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A chen」 cally modirled pOlycarbosilane(PC)COnttlining or…
gano■uoHc groups(PCOCF)has been synthesized from PC
and■uoroalkyIInethyldilnethoxysilaneo PCOCF acts as an
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PCOCF‐coated SiC powders also show excellent packing
properties because of the organo■ uoric side chains,which
give highly dense green compac".PCOCF provides a high
ceramic yield of 75%and highly dense SiC ceranlics.Four…
point bending strength increases and the scatter in strength

values decreases signiFlcantly by PCOCF coating.

I. Introduction
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conductivity.Reccntly,the devclopment of SiC―based ccra血 c
mate五 als has become active because ofthe pyrolysis of silicon^

bascd polyme五 c precursors.1-3 This polymedc prccursor route
has some important advantages with respect to convcntional

techniques:(1)the s01ubiliり and fluidty of the polym∝ ic pre‐

譜∬諸1脱出謂おふ諸:sⅧ%:糧i:l身路監
speciic properties using the polymettc precursors as bindcrs.8,9

Polycarbosilane(PC)iS the mosttypical polyme五 c precursor
For SiC‐based ceralmcs and can bc che血 cally modiicd to
_yield binary ceranlic systems, such as SiC― TiC,10,1l SiC―
zrc,12 and Si― Al―C‐O systems.13 1f a p01yme五 c SiC precursor
is applied as a compacuon binder for SiC ceralmc powdcr

i :躙 獅 :薔 置 ¶ 富 fe踏 器 ξ ll服lluttt群
'    qudity,Inonolid五 c SiC ceralnics.Such a functional binder can

i befe対 bし ,新 It盤 鼠 喘 翼 洲 督 霧 糧 ξ訛 1翠聡bd_
ied PC,containing ttuorOalkoxy groups,fronl a conllnercially

avttlable Pc and fluoroalkyl alcohol lwamoto ι′αJ selectcd a
new PC with high molecular wcight and lluoroalkylmethyldi―
mculoxySilanc as the st面 ng rnate五als to synthesize thc chenll―

R Nasialn― ondbuing cditOr

Synthesis of Silicon Carbide Cerarllics Using

cally modined Pc, PCOCF, with high ceramic yield The
PC(〉CF then was used as a compac● on binder, because im―
provcmcnt was expccted in the fluidity, the oxida■ on resis―
tance,and the pachng propcrdcs of SiC ceramic powdcr and in

the mccha」 cal properties of SiC sintered compacts

This ardcle desc五 bes(1)a study ofthe synthesis of PCOCF,

(2)the effects of PCOCF coaung on thc propeltes of powders
and grccn compacts,and(3)the meChanical properdes of the
sintcrcd conlpact of PCOCF― cotted SiC

IIo  Experilnental Procedure

Figure l shows the synthctic route for PCOCF processing

uscd in this study.Si― Cl bonds were introduced to a conuncr‐

cially av」 lable PC(10g)(Type UH,″ n=2561;Nippon
Carbon Co.,Ltd,Tokyo,Japan)by reflu対 ng with an excess
amount of cttbon tetrachlo五 de(CC14;rCagent grade,Nakarai
Chenical)in thC presence of a catalytic allnount of benzoyl
peroxide(0.lg)(BPO;reagent grade,Nakarai Chemical)fOr
24h, followcd by concentration in a rotaw evaporator. The

chlodnatcd PC (PCCl, 12.3g)was diSS01ved in toluene and
cooled to O° C,and aqueous almonia(NH40H,6 mL)was
added to this solution.The reacdon nuxture then was warmed

to room temperature and surred for 3 h to hydrolyze the Si― Cl
bonds in the PCCl.The rcacaon nuxture was neutralized by
aqueous hydrogen chlo五de(HCl),f0110Wed by concentration in
a rotary evaporator Thc rcsidue was suspended in watcr and
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Fig.1。  Synthetlc route for Froducing PCOCF
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extracted with toluene The organic extracts were washed with

water,saturated aqueous sodium chlo五 dc soludon,dヒ ied over

anhydrous magncsium sulfate, and concentrated in a rotay
evaporator to give polycarbosilane hydroxide(PCOH,9.2g)
Thc synthcsized PCOH (5.O g)and fluoroalkylllllethyldi―
methoxysilane(30g)(CF3(CF2)7CH2CH2SiCH3(OCH3)2;
TSL-8231, Toshiba,Tokyo,Japan)were diSSolvcd into dw
xylene(100 mL),and the ttxture was refluxed at 140° C for 24

h in thc prcsencc of a catalydc amount of dw pyriane(l mL)

