.1.29-SizN4

-SiNawas dymtshesdeedhi gh pressure abne mn ganidneRipedalt
1999, wathhicrhd ipo$iNsmwo apbudi c cryst dllIAsgshpwwircei st Fiug t
6cni trogen atoms baemrdacruabnigce dcr wh tshikel isctornu cattuornes, hav
sub | atti cd nartrhengneibliiecieeaet hi rd of t hfeo usrifloilcdo n
coordinated by nitrogen atoms and two thirds are
in the coordinaSiNpg(nd HNu.npledmedg ulStis iinn a significan
packing and a 26a% ¢omp an&eiNi(o3.dlksd sgidHdN.( 3. 20
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gL®m which consequently results in highet el ac
pressure hexhgodabpb®d s &rerd erarsecapeo har ¢43c &Rd) da
after di amond anrceBNd R2bihc abdodriotnit oannp eti haee ulrdeRdls t a b i |
is better than t hBaM, aafndt htehediedmared iasnda cpotent

application under very harsh conditions (e.g. C

Tab22Crystall ogradgHhi,c 1dba8Bt,a 16f8] S

Pol ymor i U SdNg b- SNy 2-S N4
Space gr P31c P6s/m Fd 3 m
Lattice p aafbnm) 0. 776 0. 761
c (nm) 0. 562 0. 291 0. 774
Theoreticpddmen 3.18 320 393

2.2.2 Fabrication andgnechanicaproperties of SN4

Since t het!'tmé mididlseiy coof (SMNQ) tomrsed dbd most promi sisng ad
hast t racitreadr eairngly pabtentiah dptpd hpeariatsnr @ ns th
compouTenret svi despread iitthg irreashi| estppmssifaalm asdc me ¢

ow d@mpoirtoxi mately 4Bbpegbft & mpedehlsadaackoyesfaypce re natl

—

erammdlr i cti onhiegipaasiength @nad weegi srteasn cset atna e
rrosive [edvi®,0n8iehritss9c o mb7iOn at (i Toand |pef3msp kietg e e it e
ndiodatr e ottheemp elriagthur e mateaemgii alap pfil g Yadc O @ utriba In ¢
gine parts, bear i ngsHo wleevnetra | tdhrei |pliSsiNpeaseridaat i@ ivotnt i

very di B4Njicsihliadg hbb & c @eowv@aol uenndb ualnkd diitfsf usi on i s
nsol[i7datedlo]lr der t o sMaxreu faand [cisa efagdd lisc aitrni omar s
virosmapisg and fdNStier & micraistli imcpdhlmips era,brtibcdat i on
oper gNueesr aahiie®d r oadnudc etdhe i ssues i n sSShBNageée rngmiamn d

D O O
>0 O W oS 9 O T & O

®»Q T d® O
]

re al sovidihscruessspeedct t o the | atest research dev
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Tab23@y pipcalpersttiraus t aufr all Hoer d mios, ® & delislesruRrred sesss Si nt e
RS: React ijldm: SHntf 8RLi7dR7A4)]

S nter Density Flrexural ST Ther mal EX @°a n
Mat er. i 5 L
met ho ) BT HT °C) ( )
SizNa4 HPS 3.13.4 45i0120C~600 ( 3.18. 9
SizNa4 PS 2 8B3.4 2755100C~800 ( ~3.5
SizNg4 RS 2. 02. 8 ~ ~400 ( ~32
b-Si Al C PS 2. B3. 3 48 5 ~275 ( 2.18. 1
S C HP 3. 3. 3 65 5 ~520 (1 4. 5
S C PS 3. 13. 2 70 0 ~700 ( 4. 8
S C RB 2.72. 8 300 ~300 ( 4. 4
_ 449.
ALSisC PS 2.89 297 . : i 6. 2
(1300
C/ S$iCB PS 2. 2 27 6 440120 4 .i% . 8
Zr,BSi HP 5 24 546 460160 4 .i% . 8

2.2.2.1Sintering and densification & andb-SisN,

Sintering is a very important step i nwhtihceh @aer ami
process governedtbwi at bavntd dwgatt eedumd lonener gy and al |
t o ear aniyiegh tempeadbngebkiomlabsehy pachkeagdho di es

transport.lmeglmedrsadhigsport occurs by advdfiusti pynof
mechaandims ccowoBhe suppl ement di f t h®if @& b uaerneh ie g w,

pri mary mecdheapneinsdnisng on t heThat erérmail mqidppheyaisesnagl f
changeboimeT2a.b | 4e

SiNyi s a highly cowmabwinuwd ryy bloovd. defi ff d :iceblisp £ i ent
nitretgoamsdi | atoims t he vol ume oft eods tsNGéiheex t g reaner yb d wnwvd
whichOarm® pm ¢ JY an® mMvuvpmna JY | resgedtsi vel y
af or emesnitnitoewa@ dnagrt ihsemis t cee n ;nigfiisc aat imars s tviavawd poret pr o
or grain boundéary hdigthfeusisamt ereiqrug r @e nhd egrhaptyverpges m s e
mat elrécaduse di ffusion i s [RentshdrorsaNib yendfc f f uatedt pr
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-]

starts at extr emel yC)hhiogMe dteempnproastisMsradon e @84 B8BS5Q ar
ar ounbPC[15, .Mivelrlef or &r, attihen po fesNfi wslelryy daw dfer £Siil ¢ al
Ssolsitdhat e me nitiTewd dmag e, | iquid phase simapyidgflusr

sintering techniquesf adlhvicéNbeendedesel oped

Tabld&Geher al sstoalgiedsidpulm & snég

I nitial st Int er medi at ¢ Fi nal stag

Neck gr owt Grain grow
Rearrangement
Grain grow Discontinuou

Shrinkage Grain boun
Neck for mat
Continuous ¢ Pores iedn mi
Theensi fmeccahtainams m of | i g usNs«t ep rénabeeses e m oirer edeg aa fl

the K[ager@er7mdn7Fdt 4 dwadnldi eg 4d¢hi ch can be expl a
stepAs can bBeysthkae fiomar tsitcalgee rieswh i aihngmeehinatse |
aftefrortmeetliioguiabfyphdaee reacti on ofthbepbBaseercaog
0XYygé®r,r Six Y miyterrisd e rpeag dsriute IfoangNgp boef dTeSrea pi d densi fi
t akesdipd atcee t he odahpei Iweatrtyi nf@iMhg eqruti idcal @%b 1t dhleat i v e
density canabet AiThiesteaxd einyt o fi st hien fdl eunesnicfei dc abtyi or
suchhas moirggdsedzredy shape) ,piethev elhlrodaekidhtee ranmeolu npg
and viscosity.Tdhfe tphae tliicd i d emhdsrengembabmpt ber s
t he part,jantdbseebcroinddg esdt wtgieocni phb € gita ochomi nat e t he d
process

The dri vof gseoflouptcieosni pi t ati on process are the hi
par tcionlbeadt t he di fference in the c¢hemicraels uplottienng
idi ssolution of smal/l particles aptl7Hlee csUnmiltl at
SiNspar tardd sgdohtve t he dluird usigdl typile@®eene pi t aitn owthhper o c e
di ffusion of si | iandmberaenadk innigt r aormgegNr ebftoamrarsiiin g s o f
i nstabi 0$4N.y e a thsitrhpermewnd of thehael ahi oncasdse i
This mrloemwesisnvol ves theUpmn@SiN,dtrea ntsdf edrrimead yi nmanmi ocf
unstablsenat ttitonl106. 4C~ @D WPRe sNMor edhverpreci pit e
and phase trahséotrendtbpynt heephase compdsitthieomst
mat edcdamtlai neumbodrESiNg@r at he ,bfiSiNaegar ti cl es wi | | St
accompanied by t he rrsecdodnitc @ udofru ssoopl rueticieop-Jidut a o@
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nucdred the f oedquaitBSoMglodi fo btels e ceolncve nt b-ANuhoal ef
in the starhsebpgr materattbdebhi gdi Whhipalaslgead t o a ho

nucl eation anddf beo folpihfe@iNail oon adfbF$iNidgomj ns can al so
for medumndiehseu p eir s atfurmdttirommgen and si |l iHowe ddwoms i n
to the different diffusion rates tohferSef carned, N lad odn:
sintering addtihfebo m tns ovmirdbu s | necardp htDaNschgei xeasg omfa | equi ax
b-SiNsgr ab yYAbOsand el b-gqmgabityw@. Thabowprocess can be accel
apywilegternalsuprheophssa glBeitnsgopst at bc ppas&i pjgawmachi nt e
is helpful for sNubhed diemsi dnitand eomewmtf &fi t he mechan

Green compact Densified Si;N,
i
Elongated B-Si;N,
' ’ S Fine matrix grains

’l SN,

$i0,

Intergranular phase

¥ -Si-Al-O-N

Formed liquid phase Dissolution-precipitation

Fi guTSc e nda taigorfam he densi fi csbldcies mummes@®a ntb@&m of Si

as siadeair.i inges

Thed i mdalaglei goufi dsiphaesenmedbeswhencche i's dominated by
sint.eni npiad tshtoauggeh, t he microstructur al coarsening
rearrangement and densificatsN\uypol adeshehdeerdadbeca
resi dual posedcdievin Il § h eereep &insd i, sn@mel Igdavsenlgd nidnga decr eas e
in densbudriicmg itadoea I liinggui d si li cate glass solidifies
phassésch are situated either at the .hainhnhbokndsas]
of the gr bbyetpenmddesaromst head diptgesvtbbsan on t he amoun
iqui d iphaseaamounttmd &dldetdedrsy an li ynictrattatéepl e poi nt

vol ymeBkBgdgwever, their high temperature applicatior
gl assy phase softens at high temperatures causi n
strength[propéd@hedsifige ef, abri cati egMuic erf amdiems ewibtul &ku
sintadidndgiecesne s of technol ogi cal tNmaer eedtevhbedt

temperatures and under harsh conditions.
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2222Synt heSiNs of 9

SiNuf i rst reported by 1Zdewas amnyn tRh eedied e d nu sli9mP | ¢
di amamwaziell | DACEH at apow®s GPas and t elmMpAEIHPtHITr e s
conditions arpe eegpsawdliNioanla nfdont htrlee met hods have |
Thei met hdddDA€as first reportediNiddr Hi8Ribhet nés
synthesized siampéeesor diesrOuinw Dyt it esihra r zad ti @mic
appl i cdant ioorndse.r t o i nvestmaamgnet itch epl reocpperrotpiae st ,ic ® % (
thermal anpgr omepehtamessaynt hesi s of )lhaerrgedi éesraemloend
met hod, -athnhvd | muyodiréevsesl,o0o pneads [by 8 B st ihth@psanle m ch b Ihseysn tsh e s i
obamples with di megji59gngo@8BiMkc an &l &b ibbge tsghroecpka rwead
synthalbose us0Un®@B2iN.p o wdhaadat dd oypspte r )[p2o7w-d &8B]6wh i c h
inevitably |l eads to t hespfethanceamdltyhsg uyriielid si
to caThe&arénotaenvi | i devuisgdt todSdNi-lzraeesed mat eri al in

