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Processing of SiC Cerarlnics with High Reliability Using Chemica‖ y IⅥ odified
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Chemically lnodined polyCarbosilane containing organonuoric groups,PCOCF,was synthesized and used as
a compaction binder for SiC ceramics.The powder fluidity and the powder packing property、 vere evaluated
by lneasuring ange ofrepose,tap density,green density and pore size distribution of both the binder coated
po、vders and the compacts.The】PCOCF coated SiC powder sho、 ved improved■ uidity and packing property,
oMパng to the organofluoric side chains of PCOCF.Thus,the PCOCF coating、″as found to be the most erec_
tive amOng other binders to lubricate the SiC particles,、 vhich results in a higher compaction under the same
loading conditions.The compact of PCOCF coated Si(3 po、 vder cOntains only homogeneously dispersed small
pores,and therefore,the lnechanical strength of the sintered body can be imprOved,the scatter in bending

strength values being also signi■ cantly reduced due to the PCOCF coating.
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1.  lntroduction
Engineering ceralnics,such as SiC,Si3N4 and A1203,haVe

high fracture strength and low fracture toughness due to

the strong covalent bonding or ionic bonding.The strength

of ceramics is sensitive to the size of defects in contrast to

metals due to its loM″ fracture toughness.The strength of
ceramics has been kno、 ″n to depend strongly on naM″ size in
ceralllic material even if produced through the same pro―

'

cess, i.e.,the scatter in the strength value of ceralnics is

generally large.This is one of the reasons to lilnit in conl―

mercial applications of ceramics.

The rnicrostl‐tlctural controlis one of the v″ ays to improve
the reliability of ceranlics. Strengthening leads to high

allowable stress.Toughening leads to enhance the fracture

strength M″ hen the increase in the size of fracture origin is

prevented.Toughening has been achieved in ceranlic corn―

posites by nano― particles,1)-5)v″hiskers6)-8)。 r ibers9)-11)
dispersion. It is, hoM″ ever, dittncult to toughen the
monolithic ceranlics v″ ithout any dispersants.

The fracture strength Often decreases due to the increase

in defect size.3),12)ThuS it is efFective to decrease total

amount of defects and the defect size for improving the
reliability of the monolithic ceranlics.Basically,an impor‐

tant rnethod to decrease the size of defects in ceramics is to

fabricate 、/ell― densined po、 vder compacts as well as the
microstructural control.

Polycarbosilane(PC)is the most typical polymeric
precursor for SiC―based ceranlics13),14)and Can be chellllical―

ly modined to yield binary ceramic systems such as SiC―

Tic,15),16)sic_ZrC17)and Si― Al― C―O systems.18)If the
polymeric SiC precursor is applied as the compaction
binder for SiC ceramic po、vder compacts, the precursor
derived functions are introduced to SiC ceranlic pov″ der
and po、 vder compacts, leading to thc high quality of the

monolithic SiC ceraFniCS. Such a functional binder can be

designed ttexibly by chemical modincation technique.The
authors have reported on the chenlical lnodincation of PC

and its application as a compaction binder of SiC powders.

PC was chenlically modi£ ed v/ith the nuoroalkyllneth―
yldimethoxysilane The modined Pc,named as``PCOCF"
acts as a coating material 、vith excellent oxidation
resistance in M/et air.19)

The obiectiVe Ofthis study isto apply PCOCF for the com―
paction binder of the SiC poM″ der to decrease total amount
of defects and the defect size in the green compacts,and to

decrease the scatter in the strength value of the sintered

one.This paper describes properties of the PCOCF coated
SiC po、vder, pore size distribution of the compacts, and

mechanical properties of the sintered bodies.