(reagent gradc,Nakard Chcnllcal),f01lowed by concentration
in a rotary eVapOrator The residue was、 vashed using lnethanol

to remove excess fluoroalkyllllethyldilnethoxysilanc and to

爾 i網 嗣 脚 昇l鰤 鷲 椰 職
Ltd.,Tokyo,Japan)spectra using chloroforln― d(CDC13;Al―
d●ch Chemical Co,Milwaukee,WI)as a S01Vcnt Gel perlne―
ation chromatography(GPC,ンlodcl System-21,Shodex,To―
kyo, Japan)analysis also was conducted to obtain thc
moleculal・ ―weight disdbution ofthe inodified PCOH.Thenno―
gra宙mettic analysis(TGA,Model TG― DTA2000,Mac Sci―
ence,Tokyo,Japan)was perfOrllled on the polymcr salnples up

to 1000° C at a heating rate of 5° C/面n under argon flow.To
investigat the cwstaliz狙 On behaviorあove 1000:C,X― rり
diffractometw(XRD;Model RINT 2500,Rigaku,Tokyo,Ja―
pan)measurcments wcre perfol■ led on the heat― treated PCOCF
、vith CuKα radiation using an automated powdcr dffractom―

etcr equipped with a monochromator.
PCOCF― coatcd SiC powder was fab五 cated as follows.A
calculated amount of toluene solution of PCOCF was lnixed

with SiC powder(α ―SiC;DU―Al,0.47 μm;Showa Denko)and
O.5 1nass%of boron as a sintc壺 ng aid(0.85■ m;Mitsuwa Ptlre
Chen■ icds),using a glass mortar for 1 5 h Another sinte五 ng
aid,carbon,was supplied from the PCOCF bindcr.Thc nuxed
slunぃ/thcn was d五cd and sicvcd through a 60 mesh screen.In
this way,1,3,5,and 10 mass%PCOCF―coated SiC powders
were prepared.

Oxidation resistance of the PCOCF― coated SiC powder was
cvaluatcd as follows.Thc PCOCF― coated SiC powdcrs were
stored in a sealed vessel contttning liquid water(1.e,in wet air

at room tenlperature).A comparable sanlple ofthe as― reccived

SiC powdcr also was placed in the vessel.Thc oxygcn content

of each po、 vder samplc was rneasured by thc inert‐ gas lnelting―

thcrlnal conductivity method as a function of holding ume

(equipmcnt Model EMGA-550,HoHba,Ltd.,Tokyo,Japan;
method: Japan lndusttial Standard R-1603). Si3N4 pOwder

(JCRM R005;Ccra面c Society of Japan,Tokyo,Japan)waS
used as the reference.The powdcr samplc and nickel and tin
bathing metal were melted in an inert― gas flow(argon)by
impulse― type heating using a graphite crucible.()xygcn and
五trogcn gases were extracted Hydrogen and CO were re―
moved fronl thc gases,and they、 vere sent to a heat conduc―
tivity analyzer with thc incrt gas. く)xygen contcnt of each
sample was calculated from the changc of heat conducd宙 り .

Cylin“ical green colnpacts ofthe PCOCF― coa“d SiC pow―
der were prcparcd by uniaxial pК ssing to pellets(15 mm in
diameter and 3 nlnl in thickness)at a pressure of 30 MPa.PC,

p01y(Vinyl alcohol)(PVA;SⅣ IR-10M,Shin‐ etsu Chermcal Co,
Ltd,Tokyo,Japan),and dextrin(Type 4-C,Nippon StaК h
Chemical Co,Ltd.,Tokyo,Japan)also Werc coatcd onto thc
SiC powders,in a nlanner silnilar to the PCOCF coaung,using

cthanol or、 vater solvent.Reladve densities of the green com―

pacts were evaluated as a function of binder additiOn. The

green densities were calculated by measu五 ng the volume and
the weight of thc green compacts.Relative dcnsiり waS Cacu―
1江ed using the theorctical dcnsiり of SiC(3.21 gocm 3)and that
of PCOCF or othcr binders(1.l gocln 3)The green conlpacts

then、vere placed in a graphite die and heat― treated in a graphite

rcsistance― heating furnace (Model High Multi 10000, Fu―
jidempa Kogyo,Osaka,Japan)at 1500° C for l h,followed by
hot pressing at 2050° C for 15 n五 n at a hot― pressing pressure of