2.2.2.3 Mechanical properties of $is
2223 .Mechanical Ups8ilperties of

The mechaniieshiNScperroameiretsaf f ected by vaompositaon
presence of por es., Acnroancgk st haensde hifanaccltaosrssioqsp d i @ ain
mechanopgeadAspaaf or e memg éNocBeerdg madn s omlby abdendli r ect
met hedshsianmg ering additi vebse caanuds ee xotfd iiiftddubshipd ve s S ¢
decompositi ohhetreetfpoerretoldmyep it ¢y ple ssNuefer S8mc cer di ng |
prepar ati oRe antethidwotieNd ( BB)SNHoO)pr es s HBS$SN)S; nt er ed
SiNa( SSN)S )nt ecraecdbo md®MNs( SRBSNWhi ch hafelsegttamdr ti es
appl i RBtSiINpnsdhbhygedi rect nitridati oat odb a°@ mpabnedd @ d
the obtainedcopmoaiucs @PUOOWRRASt yl 8Bes.il@BIber ami cs
i nevi t ashtlryu cetxuirlsatlc adisfeeectfct ed Si or imBdNimantg i i
Therefore, t he mechBSdircaali mfreorpieart itew tadfiNsshes eof
shown TabhRehbe adv ®RBtSiNgeitthfacan produce compl ex
forming methods winfimalt ano | odd sntg,,s eaitddypt jabda esptrpernsassisn ¢
I n order t ®@iNptroetpeal rseo nleeandsfet andi fHP SpNr ovpesr tdieevdee h @ p ¢
l196a0mdet HPBWas prepauvusidsgal L 9&hoast aaf[aMyhitei v e
hoepr es sNegle ISladtmbet |y dense with exc@lbleen$sShkhe c han
onemeof btoad pr ep asNsgedamises ,SiNsind evins icthi ed by pressu
undeat Nosphere AWwiarhourde h2e3 @ of (ad,AO4BgO®i nter
LiOet [al92, THA8Sdhani calo fSpSridorfpee it wie @ 1 HtPIS@I$ BB SN
SRBSNdeivse loonp etdhe basi s otfh eRBpSoWwr ot&aNi ¢/ e dogfimieteln & b y
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i mproving their .melchhiasniicsala cphrioepveerdt ibeys t he addi ti o
all ovRBSiNme be furt her esichhd rednge dis 1a%4ler t he

Tab25P hysical and medhNgnili@B8D] properties

Properti RBSN HPSNRERMgO SSKY0 S R B  NO3#/Al:05)
Densitg3 ( 2. 8 3. 2 3 2 3. 26
Porosity 77 1. 5 2. 93 2.0
Har dness ~8 ~14. 8 ~1 3 ~14
Fracture
. 2. 8 6. 3 ~6. 7 ~7.0
( MPa ml
FIl exsir &ln
28 8 76 0 66 5~100 ~80 0
( MPa)
Young' s n
21 0 300 27 5 ~
E( GPa)

2.2. MeZhanical >iNoperties of

Fi#psti ncipl e cal cuh atsihteasd uhhtkhvdewosbh-B iNnanraes hi2gh as

GPa 3Im@Pa, redpoAtlsivedry moG@Ra wbbu lokf niodd8u | uwse roef 290
obt abyeax perai{neeOit]e har d-8dlswsasofesti matedainad B8 bet w
GPat t he [sa0f2emsembani cal npurcohp ehritgiheesr UainiEBaNs,t hose of
andompa&r alol t hose ofHRHTe -Shtald sdhrecsvta kkiemogw nit th i by elc dhhrme dtets
mat ebreisadd @asnond anldn caddSeN,sBtNotvel o mi danect el ectroni c
gawal uecsagtplaat t he whol e visiblvalwawdleert gitem i rce gpiaord,
and excitonabiendipBg @eree/r @aynd 333 meV, p-8dlpescti vel y
aprospective candidate for opmecHaearitaals usthahkigli icteis
l i ghti ng [a&2pOp3l]i cati ons

2.2. Faztdrs affecting mechanical properties

Thédar dnfesBli@iased der amindy related to the phase conm
i ntrpirnospiecrty oAst §kowaz2 etnbhéé WineeSIN.i sf up to 30 GPa,
the har(SANaasdsoifal on is ca. 40B6iNywaglixiraltaown t hose
addi tainmrs,t rru SiNglra snegd od esr aamicaucp ail t wajatoné&ee by me
HaPetch effect: the hardnesf2Dbecréeasdses with decre

The frtoctghods8dlsb ased cheapemactss orntlhyommo soifg i @inn
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boundary/ amorphoumompmhlacleogribaisa Tesiezam |lanwved f r act u

mo d € I0SENsc er ami ¢t rsyrss garmadm u lea glrggenrud raal , transgranu
intergranul ar fracture coexist, and which one

phase sMumgd aBiigg.h fract uirse asosugchintetsesd ntwbt mod &i n¢
mi cr os torfuregtroaei d s neartldairxy e ebiSdNa, g awtheidc h i st su gnh & rmirn g
mechani s msr dinn fwdri cse&kdk re wgenmmdas thbes dgi ng, crack def
anmu-bd lft1 69, . H2WeEddrese tougheni md ymeedHarcits mse awhes n
mode is ihbeaddlweiatkeerr. gr aciann bionucnrdeaarsye u § lnd e & hac t
mat efhealstrengtihoohdamer ghatdtadei dooc al reazso &jual

Ther eéefhieai oi ntergraanl me ddjact weeds i odnu alifh esit grreasifsne ¢
boundary phase iwheinhtéleer maeln sd X pa rsstiroefsgcroadi fafsi ¢ i
| ower t hére Hgloath daff[y2 Opdila d | ead t ot oau ghhingehsesr f r a

Tab26Mor phobhondi mechani c asNs-bparsepe rdtddrsman i S i

Mechapropbkrtie

Mat er Mor phol ogy

Hardness K d MPafbhx
U-S 4N4 Equi axed 20N 5 2.0 N ¢
b-S dN4 Elongated 15 N 1 ~6. 0
Usi al Equi axed 1821 3. 05.5
b-si al El ongat ed 157117 5. 07. 0
9-S 4Ny Elongated 36 N 8 3. 04.5

2.2.3 SisN4 ceramics with reinforcement phase

SiNscer dmindoultnedloy t he nnoonsots fidnepca rutraant ¢ éarad mime ema
the requirements of me c hamiamaslp,ar @eIné c tarpgpriiicc aa m ¢
excellent properties, such as chemical stabil if
resistance, hi gh Ineocdturliucs porfo peelratsiteisc,|[i Fajda wdbivoewvr t h
|l ohgrm structumpalopaonddNS#da cntiitoendalby it scrieadngEr ent
ox i darte insltm ncreidrap r awe -ttelran Irced dgsklcielriatmy cef uBder

condi t ivea®iNeasear acnoneposi te systeimdbi-esupmras cwh
rei nfSaNs,cendave been devel ppedl&adink &Ohp ass i did edan a dwec
and transiniiuwuars) weethd fsaa(bmati camescund®irnt ecement
of :Nfhihased cer amiecs ntTlhhudsacti on mantei-rdewlcal S, ean |

Chapter 2 Literature review -25-



based ceramic composites

Partirceuilnaftoeh@aeada mtascad le datdtuent ioom heir rel attihedel v ea:
reinforcement phase not only i mproves harugrmesess,s b
strength and 2MeGaVMo r ed\ne rr,a didreet hen @ d midneshSniat & | x
cachhecrtetaes eel ect r, i awahli crhe sciamt inwitt yonl y esopfasNg8i t he f u
based compoesenabtebtuheamaberials to be manufactur
di schar ge Mamargihti foiadndge.fidean si tsi osnu Gheotagsl |V ( Ti , Zr al
Group V (V, Nb and Ta) ankKn&Gwouas Vomé¢Cal laMo, caman
rei nfor cetnoe nnho dpihifagsted h e t aNs[e2 180f]t Bobugh ctolveay emavye i oni
anmdet al | jtchebhandcsonductance i s t Hrecaudgdr griltleacrt rom se v &
hi gher gotnhdaunc t 1 ki 0 & e of t he Thceor cbemibadi nogt ompati b
rei nf orwietnhe niluleeat $isx t 0 be wbensiseéredi ngprapamoenpoun
part ircevilnafGoNs-b aded cler agnégrcasi &lr i d ecso nmpaavtei bbieNuitteyr wi t h
t han cRuibt dersmor e, ahemgesal Bdé&awagieroinks and most of
during the si wtiéereitvni g aporl oyc d snstFroa d lecxBaampil mgiproa tt iea s

t hagtr adi ent of reacti onNpamnduRitCGwe rcpanperisaerglt wdn Ti C
produwasi ommround [RilBlgranhsast ,t hhiehpies avwhimblsoi at
confirmbhd bher mal dyn2abadnoot heedrpceurl iamea mtha&l1l 5r1,.e s2elabr]c h
Therefmong, these variousnirteiriecdadDbhadte Dyesetne msi,d el

i nvestigatadcd arhde rlepdr tdeecc ades

One exiaspitmwesti gatiicornosdfruthareaen andofmeTiNJdMnhSic al [
composhe efsracd umebSéNsimé t ir mureldy %30 t h t he a.déisti on of
esrud e al BidN tphagtlitdayxcdd san i mportant rolTea NiNSiIi t he to

-

composmses of the microcracks exhibited transgran
directions with [|2168e ndefsltengpahitaiso nzaensg | teltse  enor mou s
t hnei t fried edsSaNuced struct uAradt raemp | é xZzNpBdesimpos hees
prepar egdandhterSiPlscohogecladapr opéertiasmsbta@aimakedei al s wer e
i nvestliaglaMheedh t he Zr N contethe iEncbebasegditdloh@rddpe
cons olZINd #8iccamp oism ¢ esa b e tl awi ttiha |i Inychree aZsri Na greot niitee n t

l ubricatingr,daapnadb hth i duwe &tEo Géhace r & B a WheadtN f ZBti
compocsanelse recommendeaegpptf ocvadege nslly n®mi € otGuaa d s .

et al . reetpwaiftebst ctrlvest r uct ur e andTieNsL&itormipoali t ps 0 p ¢
fabricprawdlerbyproceRi agf 2 BBiFeclsectrescativity of t h
Ti NsN.Sriat et s abki gnhiofwielmamt i hpautr ¢y €Seit il € st o t he pr esen
Ti N grandar ysezzgadldi n b o u nAd arhyn upghhaiesdeas§SagNycyesdt e ms have
been studied synotsea matfi ¢ dleimytwiean ed agorr veepnaty iceatiecahiy o o wd e r
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As aforemedninceddicel mons tcrsuacd mp lee xcasndamtecsh B g e d

powder t,ewbhmdl & gtyeicthsnitchadi raplpdricfat s omese p ReEley t
devenleowp met hodSiNgdb@ sgeedeprair@ nahoc osttpreusarntdersainct i o
applications

2.2.4PolymerderivedSisNs-basedceramic nanocomposites

Pol ysianadza esn evdaerriiovuashi we g a-h a sgedlli yowoiett he gener al f
[ SiRRN},arper o mipmresrctafrosrort he f abr i egNad @ roamimtod s Sy ICtNh eog i
pol ysil azaniemmopsrtgleyufr choymend n owiytsh s di f f erentdorbgri mai
ammonol ysis reacfi2d®gishorft hcendiosr orsd U taea erde Rorctheodv b
194 200gdi de foundation for the penfbesmascangohby
pr ecsuSismaea tsheerni,es o f shpaidoeneene rdienvgo tweodr kt 0 t he synt
of high mol ecul ar aweiugribte rp olfy dii Ifd Zzareen,t shnadvteh et i
bedeved ogpred reported. Among the moane cdm[sBadly aain:
222mmnol yaes,dekvdr ofaaplhydddrégz [ 8 @ 7 yasnkd2-& f enrgi n g
pol ymer[i2zZad IAommonol ysi s aadtehaeemi majlorsi approaches
commer ci alpol yasviau & zatomees inteiavcet i vi t y arftdhceh |l orwo sciolse
ammoni a. (@amienbaspiact hejanyp b € g 5 § | a zFa gD, eiNBi bssmawre i r
formed by t WNeH broenadc t H@IiBd mAur t hetr maH/®SHgr cwp

pol ysidauwlachefsur t @ac h r(d#/BigH)twoi tehnhance ctomaledhsgt é e
reacanadoros s |IFiunrktihnegr hmeSdrtéNiH g rso udpeen u sfeudn catsi onfaolr gr o
further chemical m oodr igfaincoarteitcan d wicb hc p ehplibweee S r

Si GbN\ased ceramic composites.