2.  Experimenta!procedure
PCOCF was synthesized by modifying PC(Nippon Car―
bon Co.,Ltd.,Type UH,Mn=2600)with nuOroalkylme‐
thyldimethoxysilane (Toshiba Silicone, TSL-8231:CF3
(CF2)7CH2CH2SiCH3(OCH3)2)・ The chemical processing
of PCOCF is described in the reference.19),20)

The PCOCF coated SiC powder(denoted PcOCF/SiC)
、ハ″as fabricated as follo、 vs. Calculated amount of toluene
solution of PCOCF was m破 ed with SiC powder(Showa
Denko,∝ SiC,DU― Al,0.47 μm)and O.5 mass%of boron
(B,Mitsuwa Pure Chemicals,0.85μ m)by a glass mortar
for l.5h. The lnixed slurry v″ as then dried and sieved
through a 60 1nesh screen. In this way, 1, 3, 5 and 10
massり/PCOCF coated SiC powders were prepared.On the
other hand,one of the typical compaction binders for SiC
powder is phenol, and phenol(N/1itsubishi Co., Novolac

type)coated SiC powder(denoted pheno1/SiC)waS alsO
prepared by the same v″ ay as the PCOCF coating using
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ethanol solvent.

Evaluation of poM″ der properties 、ハ″as carried out by
measuring the angle of repose ofthe po、vder on a spatula as

vrell as measuring the tap density of loosely accumulated
powder.The angles of repose of the PCOCF/SiC pOwder
and the pheno1/SiC powder were determhed by a
restricted― pile method as sho、vn in Fig. 1. A spatula

(120× 22 mm)and a sieve of O.21 mm mesh were used.
The po、″der v″as passed slov″ ly through the sieve onto the

spatula.After the spatula、 vas buried under the powder,the

saucer M″ as removed and the lilnit accumulation angle,θ l,

was measured.Next a small weight(50g)was drOpped
fron■ the height of 160 mm onto one end of the spatula to

knock ofthe loose surface po、 vder,and the second lilllit ac―

cumulation angle,め ,waS measured.These measurements

Fig l   Experimental systeni to measure the angle of repose

were carried out four tilnes.

The tap densities of the po、 ″ders、vere deternlined using

a cup(100 ml)and a sieve of O.21 mm mesh as shown in
Fig. 2.The pov″ der v″ as dropped fronl the height of 220
mm,passed slowly through the sieve into the cup.After the

cup、vas buried under the powder,the loose surface po、ハ″der

v/as removed,and the、veight of the pov″ der in the cup,i.e。 ,

100 ml,M″ as measured.These measurements v″ere carried
out four til■les.

Cylindrical green compacts of PC()CF or phenol coated
SiC pov″ ders were prepared by uniaxial pressing into pellets

(15 mm in diameter and 3 mm in thickness)at a pressure of
30ンIPa. Relative densities of the green compacts M″ ere
evaluated as a function of binder content.The green den―

sities v″ ere calculated by measuring the volume and the
weittt of the green compacts.Relative density was
calculated using the theoretical density of SiC (3.21g・

cm-3)and that Of PCOCF or other binders(1.lg・ cm~3)
Pore size distributions of all samples、vere obtained by a
mercury porosimetry(Auto Pore 3, Shimadzu Corp.,
Tokyo,」 apan),under a pressure up to 413ル IPa(6× 104
psi).A contact angle of 130° was used to calculate pore

radius.

The green compacts for hot pressing(40× 50× 10 mm)
of l,3,5%PCOCF or3%phenol coated SiC powders were
prepared under the same compaction condttions dcscribed

above.The green compacts v″ ere placed in a graphite die
and heat―treated in a graphite resistance heating furnace

(Model High Multi 10000, Fujidempa Ko〔Ⅳo, OSaka,
Japan).Heat treatment consists of tllree steps such as,(1)
heating to 1000°C atthe rate of 100°C/h for pyr01yzing,(2)

heating to 1500°C atthe rate of 600°C/h and holding for l h

for the reduction of the surface oxide of SiC poM″ der,and
(3)heating to 2050° C atthe rate of 600° C/h and holding for
15 min at a hot pressing pressure of 30■ IPa. Heat treat―

ment M″ as carried out in an ambient argon atinosphere.Ap―
parent density of hot press sintered compacts 、ハ″as
measured by the」 rヽchilnedes'Inethod.Four― point bending
strengths、 vere determined using a four―point rupture test

on 3× 4× 40■lln bar samples of、 ス″hich surfaces and edges
were polished with diamond powder(05μ m).The fracture
toughness was deternlined by the single― edge―pre― cracked
beam(SEPB)method.