30 MPa under an argon atmosphere.The hot― pressing prograln

is shown in Fig.2.Apparent density of hot― pressed and sintcred

compacts was mcasurcd by the Archimedes method. Four―
point bcndng strengths 、vere deterlllined using a four― point

rupture test on 3 nlm× 4 ΠIn× 40 nlln bar samples whose
surfaces and cdgcs wcrc polishcd with dalnond powder(0.5

μm).The fracture toughness was deterlluned by the single―

cdge precracked― beam(SEPB)methOd.Microstructure of the
hot― pressed and sintered compacts was obseⅣ ed by scanning

electron microscopy(SEM;Model S‐ 800,Hitachi,Tokyo,
Japall).

IIIo  Results and Discussion
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Figure 3 showsthe lH‐ NMR spectra ofpolyme五 zed salllples
and fluoroalkylmethyldimethoxysilanc. As‐ receivcd PC
prcsents a broad peak at O.18 ppm with tu7o shoulders at-0.08

alld-0.6 ppm(Si―CH2,Si~CH3,and Si―CH― Si,respectively)
and anothcr broad perak at 4 3 ppm(Si― H).ThC ratio betwccn

the integrated intensides of C― H and Si―H is l:009. In the

PCC)H spectrunl, a ne、 v broad peak appcars at l.6 ppm as―

signed to Si― C)H groups,and thc relative peak intensity of Si― H
groups decreases compared with that of as― received PC. Le
rado of C― H:Si― H:Si-OH is l:0.02:0.05.Accordng to thesё _
spectroscopic analyscs, ～56% of the Si― H groups in the as‐

reccivcd PC have been successfully convcrted to Si-OH
groups However,the infrared spcctrum of PCOH indicates that

a few Si― Cl bonds rcmdn in the PCOH.
Fluoroakyllnethyldilnethoxysilane displays four peaks at

O.16 ppm(Si― CH3),0・ 82 and 2.10 ppm(CH2),and 3.54 ppm

(0~CH3)・ The Spectrum of PCOCF mainly consists of the
pe2ks of PCOH and auoroalkylmethyldimethoxysilane The
peak due to O― CH3 grOups at 3.54 ppm in the PCOH spectrum

disappcars,and ne、 v peaks due tO∝ cH3 appear at 3.40 and
3.50 ppm inthe PCOCF spectrum.Thc peaks of CH2 grOupsin
the PCOCF spectrum also become broader compared with
those of fluoroalkylmethyldmethoxysilane,indicating the in―

fluence of thc polymcr nct、 vork. The appearance of the new

peaks duc to the O― CH3 grOup indicates that some of the Si―

OCH3 grOups of auorodkylmethyldmedloxysilane are substi‐
tuted by PCOH,as shown in Eq。 (1).

CH3
|

CH3
|

PCOH+H3CO~Si―R―――→ PCO―Si―R+CH30H
I           I
OCH3       0CH3         ~

(R=― CH2CH2(CF2)7CF3)(1)

One ofthe new peaks at 3 40 and 3 50 ppm is possibly due to

the O― CH3 grOup in PCO―CH3,WhiCh forlns from the pro―
duced CH30H and unreacted PCCl.
Molccular―weight disdbudons of PCOCF,PCOH,and PC
have been analyzed by the GPC method,as shown in Fig.4.
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Fig.2. Hot press sinte五 ng prograln
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Chemical shift/ppm

Fig.3. lH― NMR spectra of PC, PCOH,PCOCF, and
auoroalkylmethyldimethoxysilane

log M

Fig.4。  Molecular― weight disdbu■ o■ of PC,PCOH,and PCOCF.