A lysi Aminolysi
R H mmonolysis El{ minolysis R R
| +NH + H,NR’ ||
si-N— — s g L, Si— N
| ,  -NH(CI | - H,NR’CI | 1
R R R

R, R’ = Me, Ph, Vinyl, etc

Fig28Bassyntpesmepyl ysil azanes via ammonol ys.i

Per hydr op of|PyHsPi Sh)a ziegdreeaclur sor f or t h-@ersiywNd-ldheeSaé s o
ceramicsr daetcibwibtoyj@N $ihaanidn hi Nlo wpaideab s iSeNutsa s e d

cerami c narbacemrphoesndt s cati on of PHPS have bee
|l wamet oal . i nvesti gatmad rtolsee voortyoshti ablamid zbanf i e & iHd
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precuf 606t swhteetr aki sdi met hyl ami not-i $apri amosxa rde tTii t
[ X=N¢AXLHOCH{]CHver e used TansodTif i e d wrpeedsse.méeées amor ph
structure at temwerhpur e RHP ScorsysdtOBidlda 7t e0l 2 0 0
Additionally, Ti N particl es i daral Ipeorl ytt deeran & @01 azna
SiN/ Ti N cendpeRES and;3)ki (N({ @lhtaitn gunhtses s u iptraobdluec et o
Ti N nandpapeigNsdeer aSiace®d on,itnhicsh twworok | ed gr owt h o
amor phswsa sSi epBeactheedltdprgyl ]i nt Wwhei addirnaanbinesd 85 nm

Ti Manocrd/iissmdiras edn a magN\z pnlad wasnx@ ih i bciotnepdo si t i onal a

nanostruct urTah e hroegisowetmamtity ref i nemabhi Aodmmit gr we t |
attribbeedhotdofi catTidmM:piH PHRS af wnmti Itead daiviaidvde

cr afcrkm@n od iwahs p rweapramwperde shsyei ng hatgthr idlegtriemrg otf o ctrloes s |
|l ow weight | oss afidtthlee presulrtsamt cer amiat ueamscom
hi gh as |25 .flurGfae.rnt hwer k,e heai ol | greimegc toif orv od fu mei N ¢
high temperature offylsytail tl adradidivieenz gomeduasy i OirTi N cer an
investigated in the tempeunadiNuartemorsaprigeey efrfred382.,1 ®Q0 t
233Mhe result3i Niewveuad Igheda ttehrapthioTuisN caetr almi0o0Os al | t he
resuditiainN ceHoamieesons edNscafy stthael 1SizaanmndnTit e mprey satt alr |
growtset rongly démpemobde mtr &m : Ti rati ol éywkledhen the
shifted to hiighdad@Deéimpo e dahtey rvgpsl ume  f r aotoir grh oaufs Ti N
SiNamat.r i x
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Polytitanosilazane :  TiN/Si3N,; Nanocomposites

U b,
b5 49
v‘“f
234 >
-

3
> 9%,

Powders

Institut
Européen des
Membranes

Monoliths

@B

Fi g2a9Sec heincatdi atgha mp f e a MdM/aGio c o ppavslietre and bul Kk

f

rom polyti{iR2882¢sil azanes

Aseries of pfioorn etelré nfgajimviacketdi carer@afmi cu ianmdgme O Mp O ¢

t
c
c
i

t
t

ransition memaoad iPfHy®iSsc hceantirciaeld yo@dr a Mmp oPvreolf . SiRHfel
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ron(l 1) acet yp&3®HBt] et @) (deeir(taimiaac )P HPRPWe i oFet(iaac a c
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nanocomposi bésVbpmamegs nmpmibded n an amor placesd Si N( !
mat Theompari son batnweaefno eSei nfveSh{t@Solnaéf@Ni § h dlws t hat t he
type of met alamomtpBdldisst eadmgdnptsoai ts crysThésezatio

investigataomsui gebvndedfeosri gtfhacandobtur en of furthe
amor ptherumd t ¢y iSBNab y sceedr acndmp ol ased on tMNe ws ¥y it évim =S
met al or tf(anseiti &er, m¥taHf, Zr, Ta)

2.3 Scope of the work

The abmtveoducti on ainmddild atea atttueg ep o ewii BiNk-b asyed or t h
ceramincposites without si ntceanmhbnign aatiidosp rbeys sthhnegy aPalh@ls
the HPHTI metaldddhesenmet hhods al so isthbw baifpoat admw
ceramic nanocionmproimpgutiesgn iwd alh @mn d p ETuheaereesfoonrad the n
objective ofi st htios B DhretsaSueb a gceedr anminco ¢ o mp ocasnidt e s
texpl tecfef ec t gr epar ati on conditions (e.gproeemperatu
andanost ronmcttumrees mechani cal propeBhises amd t dhei daabto
motivati oRh. DhestwHelveded into three parts.

@WDBul k amorphous Si Hf Nby ear sbihae®| wdaei pnepar edecer
powder s -pvrieas sviamgn foll owed by densi indathopraVviagp
The critical issues concerning gas evolwetrieon and
addr é@dgyys efdGA and SEM.heFunmetchhearnmocrael, pr amer phessof
Si Hf N cwearaaniewal uat edn vavimdc kane imedsohnhemeot s .

(2) -SiNoJ/HENscer ami ¢ nawa < o mpbeys as-sealg-peecur sorHPHAut e anc
met hod asidaedHggpenwaiyvai Xf-KBRDY i oani §&EDsynchrotror
The phase ¢éewnel wihiagtke afmeHfNhpusec i sor unwdaesr hi gh
as seeds sbny EBXIRID Morebeehardness and f-6NgHENsr e t ough

ceramic namomrdinmpwestiegafaeduseéeri al applications

B Thei ngdwepcecunsbespegl wmeler ami ¢ conversion of the
PHPS whrae ecadber iFA1 R, XPS hand n T G¥oernocne aonfd haf ni t
i ncorporacti pyat alnlSitzHdetBeNo a maosf 8 v avs tvii qa tXeRCEMand T
Findhel yoxi dati bol #Ng BldNBicoerr aarfi ¢ nanocomposites wa:¢
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3 Cumulative part of the thesis

Wit bhhceumul maoitvheR Is. thh.etshh s megsenar cepwotr &d ishi3publ i
are summadriiszcahdstruds (Ch p g3t.)dlro c u stehper epar at i on and |
properdadaidtrievke amor phous bfudikkca® wldfiNe omesrod midad i o
preceramic polymprepélvdgrwovk apwavimdes a new al
t he pr epraornaotlid ahohripchous Siubsfi N gc eprod nyinteswhp rcdic urss ar
step forwar dmdmmilm tpporwadcetri ctaol applsNsbatsiedn snant es p a
Chapt2arow3del -phieghSuiN/EHENscer ami ¢ nawagsomplag bete PDC

rout edPadimeét hod ais+s WEDBXIRDAasi ng synchrDhe onex aldti an
SiNHEfNscerami ¢ narachédp coimpeags abl e hardness and h
t han &Hhitwhaofch provi des a r el isaybnlteh easnids a8elNy-ssi ubpl eer
based composites fdi nplhdagthanbctapmiyd epit e omnredor
synthesi-sgepaimymet rafnb é o-Bodlif i oe@als PM&ISIysaxal | i za
resi sathadn ccer d utrreuco-pr ¢ fhhaer eadsi s ecamidaoact e@h acpatBeerf u3d |
Furt hehringohr et,emper at ur e oxi daSiNJohiNE @ ¢é ra amoicnco | o ft hist
was asBFreacrk€hap.e32an83open a newprsetpradrideefgriyevee o

pol ycrysNi-ahti amo G\o-bh @ sceedrSimmiacn o) comwthscBogui del i n
for the future fabrication of furthe@MNsoymspleax t
(M metal or txansition met al

1.LiW, Li F, Yu Z, et al. Polymederived SiHfN ceramics: from amorphous bulk ceramics V
excellent mechanical properties to high temperature resistant ceramic nanocomifositesnal of
the European CeramiBociety 2022, 42(11): 4493502.

2. Li W, Yu Z, Wiehl L, et al. Hard and Tough Novel HigR r e s sSisK./&ifsNp Ceramic

Nanocompositefl]. Journal of Advanced Ceramic&vailable online: 08 May 2028

3. Li W, Du H, Tian C, et al. Singlsourceprecursor derived bulk $./HfBxNix ceramic
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4. Zhan Y,Li W, Jiang T, et al. Boromodified perhydropolysilazane towards facile synthesis
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3.1 Polymerderived SiHfN ceramics: from amorphobslk ceramics to high temperature resistant

ceramic nanocomposites

The content of this Chapter is published i

1L W, F, Yu Z,deti wed PRioHfykecer ami cs: Fr
excellent mechanical properties to hiJphirtn
t he European,K Cena2mi c 425021lgty 4493

Thi s Chaptwmadwammnad r eesfdurcdteammpelrcavt urse r afockkrgy ng
preparing bul k amo rwiihtohu s e xieHfI Ne n t e riyaénti kcasni it cua | pr
consolidation of precer-pmesTtip®§ ¢ psaam ppetisdopiets vi a v
poroasstihhRw 3&¢¥mubsepguensurel ess ammoondl ygieenarddagn
Howewed, ti onal closedopdieg apetheesani o .of skel e
The crmietassomant ertrhiendg orenlad s odvepdr ear ef bahbgddossussed
l i nki ng rseparcitnigobna cekrFdmretc ihetmme médrani c al properties o
bul k amorphoush8wH&GNstcgnafmi cant i mprovement in co
amor phous and sMbhhyg edy slem bard toiest. iSdegnp etr at ur e mi cr ost
evolouevehtalke i ntroduct idas upfp stelasésret man § foldSaN, 8 o m

t 6-SiN,at hi gh t emp ganddmpr eodi @@EyeOndpesabbibity

3.1.1Experimental procedures
3.1.1.1Synthesis and ammonolysis of the SiHfN precursors

The ssionugrlcee precursor for the preparation of t h
commercially availabl e perhydropo-hlystiylazendern( PHR
El ectronic Materials GmbH, GermbhWy)(Z0OMAHOORakI s (
Si gfladri ch, Germany). Anhydrous toluene ( Merck, (
mani pul ati ons of the <chemical synt hesi-fsi | wesrde p e
Gl ovebox and Schlenk dieccihomgue)he oclkemipc dlnemdadicfoir
di fferent hafnium content B 1l,%hisn rvelpioach etdh d ns yorutrh epsri
carried out thgtoagh: theg FfDDMAKI wgs di ssol ved i n E
then the resulting brown and transparent solution
(2.3 g pure PHPS) wunder stirring at r ororne dt ewnptehr at
fl owing argon for 6 h at ambi-leinke tmpceuaatt uwas al

Subsequently, the sol venmntodarcd sl ovwe rmo Ir ed¢hmlvaerd) weni @h
at 50 AC f-obt &i med T®ietafad gproeucnudr saonref ivd il eevde dy | iornv e ro x.
avoid contact with air or moisture. The sieved fi
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mold and then heated poedgsdoOalACafprieddbh vMPmr aPgd:

with the typical di mension of approxi mately I
cooling to RT. Afterwards, the green bodies we.]
protection of inert atmosppempedntir gé oviemes . u
refill eeguwiitthy hiregi®8i 88 ( MH AOW 200qwt depph) befo

Theohsained pieces were ammonol yzed A€th w0 r AG
constant flopWw. ®fLAmMmonaad themlChoollend od dwen t ®
density, ammonolyzed samples were subsequently
at a heatAfily vader od EGOmswvoamnghi atvu e foiramlee (C
Advanced Technol ogy, USA), Aathd. tThheens ec otoH reede dgorwm
as S-HLBf NslisBHf aMnd 7Si HeNpectively.

3.1.12 Characterization

The phase compositions of whehcar 8MADI sBmpdwde m
(STOE & Cie GmbHJIY Seéiramaingn $MoukKce) in transmis:
of the obtained XRD patterns were perfldr he&db Abs i
') soft wWax3e7 Jplhe kmpegaek shape wadaei §ttpedf bleubincg
background coefficient-8 wesetfThbbBt emdguavngeCheby
were <carried out by a ther mal analysis device
ammoni a atmospherg AIO0 >VOL 9B9AUN GCAAgNBAH)] npgusi
Entegris Gat kg eppend 0GB B¢ |, XP&LMpP.tS9 NHH, Air Li gt
by Entegris Gatekeepdr PEPBPES AY ¥ pp)O from room t e
for 2 h, and then heatedAfmi A00DhdA&Cmadasou memndretd:
for the buoyancy. The surface morphology of the

FEG Hwiegl!l uti on scanning electron microscope (F

with anrdismpenmrmgsdye( EXDX)opep e cMarhonsach , New Jersey,

el ectron microscopy (TEM) in combination with t
was done-2d®MOa miEMoscope (JEOL Ltd, Tokyo, Japa
(wavel @notthpin) to investigate the generated mic
ceramics. Carbon and nitrogen/ oxygen contents o
were measured-2090i (g EECOLEQAtC ument &, GBeHmaMyhcla
LECO-4T3G analyzer, respectivel y. The el ement al

temperatures was performed by EDX.
3.1.13 Mechanical properties

Theprnepared pellets werem pohuptd gontpaldli ipheeddiwi 6 h

cloth and subsequently cut into a ¥eat areqsluare mg
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of the mechanical properties. The skel et al densit
at 1300 AC wesriengdettheer mianteedd i mmer si on met hod ( Arch
foll owing equations:
i a” Ta a (1)
0 b a a & a b (2)

whetand are the skeletal a@®Psi ¢$yopandd dendshitety ydafy w
wei ght ofTheheepélktetwas vacuumed in deionized wat el
10 min, and the (@e)walst obft atilbmecadwe tvnhio & let ¢ wei ght of
i mmersed in water. All samploee hdaee Measuremeand sat |

the true density is measured by pycnometer method

" 4" FT0 a0 (3)

wheries the t'riue aEkEsnclidtye et han‘alt @@nisAs t yy ¢ 9o m80d 5
weight filled wiitsh talbes od amieli eet mhdhsr,pyacmd met er mas s
Si HL 8 powder into the pycnometer. By repeating t
density off3 tpheewdSsiHfiNst an&k 3. 42 g/ cm

Vickers hardness measuremd@OD® XWemecpei hdemeéeerof Sh
Precision Instrument Manufacturing Co., Ltd., Chi
N held faddilbi snaFonanoindentation studi es, t he s:¢
and t hen fixed on t he stage for t he nanoindent
(Nanomechanics I nc., Oak Ridge, TN, UBA)f oFmedeac
on the polished surfacMDRI sAG,g Na dBaeur,k oSvwiicthz etrilpa n(dS)y,!
|l oad was 50 mN at'a Tshter aiend orsagteed coefmada t2 cOuNr vses dur i
and unl oading wer é¢i anadfyzwar espagkade baseéd on t he
and RBM®REBMBINThe machine compliance and tip area fun

reference sampl e.
3.1.2Results and discussion
3.1.2.1Fabrication obulk SiHfN ceramic

The p etloyenrearmi c transfor matHfmodioffi etphretiPBBSr awdr e
investigated via TGA/ DTA measurement sreldAg. dédmonst
original PHPS shows a ceramic yield of 83.0 wt% a
yield of the SiHf Nnprecuaissedcap be 97 ghi Wwi ®aby t |
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exothermic peaks at ca. 110 A eanxdikOat AGtypies
linking reactions assigned to dehydrocouapnd ng

t her mal decomposition. I n the temperature rang
mi nor wei ght | oss of 0.3 wt %, while the Si HfN
temperature increases td dmsrsoifmaPtHEPISYy i 0 Ga sA @i
the SiHfN precursor shows a sl ight-l icrhlaingge rod ac
temperature of the original PHPS is mut<hnhighpge
reactpenateme is detrimental for t hlei mpkiemparias iuw
accompanied by decomposition and gas evoluti ol
obvious weight gain in the t@&mpwhiallaurRHR S nglewd
weight | oss. Accor il ¢t hmo didfli i epdr PHIPSU $ esatdsdy o
in the nitrogen content in the resultant Si HfN
and ammoni a. I n reactive ammonia atmosphercan &x

t er mi natse darbds tNHe y-toebrtnaiinnaetde dN HS i easily rNeHofct s w
linkages at[ 23D,unHs®BO®We AC t hien ttelreani an & dRHIMHS er a
wi || be decomposed without the formation of fu
TherefomeoditfiedHfPHPS does nloitn koinn gy regnahtaynimesmn ,tohbel

al so significantly increases the ceramiar3gi el d.
1b) is attributed to transand nadtdiioNMehegd atmi s |
and the removal of carbon or cafbodb, rBAd2duéesnh

t he -crmlkisng degree of the precursor can be si g
during -pheswang process. Theserrdasukead 3inHlfi N ag r
can be prepared at a temperature range bet ween
at 100 MPa pressure and at 110 AcCc, 150 AcC, and
in the denssaimpyl evparleugessmmdo fat 110 AC and 150 AC. T
is delaminated after urde® .meCdrasne g¢wd ntdleyno | tdh en gt e
pressing is fixed ae¢fflil®i ACt,, bahthgt mosit s einee g§c

pressing step on the density and mechanical pr c
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and (b)) SiHfN precursor under fl oging ammonial/ arg

O 82 C

10 mm

Fi gu2@pt3i.cad dfmaSjieHf N gr eaetn b0 iMBa,prllplarld, and

The open porosity and skeletal densities of the S
Figa3elt can be seen that the open porosity and s
applireg wWamenssi ng. The open porosity initially dec
as low as 2.35 % at a pressure of 1203 MPar. andioowe v
warpr essed at 120 MPa amounts dtoal8 4de mscictoyyr dda mdy tt rol
indicating that additional closed pores are prese
up to 200 MPa afe essaedgduraindg twaer measons wi | | be
SEM studi ees,. tMeansnmheallet al densities of the sampl e
open porosity. The fAtheorsdsthiacalsed @dmwem tbe@ nofr eploe t &
composition, especially the hydrogen content, i s
significate effect ae\a tlhned oduentse dlyy ,o ft haemosrkpehl oeutsa ISid
matri x tihanl adweart of the corresponding crystalline
speci men shows a Jowsdeompaye@d2t®4thpecmhdoreti cal
(3.2%¢g/ ¢mdeegpyesbéengamamt hodedeeetl epedaddenetiageofin
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form, Vi a

addi tives.
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Fi g88@pen porosity anidHfsM ed ent ahi dee nasnnegalodd Sat

pressure appipiredsdwmrgi.ng war m

The densificatipomrsasfeds amplivas i warsmpressures i s
surface of the SiHfN samplrshuaddB8BEM. migct @og X&RL

pr eseirrtiugde ,i3ni t7i s worth to

the SiHfN samples remain amorphous

sized pores are foundur3madg

MPa. The specimen obtained

and cr aakse 4 Ffi)g. The stanmpil gh-pprreespsarrmegd par essur es

exhibits por esur@8ng4 chr,acik,s
pressed at 120 MPa.

not e

t hat

al

I sampl ¢

evemiat omi gh

hle, p gprodisyszeadd r usnadneprl e8C
under 120

i(,s ele,

Fli )g,

MPa shows

n

compar.i
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Figun®8EM. micrographsacakéerwtthglBokiwWagduoéedSatHf)
1300waArnr esagt 110 AC and unldeadssdi bf eowst paesdHIr 80
100 MPa, (e, f) 120 MWMPa, (g, h) 160 MPa, (i, j) 1

We assume t hat there are two reasons for the for

foll ows: i) Densprfexssaadd osampgl eesheatwalhimgh pressur e
gaseomursodbycts from insidertammbeobkyuysiacel dading € «
pores and cracks; ii) A springback mephasassmgwheén
the precursor is the second reason, resulting in

fonati on of pressure[gdadafFigsBisnmiiuiizeg phesdiemgi fic
of theiokedsSi Hf N paredc uwarermsi bhg. cbudi ng the cold
arrangement and particle sliding occur via physi
respect 4fPpoetstseé ngadmnsi fication process, gfareher p
triggered dared tpoa ttichrec dilinanrke ircnrgo srse alcat sitoincs daenfdo rtnmaet i o r
pol ymeric precursor. The sample is deformed to a
fixed by increasingrthehpoledsengd usdempdedlgpmwiefviecant
springback when the pressure and temperature exc
exhibits a turning point at wr3prasdrehefsdrRiOn MPa
0

ccautr 160 MPa after unloading pressure and |l ead t
I n additi on, as can be seen from the EDX el ement a
Fiug3ed A, Si, N, and Hf elneomentys iar @ hdei satnroir plthtoauds s
obvious aggl omerati on. El ement al cotppsinhdoonabbhg
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that t#Hd48 SiaFpNe i s a cer amiockbfvesthh cabo CzemMp@&ai b 0 @

elemt can no | onger be detected, in agreement
(0.01 wt%) . However, th&3opgyhbkeatson8ef6 Nn2tae
oxygen contents of the ammonol0y Z&d wd &a) @ miwh i ©dwd
caused during PPhespiogesasdopowasmi ng in the air
on the surface of the sample, which is also ver

ggo!ok\

%cp@’o

i

Cold Particle
Pressing Sliding

o,
Warm Plastic
Pressing yDeformation
Cross-linking and plastic
3: deformation associated
with shrinkage via viscous

flow [87].