The mean value of″ w,of each polymer sample also is given
in Fig.4 The″ w of PCOCF is almost 3 dmeslargerthan those
ofPC and PCOH.The largcr M、 indcates mat the tw。 OCH3
sites of some of the fluoroalkyllncthyldimethoxysilanes are

fully subsututed by PCOH.According to these chenllcal struc―

turd analyses,PCOCF most likely consists of the following
funcdond groups:

CH3
|
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Temperature/℃

Fig.5. TGA cuⅣ cs ofPC,PCOH,PCOCF,and PCOCF― coated SiC
powdcr in flowing argon

500℃

2θ /deg

Fig.`. XRD spectra of PCOCF heat― 廿eated at v“ ous tcmperatures
ln purc argon

an alncDrphous phase at 1000° C,fronl which crystallization to

the 3C― SiC phase starts at 1500° C and ends at 2050° C.Almost
all the heat‐treated PCOCF converts to 3C― SiC crystalline
powders
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Figure 7 shows the oxygen contents of PCOCF― coated SiC
powders storcd in wet alr as a function of hol(五 ng dme.No
significant changc in the oxygen content is observed in the
PCOCF‐ coated powder samples,whereas the oxygen content
of the as― received SiC Powder increases to 2.O mass9ら in 10 d.

This means that excellent water repellency can be achieved by

modifying the SiC powder suface with PCOCF.
Figure 8 shows the relationship between binder addition and

reladve green density ofthe PCOCF― coated SiC powders com―
pared with PC― and other binder‐ coated SiC Powders.The rela‐

tive green dcnsity of the PCOCF― coated SiC powder compact
is the l五 ghest among the binders.Therefore,the closest packing

of SiC paticles occurs when they are coated with PCOCF.

0 ル7ιrri賀 げstttered S,CO″αιお
The densitD7 of the hot― pressed,sintered compacts is shown

in Fig.9.A small allnount of PCOCF coadng increases the
density,which reflects the high green density of the SiC Pow―

ders.A coaung of lo mass%of PCOCF,however,decreases
the density,even if the reladve density of the green compactis
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、 ṔCO―Si R  PCO― Si―R R=― CH2CH2(CF2)7CF3(2)
|

OCH3

CH3
|

|

OPC

The TGA cuⅣ es of the as‐received PC―,PCOCF― ,and
PCOCF― coated SiC Powder are shown in Fig.5.ne weight
loss of the as―received PC starts at 100° C,and a drastic、veight

loss begins at 550°C and ends at 700° C. The analyses were
perforlned in a ttowing argon atmosphere.The ceranlic yield of

the as―received PC is 85%.The weightloss of PCOCF starts at

200° C and ends at 700° C,ag五n in argon.However,the large
weightloss of PCOCF starts at 400° C,which is a reladvely low
temperature compared with that of the as‐ received PC.Accord‐
ing to our previous study,decomposidon of the organofluo五 c
groups in PCOCF dudng pyrolysis causes the large weightloss

of PCOCF attemperatures from 400° to 700° C.14 The alnount
of conversion to SiC from PCOCF at 1000° C is reasonably
high,i.e.,75%.The change in the ceramc yield of PCOII and

PCOCF indicates that 1 8 0f PCOCF contains 10~3m010f
organofluo五 c side chains.TGA behavior of PCOCF―coated
SiC powder is similar to that of PCOCF itself.Thus,the or‐
ganofluo五 c side ch誠 ns of the binder of the SiC Powder com―

pact rnay bum out completely at temperatures>700° C.
XRD patterns of the PCOCF heat‐ treated at 1000° ,1500° ,

and 2050°C are shown in Fig.6.The heat― treated PCOCF gives

76543210-1
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Fig.7. Oxygcn content of PCOCF― coated SiC powder storcd in wct
air as a function of holding time
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Fig.8. Rclationship
dcnsity

5                1o

Binder addtion/mass%

bctween bindcr content and rclative green

thc highest The decrcasc in dcnsity may bc duc to trapped
gascs fl・ Om PCOCF during sintering
Four― point― bend strcngths Of the sintcrcd compacts also arc

shown in Fig 9 The bcnding strcngth slightly incrcascs with
PCOCF coating(く 10 mass%),and it undcrgoes a maximum