Gas releases and further
shrinkage forming a dense
3D SiHfN network.

) (B (C)

Fi gub(eA)3.El ement al mappings of tpree SSsiHTfTJN afe rtahma
at 120 MPa and subsequent annealing at 1300 AC
of Jdieglity Si HfN tepamiocre$pentsrsob s$he cold

second step i sprkesscogtodbl t e SaHMN precursors
corresponds to the pressur el-sehsasp eadnnintbfCN ssBpaescoi€Em
suggested principbesssnngl pedciedutrleefwammpol yme
cer gmi7c
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TabllEl 2.ment al composition of the anneal ed

Composition (w

Sampl e Empirical
Si H f N O C
Si Hf N (149-614-733-52-0 0.0 Si. ookbh ossNa. a5 0.
3.1 2.7 3.8 0.4 Qo.07f0.0005
_ 46.¢13.¢30.€8.6 Si. ookbbossro. o:
Si H1 8l T
2.9 2.0 3.3 2.0 Ni. . 31fb.82R0. 08
_ 45.%311.£831. ¢11. Si. ookbbiearo. o
Si HL N - T
5.3 3.1 4.2 N3. Ni. 41fb.vsr0.15

3.1.2.2Crystallization and thermal behavior

I n order to investigate the cr ybsatsaeld iczeartainoinc sa nadn nte
di fferent temperatures, XRD, TEM, maasusedface coda
and the resulurs@gxBdé0shown in Fig

Figué@ t3dicnmakgeof Si Hf N cerami-d3spé¢ ol mnESnahidd4faN ) Si Hf |
17.

Optical i mages of arhree aSliiHTfgN ate rdainfi fcesr eanftt @remper at
36The samples degrade wuniformly, and their surfa
annealing temperature, which is illustrated bel ow
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Fi guf(ea)3.XRD patterns of the SiHfN ceramics anne
Rietveld refinements of the XRD -gpartitywagahnsSacafl e(db
at 1700 AcC.
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.
XRD pattueren s3a@di gEM I maglesSAEDhbpakceaednbd (Fegeal t

the SiHfN ceramic obt aiaryed motr ph®@UuG . AQhi ¢ emavii mlhy i)
temperature up to 1300 AC, the cer am3d ,8% ampgl @ heho
XRD patetmarirmasy Xamor phous as t hatur8ef) .7 hTeh es acnoprlree sapto nl
SAED (insreeécPInp&ktigern al so proves that the Si HfN
verifies the conclusion drawhheérothebhsief XKDt ipantef

pell et has occurred at 1300 AC rathewrstohan ia np &M
(HRTEM) iuwraga&p . (& gt he Si HF N ceramic shows a small
embeddedn wambi ph @uass eSli HfiaNt r i x, indicating that ol
1300 AC st arotnitrag nfirnagmrkfgi ons, which is netevisibl
3.. 7

1840.1 MPa N,

16

- -
N B
" 1 1

Weight Loss (wt%)
© o

T T T T T T T T T T
1300 °C 1500 °C 1700 °C
FigB8Wei ght |®iskl 8,f CibHef and 7Sicldfr d miad t eam@ahee al i ng
di fferent temperatures in 0.1 MPa N

The weight | oss of thkEei gamged. adneunnseedl LBgwt gBmp e
to 1500 AC, which i s iatnt roifb watpeod @tho utsjgeS&iNsg 0 Bp NS |

(wei gHt24l4dhsa)r act er i BIgN,E-SiNg f laemdt HO Ns aofe found in t
(Firge) 3. Fdrther mor@SiNssagoegpnsési ahkyirama chsHf(M anarmd nn
al so observed in HRTEMugraada3dbAEOGvhmicchr o gsr acpohnss i (sRiegnt
resul ts and croanyf iarmmosr pthhoauts tShieHfXN c®l4snamioc oanprovsd rt tess

undergoing phase separation and crystallization a
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the high temperatusNeceaereamisd amafed P mg dieistHdvdDf Sh 1
the diffracthSdgMi $s ngensiet weak, i ndsdNatt d-RHs t hat
transformation takes place at 1500 AC, the react

Fi gud®EM mages of Si Hf N anneah3dQa(fcC 100d dAC, ((ab)
are high resolution micrographs magnified from
SAED images; the inset sal éd)yedsatbe. FFT i mage

A weight | os(sFioguriles .3m6 a%)uboed after annealing t
nitrogen atmosphere. The weight | oss hu(efis |
SiNg= 3 Si) +4@at2 hN gtheelid 6 @0pREJawhi ch results in por
the SiHfN ceramic density. 't canmnrleet Ieavtivdtemea | rya
sharp reo6heenioased at 2 Theta = 15.600, 18. 03I
(1112), (200), (220), (311), and (222) Il attice p
(ca. 50 rmm)ysdrad |weleld af t ere axnhRile aplaitntge fal slB7rOOh eA
analyzed by Ri etuurel, B Traddd3n3iBe)mesnhtosws( RRihgat t he pr e
the ceURMi(F 1i. 8 wt %), andb8iNg 1rde St wit ) r alnalt eHd Nt
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The weight fraction of HfN determined by Rietveld
resul t3.Y Tlabt ai ned by EDX (12.5 wt%). The refi neme
derived fro0 PHES &itgrieveal s a phaseU8daprds idt i on

wt %) b-8iNd( 26. 3 wt %) . |t is well documéBiNetdo-t hat t h
SiNsstarts at ~1650 AC, and [i32@&&]sT hcearl d fyo rceo,mpw ee t aesds
the addition of Hf has a remarkable effedt on the
SiNgat high temperatures. Additional evidewmrcee i s su
3.cdpPp. The (202)SiN,atamni be pPploame of t he SuAEeD 3mi cr od
16). Lattice fringes with a di stuarchks .odlo0Or @6 pamdaar
to the (111) | attice p0Bdn2ed 89f aHhfdN t(hJeP GUSINAQ) arldatrta .
(JPCDS car7dl628) ,00espectivel vy, i n @d@iNgiesmefnaumd t h

in the sample annealed at 1500 AC in the TEM i mag

Tabl2RkRe3  .ultth’k etfrveeflidn e ment s.

Par ame | U-S N4 b-S 4N, Hf N
Space ¢ P3ic P63/m F rom
a( i) 7.767( 7.62(1 4.5978
c( i) 5.631( 2. 8609 ~
V(P 294,17 144.467 97.20(
Ruvp( %) 9.988
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5 1/nm

"

Fi gut@ E3mi cr ogr aphss (fa), Jinstif & éhd glhut i on i mage en
and Sl Hf(Nc), pidsd a ehs gglhut i on i mage magni fied from
SAED image; the insets in (b)ameds(d) are FFT i
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Tabl3@Re3.ined structural parameters.
Sampl At om y z Ui s P
Si (1) 0. 519 ( 0. 427 0.638( 0.11:
Si (2) 0. 165 ( 0. 916 ( 0.441( 0.01¢
N(1) 0.572( 0.915( 0.49(: 0. 17¢
US 4Ny
N(2) 0.334( 0.022(¢ 0.70(: 0.03«¢
N(3) 0. 66 (! 0. 33(¢ 0.66(: 0.06:
N(4) 0 0.49(: 0.00¢
Si (1) 0.762( 0.158( 0.25 0. 08
B-S N4 N(1) 0. 037 0. 330( 0.25 0.01¢
N(2) 0. 66 (! 0. 33( 0.25 0. 03"
Hf (1) 0 0 0. 01«
Hf N
N(1) . 5 0.5 0.5 0. 02¢
3.1.2.3Mechanical properties
The investigation of crystallization anddther mal
1500 AC) inevitably cause the SiHfN ceramic to de
Si HfF N cer ami cs. The SEM analysis indi epateesssitnlgat
pressure increawsrcdmiktol 0O0gMPadeUiamtviesti gati on of
properties is focused-paressdgeqi mpeares spurreepa rodd 8a0t MiPal
160 MPa, and 180 MPa and subsequkatdryeasinamad edo wan

nanoindent a
cuuwve,.3 alstl schaonrwnb e nseFeing t hat al | t h
at-prlesds iMPga ad umoisntg owaal rivni © ht @
GPa Mmadwdnes sofand 8 ¥o &
ot her relatively
intddbet hbeSmbBEN pesambte

because

modul us of &rdf Nesammieed by means of
| oddspl acement
sampl e prepared tme e n
hardness of 17 and
t he

f or med

Youngos

modul us of speci mens show a

and cracks s hasgol

dat a @éfarmdaarees and Youngds modul us, they ¢
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directly or indirectly affect the measurheedr har
mechani sm af f-recrtd mgs st hendnavhooungdés modul us <can

i nternal stresses in the SiHfN ceramics, owi ng
SiNamatri x and partially crystallized HfN partic
300
m 80 MPa
= 100 MPa .
250 - 120 MPa
= = 160 MPa
o 180 MPa = L"
(D |
~ 200 4 ]
(2]
= ]
3
3 " "5
E150-‘ n - .
[ |
_g [ ] o
c u .
n
3 100 - -
> [ ]
50 "
1 v I N 1 N I N
5 10 15 20 25

Hardness (GPa)

Fgure2E¥ol ution of the nano hardness and Youngds
omli HS§ Amp | @r o dlu3xc0el0h fAAG r warm pressing at differer

The Vickers hardness ofvedei gatHéddN kermimi cei mwdhe
setting to 9.8 N andut d e.3 .rTehtel | Misehkaerrésn emisocweox h ink
i ncreasing t rperneds supngt opre swairm of 120 MPa, and
Vi cker s oliarl®dne&éssGPa i s achieved in SiHfN specirt
similar trend to the variation of skeletal den
the presence of porosity and bedweed déf sctwor k
recorded amorphousNshadepotgcamsetal | BneusBineard.ze
13 It can beprsepar dadha$i Hfhé @esramic exhibits oul
hardness t hparne vimmoosuts | aNs-br bebpeodr tdeclirlgSmi2@2s PSS & | wB @ 6h
may provide a valuable guidanc-€r eblsbflse dp rceep armd
Not alil y@aNscer ami c prepared under the same condi
Hf N@aNsc er adwmiec t o t he higher t(zh3.06)f@MBeBohnip atmiagrdd n e s
Hf N15. 3[ 255P&))
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24
m 80 MPa
m 100 MPa
= 120 MPa
22 m 160 MPa
180 MPa
- Average Values
0] |
0o 20 -
o —
-
1)
W |
[0 i ]
= 18 CI] T
= _
© | ]
I | L |
169 mm
n o
14 -

Figude&fFect of the prespueesiamp@pl ordt Wair Vingk evrag mh
ceramics.

26
o2 TiNgasiN, 211 Amorphous
Polycrystalline Nano hardness
L5n Vickers hardness
©
o
.(,D_, 20 - e ok TiN@a-Si;N, [21]
w
o
c 18 - _
-C% BSIN, 12531 o\ v i, (194 P SioNe (2541 This work
I 16 - = SiCxNyOz [250]
SiyN,, TiGq N, 7 [249]
. o, B-Si;N, [246] BSiN, [256]
14 - o E%;%E,—Si,_,N‘, [252]
Si,N,, Fe,Si, [257] o
12 SigN,, Y5Si5045N [251] SiCN [255] SiCN [22]

Figuxrompari son of the Vickers hardneds8 @rdamamco I

prepar edprbeys swiamrgn at 120 MPasbaudcd rraenp aerstted sil i con

3.1.3Conclusion

I n the presehtestamgrphddst bukblbc&SedsNulcley afmabbsi wva
situ consolidation of pregreasimcg pfodlylmewe o olwyd e a sin

annealing. I nvegptriegat ingn comdi hé owar mhows that ter
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significant isadlliuckatcieom no ft htehe opmol y me+t oo wadne cs
conversion process, and the densit-pretsthg abt &
and 200 AC and high dfaadshd(ri>ndri2rgs MePradi fi g magoantooi vt eerd
the green bodies, cracks are formed due to th
byproducts during the final ammonolysis. The o
under 120 MP@r @augiinmgc rwbsrten uct ur al i nvestigation
that the crystallization of the amor pbonsaiShiHHfA{
regions. The SiHfN ceramics annealU8il,amtd THF N0 A
SiNJ/Bb-SiINsnanocomposites, respectively. | npaddsi nhgn
of the green samples on the mechanical properti

been i nveshiigghmtstdaniThal f prlopeSi HEN oeramic are
presag of the prmeacdrRrdmiMPapahymeubsequent anneal.
Its open porosity, Vickers hardness, nano hardr
GPa, 17 aGla 185 GPa, respectively. These val ues
to most ofpotl lydmerievppadr pbdus and sNhbhgedysenmnbhmi as. S
the present work indiNehhaesd tdhanaamop @hiotuess bwil tkh
mechani cal properties can be prepared via the
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3.2Hard and Tough Novel HigR r e s sSuNJ/EfsNaCeramic Nanocomposites

The content ohdehi:se€hawter i s

2 Li W, Yu Z, Wiehl L, et al.Hard and Tough Novel HigR r e s sSisN&1f;Na Ceramic

Nanocompositep]]. Journal of Advanced Ceramicivailable online: 08 May 2023

I n t hi gh ec hsatprtuecrt,ur al ev o3 iuHp Menc uorfs otrh ea nadmobdrtpsh ocursy s t
SiNJ/HENsac er anmaincoc o mp o sHPtHaTss iumdedgys s sdsdpygchrot+on ener
di sperrsayvediX fraction measurementsangée F0LO6m5960a Al
1920 THA&€C. opt i mal condition for toHS#NJHENycreataimée and
nanocompadseitteerdmio hidel5 GPac°Calrhcketniiéve st i gmécbanibtal he
properties 2&8iNJHENmM ameoswimpeowd & EESINJ/HEN,( 6. 98 'MPa m

ceramic nanocsampdgintid i exlnihbiftmac bvemenbopymaeaess t he
SiN,( 3.5 WPawins houwitficing the .hardness of the mater

3.2.1 Experimental methods
3.2.11 Single-sourceprecursor synthesis and ammonolysis

Hfcont ai nismgrsienglrecur sor for the preparation of |
upon the cheam cafl tmvbaeidommderci al perhydropolysila
di butyl ether, Merck, KGaA, Germany) bPYOot ®9%aki s (
Si gfmladr i ch, Germany) with a wei[glhhd]Amatyido oot TDMA
(Merck, Germany) was used as t he-smoaaactei @ exallrwermnt
performed under an argon at mospher e upsrioncge stsh ewasst a
carried out through the following steps: the brow
5 mL anhydrous toluene was added dropwise into a
constant stirring amntirlbom midmiker aleiatce | dper mé xh ur e
Then, the product was heated up to 50 AC for 2 h
remove the solvent apdodowt snoyieelutiiangwai gdtoblyess
synthesized SiHfN precursdilwas gtovetdoandosiaegwvec
with air and moisture. The sieved fine powders we
a horizontal Schlenkrt ahenosmpdher et hdAfpgreotwaastdisqgn t dfe
times under vacuumuand yr efrgmol@dda 9vBiNtPh, BiIUg2h00i qui de,
wt. ppm) up to atmospheric pressure. The sampl e w
of G/Oh Aunder a continuous flow of ammonia (1.5 L/I

a rate of @immA@/lohyzEhe speci men was used as raw m
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pressure experiments.

3.221Kireelssur e syntshietstKkRED ncl udi ng i n

Hi ephr e s s utremphdrgartHly ee X pl€r i ment s wer-eypearagairegde out
vol ume pgwvPeémave pPresslOOPQeMakx50Mbggenreiter Gmb
beamline P61B 4dt250@%Y gsHaemb ucragr bi de second stag

with a truncated edgsesedemngttompr ésmmawéd mm ed

(Gssdoped). The MgO octahedron assembly was usec/
hBNi;Bylindrical heater. Further detaiRsS9Fbheut
obtained precur-ppespoeddient waa hahd i n8 ammgetinhsid

the glovebox andBN htenmb e |tac eadv dind oc camt ehct wi t h a
first compressed to the target pressure at ro

temperatur e.

HPHT -dint u -ccineipweysay di ffX&RO)i asme@dEDo investigat
behavior of the SiHfN ceradmétcectPori oposiotitbe w&xg
5. 009A wsstianngd dradB ( NI ST SRM-r @&@a§&c ¥ r @ mdetrdeie f csod ahget cet de
he energyit@abg&eXRD RDatterns were recorded d
emperatures up to 1920 N -2em@AE€r thuarsee dr elna tai oa
mperature had reachedeatishgadiyept alTkbedmai ngpl
e help of a pr dgré6adnl hcea | tl eendp ePrDal t nudreeXseadre osl4d fd e n ¢
ttice parameters was ddffieBd3milined using the pr

t
t
t
t

Q T D

|l 3i t & XREDD was al so used t o-tmoned @ otrshig heoec tpa leescsruare 4
the MgO pressure marker (run #BT448, 19.5 N 0
properti es 0SfNJ/H gNec eorbatmaiicnendanocomposi tes, an add
was carriedr autt ai tabiubr Xted pressure and temp
~1500 AC). The sample recovered in run #HH547

3.231Characterizati on

The synthesis and the csogstéenbiergupsatyz®dotlf X
Fourier transform infrare#670FSpRrtspencteos ¢agyl
USA), wusing attenuated total 460@%cHimphs (RATR) o
angdiespecrrsaiyv ediXomiX®RABDP of the recovered sampl es
energy beamline POQR)2ZMA 6CPEKBRX, I I I, DESY, Hambu
analysis was made by Rietvel-d]l 227]ihemienstr usme nt
parameters wer e gLsalainbdraartde dmawietrhi ad .LaBhe surf ace

coated with goldffohetmecmeasasuuemenesaod chemic
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el ectron microscope (FEI Company, Hi kdli ssbpoerros,i v@r e
detectXpr Ma@Ba h, New Jersey, USA) . Carbon and nit
ceramicl ymyed at 1000 AC wer€O0medsECOd |l msit ng man tLe
M nchengl adbach, GedB&®Hnya)nadrydzea , LEEOpPECti vel y. Tt
hafnium was XmMheykathebyaEDor the tramMdmssainoanngl e

transmission electron microscopy (SHBNM)0Fnd aoaxswrsene
ion beam (FI B) instrument uctTwr é novfest hgarecoher and
transmission el ectron milcroosadohy ghTEM)s oil ma g eosn, ( SHR
along with selected area electron diffraction (SA
accel eration vTohet awiec kwearss 2h0aOr dinNeess of t he poli she
appl idedf rloona 0. 49 N to 19.6 NOWSBIi n-Feuahudiehanpam) ,i na m
|l oading time was kept at 15 s. At l east five ind
reliability of the results.nglthhe werpa emead sonr edd abgy n

calcul ation of [th®,.f2&Ltture toughness
3.2.2Results and discussion
3.2.2.1Singlesource precursor synthesis and pyrolysis

ThRHPcSh e mi-mad il fyi EdMMAMa h i nvesti gated by FTIR spect
the dried pristine PHPS as well as after its reac:
ceramsbownelirde. FLghe absorption balfdNs Hat 2337 amd
(SiTH),711a0n3d0'@@i0T NT Si ) are characteristic for the
of unreacted TDMAH exhibits typical Ci''H @hsorpti
absorption bandslaat @32iiidddl Pl 2BOGrhse i ntensity
NTH and s®iripfdi @am bands of the PHPS decreases after
the reaction with TDMAH occurred at the SBTH/ NI H |
[ 65, 288d ado0] prewileuwp Swmordkihf iHfd NT H and SiTH bon:
formation of NiHf at N centers andr 8i edskdf offi HNMe
ands+sCHhe absorption peaks of the NITH and SiTH ban

which indicates -ttdatamiompl edaespot mameron has been
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[
SiHfN ceramic

Si-H

===

e S

Sinﬁ precursor

N-H

PHPS

Intensity (a.u.)

TDMAH \\W(’“’"‘
C-H

—— : :
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

FigulI4#4T8R spetTbMAHp dried PHPS, SiHfN precursor
pyrolysis of the precursor at 1000 AC in ammoni

The ceramic yield of the SiHfN ceramic pyrolyzeé
( Firge Bl n lttlae temgerftomer oom BC drdp &ri &tf Nr @ Ste@ uZ s
a weight | owhs cchf ils. atwiotl%ab utl é d att ® onhamd | dewd mp o
wei ght cdndoamkees®mpani eldi nbkyi ngrasgeseadt itoon dehydr oc
I nt er etshiléGn g¢luy,ve of Pirdsddmapsgse c dr. wWth¥%m he t emper at
ranilMgii4d 1. The weimgahtnlkedaitrefdo gnoa tti-hbéhf olfi bSkiage s
the reacti onhebmit weteend NHix and TDMAH i n, tlheadiemgt
the increase i n 2t3h%, An2i4ttOdangpem ad¢ o eCietshnetb eSyi oHf AN 4plr 7e «
exhi lgpragdvealght | oss, which is ascribed to the t
residues by the [2d4ttTIl@e 24vli ¢ Mme ratmanio yodbr aali ynseids Sa fk
ceramic rewvsatednaotoBp (49.68 wt %), Hf (14. 77
C (0.01 wt %), d e mmoondsitfriaetd NnRQHR S alte atdhse tHof a si gni
content in comparison witlontthlee pamalaytHiBSalescsaec?
compositiadm o0f. 0. 3HINi 3¢ ©abcdulSaOed according to
Si bld bs. @.dry neglecting the carbon contamination
ceramic amouchsisacl®2%$elt owhhe mol ar ratio used
According to our [AdPdvheumodnffesett ganhi oh PHPS w
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the SiyssftNem due to the steric hindrance and reacHt
addition, the XRDrpa8e&bh!| s hobsaaiinhehdE i isHF By cer ami

amor phous. Therefore, it has guentbehicgimspdessdr ¢ h
temperature treatment opfhatsheenamoir pheu®@$iBjbHObBcaoer a
SiNs, @BdNsy, as well sdus Hf N and Hf
(a)1005 (b)
- 0.0
100.0 4 £
[ 02 2 —
— 995+ o5
® 2 <
= £ &
599.0— -043 %‘
g £ 5
98.5 - 06'2, 5
e
98.0 4 53
—GSM
975 T T T T T T T T L] T L] 1
200 400 600 300 1000 5 10 15 20 25 30 35 40 45
Temperature (°C) 2 Theta (°), Mo K¢,
Figurlég( al)G (bl ack | ine) caunrdveBTAof( bSiukef N i mregcur sor

ammoni al/ argon at mosp pbX¥eRDe p(adtot evals. WFNH he Si HfF N s
1000 AC under ammonia atmosphere.