(550 MPa)at 3 mass%PCOCF coating Thc scattcr in stlcngth
valucs signiicantly decrcascs、 vitll amount of coating for small
amounts of PCOCF(3-5 mass%)This decreasc in density
indicatcs thc sintcrcd body of the PCOCF― coaled SiC powder
compact cOntains fcwcr largc pOrcs The dcnsiり may dcpcnd
on thc improvcd packing properdcsin the grecn compact ofthc
PCOCF― coatcd SiC powder
Thc polishcd and etchcd surfaccs of the sintcrcd compacts
with diffcrcnt amounts of PCOCF coaung have bccn obscrved

by SEM(Fig 10)ThC Sintercd colllpact cOatcd witl1 3 mass%
PCOCF consists mainly Of uniform inc grdns(3-10 μm),
containing a small amount of clongated grains,and its nlicro―

structure is vcw similar to that of thc sintered compact、vith 3
mass9ろ  phen01. COnstitucnt grains in thc sintered compact
coatcd witl1 5 mass%PCOCF arc largcr than tllosc of thC
sintered compact coated with 3 mass%PCOCF.Large,elon―
gatcd grains(～ 30 μnl)appea in the sintercd compact coated
with 10 mass%PCOCF,and thc constitucnt grains cxhibit a
bilnodal distribu■ on.The difference in tllc cttbon content of
cach samplc,1.e,tllc PC(DCF contcnt,may cause thc differcnce

600

0      2      4      6      8      10     12

PCOCF oontentlmass%

Fig。  9.  Bulk dcnsity and four― point bcnd strcngth of hot― prcssed,

sintcred SiC compact as a function of PCOCF contcnt

in the microstructurc Exccss COating of PCOCF(>5 mass%)
induccs SiC grain growth

Tllc bcnding stcngth of the sintcrcd compact v/ith 5 mass%

PCOCF is slightly lowcr than that oftllc sintcred compact witll

3 mass%PCOCF Thc lowcr bcnding strcngtll is due to acccl―
cratcd grain gro、 vth, as shown in Fig 10, cvcn tllough thc
sintcrcd compact is almost fully dcnsi■ cd,as sho、 vn in Fig 9.

Thc bending strcngth of the sintcrcd compact M/ith 10 mass%
PCOCF is lower than thosc of a1l othcr sintcrcd colmpacts,

becausc tlle bulk dcnsity of tlle 10 mass%PCOCF― coatcd SiC
is the lowest, as shown in Fig 9 Thc sintered compact is
composcd of large,elongatcd grains,as shown in Fig 10

The fracturc toughness of all thc sintered colllpacts is～30
MPa・ ln 1/2 The bCnding strcngth incrcascs and tllc scattcr in

sttcngth valucs decrcascs with PCOCF coating(<10 mass%),
and thc fracturc toughness docs not decreasc SEM obscrvation

of the fracturc surfaces shows tllat all sintercd compacts have

a transgranular fracturc behavior PCOCF coating does not
affcct thc fracture propcrtics

Thc rolcs of PCOCF coating are(1)to dCnsitt thc Sintcrcd
compact v/ithout affccting the llllcrostructurc whcn using a 3

mass%coating,and(2)to denSitt and cnhance SiC grain_
gro、vth when using a 5 mass% coating Exccss COating of
PCOCF(10 maSS%),hOWever,causcs trapped porcs as wcll as
grain growth in the sintcrcd colllpacts PCOCF coating is c←

fective to con廿 ol the llllcrostrtlcture of SiC and to decrcasc thc

sintcAng temperaturc of SiC

IVo Conclusion

ln this work,a chellucaHy modiied polycarbosilanc(PC)
containing organofluo五 c groups(PCOCF)has bCCn syntllc―
sizcd by thc rcaction of PC and fluoroalkyllnethyldimethoxysi―

lane to preparc an cfficient compaction bindcr for SiC powdcrs

with O.5 mass% of boron as a sintcring aid. The results are

surnma五zcd as follows:

(1) PCOCF,the chemically modined Pc,has bccn suc―
ccssfully synthcsizcd frono PC and fluorOalkyllnethyldi―
mcthoxysilane

(2) A rcasonably high ccralllic yield of 759る  has bccn
achicvcd in PCOCF syntllesis

(3) PCOCF―coatcd SiC powdcrs shOw illlproved pachng
propcrtics bccause of thc organofluo五 c sidc chains

(4) PCOCF― coatcd SiC powdcrs have exccllcnt oxidation
reslstance
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Fig.10。  SEM phOtOgraphs of polished and ctched suttaces of SiC
PCOCF.

(5) Four‐ point bend strength increases with amount of
PCOCF coaung,and itis a mttimum(550 MPa)at 3 mass%
PCOCF coating.

(6) The sCatter in bendng strength values of hot― pressed,

sintered PCOCF‐ coatcd SiC significantly dccreascs with
amount of PCOCF coating.

(7) Coaung of PCOCF of>5 mass%enhances SiC graln
growth.
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