3.2.2.2 Structural evolution of the SiHfN ceramic at {1

A selectXRPRpabfeEDMs recorded at 19.5 (NO.5) GPa an
from room temperature to appuoxe..31/6t269 9A0C AQ om0l yAd
fluorescence | ines of Hf and Phbse(rfvreodm dientdeicctaotri nsgt
crystalline phase is formed in the amorphous Sit
agreement with our XRD results of utrtee pSydictbesnigzed
at ~1090-rA€C| eBaSaNg@mrsdsRTty peNsaHfpear and grow in intet

heating. I n addi b-BEdsma,r es ovmes irbd fel eadt itchres befgi nni ng,
heating. UnderbSihesanscshboding i omis s er.le eTahsee a nloe f ur t |
structural changes in the XRD patiNgHflsasompotsotel5?7
is thermodynamically stable up to ~1570 AC. Base
around ~1500 AC ared + 20 pimddfaceerasmil @cnanocomposit
addi tional experi ment (#HH547). This sample is u:
mechani cal properties.
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@[ o +7-SisN, o HEN, @ HiN| —— 1920°C
1 Fluorescence lines| — 1840 °C
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K . A
= U M e K A_,@\ o | ——1510°C
g : ———1450°C
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(b) N 1 Fluorescence lines —— 1900 S
+7-Si;N, @ HfN — 1;88 g
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. ——800S
S ——600S
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Figt®equenc¥RDfp&tDt er ns,
GPa:
temperatur e

19. 5

maxi mum

(No. 5)

Above this
up to ~1920 AC,
vani sh at t hat

temperatur e,

Energy in keV (26 =5.009°)

h e aitli9n2g0 i (nN t2hoe)
1920 AC960QrBEng

on

(a)

of

some new peaks

a

showi ngt hdeSipHaNec e¢r a

t AeQmp e(rba)t

ti me r ¢

appear

wher e gst ytphedsgtiffiafdfurad ¢ tyi ovre afkeak aan

tempeni atur e.

oft crgsbobhVvIl boe

phas
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.
temperature range from 1640 AC to 1920 AR~ 1In ord

typeNs, Hft he temperature was kept constant at ~1920
XD patterns were acquired duwrriend@ .tlHi6ésh atni e, ovwhsiea h
ThPt ypeNacHfsappears after about 1000t yspe alifdNthtreow i d
at the same ti me, i ndisMvani ngr bh & sXeREDt i ft & seir B0 no fo |
sample after quenching the temperature at high p
transi tNsiomt ofr il ksal t bt Hubse t heedecteampdoss ittao wanr drse
t he estpahbalde additi onal XRBO )hemfd Utrleenemeé c ¢ Féged s am,
showed a o@iNxatnudr eHfoNf and only a tzsN«0Q.flr wec®) onThe re
phase frapsti tAHiN &Er &t 7Siwt % : 6. 6 wt %, corresponding

1, similar to the result from el efmeertrad s tanafl ytsh e

fractitthhesclmpwe mBiNer wali chh coul d not be compl etely s

' + obs
—— calc
300000 * bis
t —— diff
: . ¢-BN
5 2000001
H
c
4
< 100000
0
| | | I 1 1 11 | 1 1 11 |
| l| 11 ‘I | ||l I 11 I|”|I ||‘|||||||l|||||||||| I
2 4 6 8 10 12 14 16

20 (A =0.20735 A)

Figut®Ri&tvel d r ef i-XhRDnepna w doefr Stiphdet &lAelr Ine orffecovered fr
HPRHT experiment aftXX&RiD ammempli(Ekenehi bk E®&s). dual i's v

As il lustrated tulr@& [piBalske amamgplmous NSIFHION phase sej
i nb®iNsands:NHfFt ~20 GPa and ~1090 AC. At MNemperatu
decomposes al ong tthyep et iHef,&lcianoed diNntgod)troo eekgiugadilitiocn t(h e
thermodynamic o8¢\N\i | i brium with

(4 Oc( A ™. (4)
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Figut@&@8h8r modynamic guidel i-mreedour ¢ hrei tsiyindd ersa g0
ternary Si HfN system.

322 3 Char act edSigNgHiNicamposief t he o

An XMRD powder pattern of the recovered sampl e
radi ati on. Ri etwred 3 .sbdlbweredmessehFi giSiNyvandydHfp has

and some small reflections of a yet wunidenti fi
refined phassNi:fiNd&C t2i148mMs war & @it %, corresponding
H f = Qt8hrele.f | exrtfarmoms t he ¢ apBN,l ewhracdherd adl dc not
separated frmMdmst val samplse.l arger than that of t
prwercsor ( Si : Hf = 21:1), suggesting that the wu
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le6

1.04
+ obs
0.8 — calc
) —— bkg
— diff
0.61 ! Hf3Na
ey
)
<
2
£

| | I 1 | | [ [ rrrrrer o rrrerrr orerreed
| | I [ | 1 |
_0_2- ) | 11 II | | I‘ [ IIII [ II Lirn IIII [ II! LI

2 4 6 8 10 12 14 16
26(A =0.20735 A)

Figuit®Ri &tveld r edSiM/eltNecnd mpds itthee, r e dddv erxegpderfimemta
at ~20 GPa and ~1500 AC.

The TEM i magEBS aammalSyESM s 265fiNJ/H ENsec er easni Ict annatn o ¢ o mp o
synthesized at ~20 GPauard@8ntl R®e g &Cr eglpegthiowenl yi.n
28andi mgdi cate sN\uhpraai nmsh/epaHfti cles identified by the
homogeneously dHdSidmatsédcd. i The heni oBDLHEN,cetr iarme c o f t
nanocomposite has been studied througthr3l BB 0i mages
anduFege3.t 20i dentify the twowipthhaszene Tdnea SBAE@IOplati
shows tcleemtfeaea cubi coIjutsti ingé eofcrybeal avgei bl e in
representative reflections, (4 0 0) and (2 2 0), ¢
spacings are 0.193 nm and 0.274 nm. Thhree SRAED2 0 mag
exhibits a polycrystalsNamaelSidhggFegaher mompd sed bDH
i magar(eFe3gan2do f ), t he Db@&iNtainade thleanat(t3 chapp amfe ( 2
al so i dentvdlieads byf th.eR IBm,n mr easnpde cOt.i2v7e | y . I n addi
HENsi n otSHNamat ri x can al so lia ect3pga2l0y esamd f3,r omhbdFiFg
di spesNsreadndddr ystallites ar eNs@mab ¢ &d e @& Is ennanmoorpeorroens s i z

and amorphous i nNszangEShNawer beotweenvéld «as shown in F
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500 nm

Fi gu2 @EB. i mageSiNgHftNabArocomposite synthesized a
(a) TEM imapgiec aolf mi cr o-SiNJ/HENsthiermmeo cofmp b et e . (b)
acquired from a, the inset is a SAED i mage ta
corresponding SAED i mage. (d) TEM sNsman@84Nss h o ws
cystal sTEMemi ARogr aph magni fied from the red bo
i mpen8B#esti ngl e crystal with sofNe diNyreaHie dp ammnios
embedd&N.Gop) TEM i mage wiittaé neidr dlredn amhea in im
represent nafnBPor mage (BhoWR t he i nteSiNg,c tshifon r e
nanograins andTBMnmoiporegr agh )madgRni fi ed from t he
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FigurRelSBBM graph and el emeSiNdgHtNsmap pimhgs nafnot bmpos

indicating homogeneous Si, Hf , and N el ement al di
3.2.2.4Mechanical properties

Vickers hardness andoSiN#éNsnmeocompgbhaniesass owe rteh eme
i ndentation |l oads from 0.49 N to 19.uéreN,3o0hh2e2 pol i
Vickers hardness andSiNJH&N,8 eacetase wbubhnessea$ing
t he Vickeofs s;NHfalr8d.n7[s2ES6rsa])l ower toB&Nn4 IR a2 ,0,f2 &I
averhmagalness value o0bSRAMEcEmMpoBi GRai somchheved at
of 9.8 N, which is compadihpl stiechbI2tEPEXOr26Hhlar d
andGeNs( 28 [GP&@fGland is much higher than that of the
values of transiti osMs] 26 QP[] 2r6i2t,,r | Mfe2dp,BMe N 2 9ds Hf
Hf N268lan@d 2B8N
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Figuk@a¥.dness and fr aoSiNHitNstin@amgpltmoenposot et s
indentation | oads in the range of 0.49 N1T19.
showing cracks under an indentation | oad of
No cracks are observedufeo®d, t)R@&vhcennd etnhtea ta popnl iterc
t han 2.94 N . Thereforeure hp. 6B AStN/teENe c & roaurgiha e
nanocomposite at 2.94 N, 4.9 N, 9.8 N, and
|l oad and thé rcadicks/| dhgt iracture toughness
showing an averagé/?vahiehofi s6t®3cdPaBimBc b

MP a

ter

E'Yfi 25]1The
mstofgnsghal ar
presenceiacfednam@IiNMENk o mpheesi t e can

toughness due to

tougheni8dl/HE&cbaaimém abnocomposite
f[r2a7cOt,a s2e7clajn d b e usreee W3..f NoSmebivegr ,

cause

crathedebdbmpotdtbhin mwendih BiFBtieri fnagc
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Fracture toughness (MPa- m'?)

Fig. 7 Vickers hardnesosSiNdHENahamotompodsioughplesa

comparison with reported hard material s.
3.2.3Conclusions

Within the present work, the phase transfor mat |
route under HPHT conditions iXg aiynwde dtfirqaatednbyn
The results provide cl ear-pge sxbaN\yle#,afncdBiNAHTFeN pr e |
ceramic nanocompsostiut exssRD Baasidl/ttNoine riamh € nanocomp
obtained at-290150FP&.AGQtandemper atures beyondl, 1500
phase decomposes to ®hSNJHT Mmcompori tei de &odmaed.

The fracture t ouxgShiN/eEENsc eorfa mihce mars@iParfite xhe b( t s
significant i mpxSAN; é Ble bt MPawmt pauwt sacrificing
materi al . Characterizations by means of XRD, S
(2 ti mefspradtnurtehet oughness has to be di ssccuaslsesd
compos9iN.& 200 naw,U 53HF nm) regmanul ar fracture mode
uni que combination of hi g ho-SENaH tlzna B e c amp o shii tgeh  d
operated in extreme environments and at el evate

phas®iN,andsNtHhfave been shown to be high temperatu
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3.3 Singlesourceprecursor derived bulk SisN4/HfBxN1x ultra-high temperature ceramic

nanocomposites

The content of this Chapter is published i

1.Li W, Du H, Tian C, et al.Singlesourceprecursor derived bulk $i/HfBxN1x ceramic
nanocomposites with excellent oxidation resistad¢eZeitschrift fir anorganische und allgemeir
Chemie, 2022.

Il mhis ,¢ha&ptSRHifgspder ce precursors with varied comp
chemmodi f iocfatAHMBEDMAK handl hEMS.hreena ctail o n&i TbhH tamede n
NTH groupanBIMSRHP $DWéA¢tonf irmée®R bwn.dhrmSe pol ymer
tcerami c tr amnlsséi oy aetr ic @ n pwafksc ui rnsvoer sst hi eg ald iremdls isvniga a n d
pyrobysiTBGIR/) FTI R .8oHds Xd®tBbatlcpynversion of amor pho
reveathe modi filcaftnioumwdaath bolk pynt ecamasfe §tiledad

pr odhuwtt sal so effici g¢retmpyriamumr eWwaslRdthh 8@ yWaaggadiifn stth e
crystallizrRitmalnl ygr etaid yoxi dati on behavswas of t he

investiagmad edhe effect of B/ohf riersd csrt panrcat iwears om rtel
3.3.1Experimental procedures
3.31.1 Synthesis angyrolysisof thesinglesourceprecursors

Al | chemical synthesis processes were -tarredd ou
Gl ovebox andenkt atnedcahrndi guceh)l t o keep inert environme
Germany) was used as a reacRHRSSo!|ludliweint .T DO/ARIMe ramic
were used as the st arHiB-mg nmadirrgdgdrsc et qpreygnutrise®sis:
modi fication of PHPS with different [DMPAH cwhnitcehnt
the optimized ratio of TDMAH hedefPHPSt lwa ss yrett ree ani
HIB-mo di $i eggd wer ce ptrheec uwesioghst rati o of TDMAH to PHP
amount of BMS-neoddd &d etdo PtHHPe&S HWfas adj usted accordin
5:1, 10: 1. THhes osuyrncteh epsriezceudr ssoirnédyas et denBt el mel BHIF
Here, a typical synthesis process of the BHPS2 wa

mL anhydrous toluene was added dropwneePHREDP wi tb

stirring at room temperature for 2 h. Then, a sol
(10 mL) was added dropwise into thediMisk§drg of TI
ice/acetone bath). aTh® G mirx t2u rhe awads tshteinr rneadt uartal |y
temperatur e. After continuous stirrin/gctbor324h h,

followed by vanbaumAdioy B0y ( a0y i eslodurtchee psrod d wr ssd rn gB
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The reBHPYSsamgdwerce precupsessed@med WRMOmM MP a . I n
i nvestigat-eoc éhemipol ty man swaorrnmpar teikééd&p eolf b atthset he hi

t empteur e behavior of the resulting SiHfBNacer al
horizont al Schlenk tAiber ad hpytt olay Aheeta t 6 megd 1 all +
at mospher e, and then cooli AGhdBSwins ¢ ou-@ prolmy yt 2erkpe

speci mens wer eA@ nink®d ¢ dA @®O0 12,00 mos pMere. I n the
di scussion, the synthesized precursors and the
Tab3.e 4

Tabl £Co@Bmposition, preparation temperPStZBHRS and
precur sor sb agbalds Rimkfl B8 .

Not ati o Sampl es Mol ar ra Temperatu

BHPS?2 2:(1B: Hf) 80
B HPYS BHPS5 5:(1B: Hf ) 80
BHPS10 10( B: Hf) 80

Si Hf BN2 _ 1 2:(1B: Hf) 1000

Si Hf BN _ 1 Si Hf BN5 1 5:(1B: Hf ) 1000

Si Hf BN10 _ 10( B: Hf) 1000

Si Hf BN2 _ 1 2 :(1B: Hf) 1300

Si Hf BN _ 1 Si Hf BN5 1 5:(1B: Hf ) 1300

Si Hf BN10 _ 10( B: Hf) 1300

Si Hf BN2 _ 1 2 :(1B: Hf) 1500

Si Hf BN_1 Si Hf BN5 _ 1 5:(1B: Hf ) 1500

Si Hf BN10 _ 10( B: Hf) 1500

Si Hf BN2 _1 2:(1B: Hf) 1700

Si Hf BN_1 Si Hf BN5 _ 1 5:(1B: Hf ) 1700

Si Hf BN10O _ 10( B: Hf) 1700

3.31.2 Characterization

The synt hessoiuzrecde spirnegcluer sloirmsk iamgd prhoed ers sc rwesrse an
attenuarteefd €toouiradler t r ansfFolrinkR)i nsfpreacrterdo s(cATpRY i n
4000 ocm a Vabr7i0ani nlsR r ument (Agi Maet pBdadmeamiogi
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transfor matBIPGZXrodcut bBer wa s characteri zedi dy me

analysis/differential t her mal analysis (TGA/ DTA)
Jupiter (Netzsch Ger2tebau GmbH, Germany) in situ
Azxzol os, Net zsch Ger @Ttheeb apiet |-G/embebicnd nveero ristai édy)PYS

precursor wdsherrentadr daenda lbyysias device (STA 449F3 Jup
nitrog@enmoaand atmospherse AL0>981 9%IAKa Sy Bk@aH, ndu
purified byepreted@PiUsp EXtleOkcOpp&, 1PCHPPL Q99 NH%, Air
Liquide, purified by Ent)egfi § ®Pbek gld Hepb )GPUISO nY X
temperaturtono2 1hp and t heant tae ahteeadt itnmi rr.lak ®eh eo f 5
measurements were corrected for the buoyancy. The
performed omaywy ¢iofwldreactXi on diKUfrraald tad meotne rs owtriclei z(i!
Cie GmbH, Gemmarsy )oni mgpetomans vy . Transmission el ectr
selected area electron diff2riddt imorcrtosclmieq el EVOdr d
Japan) wunder an acceleration voltageeotii 2800i bkVWtio
of tHMNSiceramics. The chemical bondingrefit ede aBHF
di fferent tempelantdurldd@e2= char-laicnerWhk\e di mtyegmat e
(SPECS) with a hemi sPiHOA rBiOcSa 11 5én e rFgpyc uasn &10y0z emi t(h  XF
<5 T'%mblar. MonochkUbmaei £dd 8Bl 74 eM)aywaso uused &Surt
spectra were recorded with a pass energy of 25 eV
recordedl®Wwi and 0.05 eV, respectivel y. The obtain
CasaXPS to employ Shirl ey Haookogrtau md oecrarke dtiitan na
binding energy position, peakwm vateaesity, and full

3.3.1.30xidation tests

The monSolHfsBENMp |l es preparsdi by wadr mhe precursor poc
pyrolysis of the green body emver @u ghon e sssh,edamnmd tthh e
sampl es wereeahtedasopnacatl o yfeocrh n2d4 dirni eadn aotv eln0.0 T h e
and open porosity of the pellets were determined
Si HF BN_1700 monoliths was per f.orTrheed noixti idead snwd f | & h i
monolithic samples amounted from 1 h to 50 h and t

balance (with an accuracy of NO.O0O1 mg) at specifi
3.3.2Results and Discussion
3.3.2.1Synthesis of the singlgource preasors

The FTI R sppist P®®f, BMSIA, ddireo o bhad dfBiBeSEZ XP HIPSS mol ar
ratiinfpbecursors are shawr JEyplRPdampabsdrgidni Bing bal
(1120, “B33i( @m'®)9 camc®i SicBBBO) cmroups are expected
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.
the FTIR spectrum of PHPS. Wi tcH aimdl @Giddups omf oOF

and tHh g 2B91 grmmups of BMS aNe gc dBgsthé dar ewhfidrem

simultaseaocthwonlwn, ian the spectra of BPSZX precur

bet weergH t@®i MfHd gBoups are proposed as reacti
schematkicaudeg Qml 2¢dble gr @ pN, which arendigaat sadialil
number if gtrlmaupSi are involved in the modificat:i
[ 28&%N]at t he gHegcbobiups of &iffected by steric hind
of the PHPS. Addit ibib n(al A1 gdione pBXS 31t eanrcck BFR S B2
the s-bbadeHdegB oups have not beeH cviompaed¢a®hPs ¢ 2 &
ciht) detected in the spectra of the BPSZX sampl €

Intensity (a.u.)

W-—-_,___,_w_f \
BMS | W
: : CH

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fi gu2 € TBR s pEMSprtanPeHPS, BPSZamBPBESZ2
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Figu2®r®posed pathway of the reaction of PHPE¢

Based amoivtelvee stofgaSiikmBpter &@8nd 8SnBN3pfériuesoosb,

Si HfpBfNecur sors with different B/ Hf mol ar r-ati os Wwe
| Rnd . XPTShleR FsTpect r aproif PtHiIPBLAHBMS, as wel |l Yas the s
precur sor sFiager s hbw#htRées preTct rum of PHPS, typical a
t oTHSI( 219, TN 1120,'') 33GRIGcRI((BB60)cmroups are expe
observalbsoMhti on bBamdls 22%6N4'48%® cmar acteristic vib
and are aislsugnéd.tdhB peaks apPaeariebgabedodd ahd
vi brati oniNm®ddiens ToOMAH. As canrheofe¥peéBBmMSohse, sph
intensity of the peaks related to SiTH and NTH gr
TDMAH into PHPS, whi TN (tih3éhSpgeankdiakt ensi hgr ebs8&8s.
presencéeéeN opfedadkh (8 Be V) i n Ftilgarr XP S.fs @éht r (s | i ne al
that B atoms exist inNfR@ONnsubstidcagomlbiamd dedayatsio
occur beH weerédth SNr oups of PHPS and Bi1H of BMS. Add
spectFriugme (3., 2a7d&ignal at 222 eV is [als9s]iwghned tic r
consistent with the reported tesubhtmbcabhdapbaps mat

di sappearance of absorption bailNd&G broen dast eidn ttoh eB 1 BiH
precuFisg@es)3(i n2dsi cat es that al | iNBG Hg rgoawpsp so fo fT BMKESH ¢
involved in the reactii209n9.5!Tchnet-lwie a&k geioghmad(ar2ed 27 8
ascri bddvitmr €8¢ amiBsomfofs pt he met HN] iICGragidp<Cunnt $DMAL
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