3.  Resuits and discussion
3.l  Properties of PC()CF coated powder
The angles of repose of the pov″ der samples on a spatula,
θl andら ,are Summarized in Fig.3.Both of θl and θ2 0fthe
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received powder and the pheno1/SiC powder.
The tap densities of the poM″ der samples are summarized
in Fig.4.The tap density of the PCOCF/SiC powder is
higher than those of the as― received pov″der and the
pheno1/SiC powder.This result also suggests the improve―

ment of poM″ der nuidity by the PCOCF coating,leading to
the highly dense accumulation, v″ hile the phenol cOating
conducts no lnprovement in the pov″ der ttuidity.
3.2 Properties of PC()CF coated povvder compacts
Figure 5 sho、vs the relationship betv″ een the binder con―
tent and the relative green densities of the binder coated

SiC po、 vder compacts under the same loading condition of
30ヽIPa.The relative green density ofthe PCOCF/SiC com―
pactis higher than those ofthe pheno1/SiC compact and the

other binders/SiC compacts.
Figure 6 shov″ s a comparison of the pore size distribu―
tions of the green compacts of the PCOCF(5%`)/SiC
powder and the phenol(52`)/SiC pOWder.The peak posi―

tion of pOre size distribution of the PCOCF/SiC compactis

observed at about O.07 μm,which is smaller than that of
pheno1/SiC compact. The pore size distribution Of the

PCOCF/SiC compactis sharper than that of the pheno1/SiC
compact.Those results indicate that the PCOCF coating
does lubricate the SiC particles better than phenol,、vhich

results in higher compaction under the same loading condi―

tion.

Figure 7 shows a comparison of the pore size distribu―

tions of the compacts pyrolized at 1000° C. No signincant
change in tlle peak position can be observed for each sarn―

ple.The PCOCF converts to SiC phase in higll yield(75
mass%)by heating,19)、vhile only the half of phenolis burn―
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Table l.  Properties of Green Compacts and Pyrolized Compacts

green compact pyrolized compact

SiC■5070Phenol SiC+5%PCOCF SiC+5%Phenol SiC+5%PCOCF

¨
"健
ve/μ m 0119 0151 0059

geen d発し4E輛・ 1850 1950 1809 1856

poroslty/0/o 3725 3475

rettЮ denヨン/% 655

ed out by heating。 「Fhus the pore size distribution of the
PCOCF/SiC compact after pyrolysis is still sharp.
However, the pore size distribution of the pyrolized
pheno1/SiC compact becomes slightly broader than that of

the green compact.
The properties of the green compacts and the pyrolized

compacts are suminarized in ttable l.The mean pore size
ofthe PCOCF/SiC green compact is about the half of that
of the pheno1/SiC compact. The green density of the
PCOCF/SiC compact is larger,i.e.,its porosity is smaller,

than that of the pheno1/SiC compact.The density of the
pheno1/SiC compact decreases,and the mean pore size in―

creases after pyrolysis.Ho、 vever,the changes in those pro―
perties of the PCOCF/SiC compact before and ater
pyrolysis is smaller than those of the pheno1/SiC compact

because the ceramic yield of PCOCF is as high as 75%,19)

and it is the advantage of PCOCF for its binder use.

Assunling that the SiC particles are uniform spheres、 7ith

diameter/O and are closest packed,the relative density of

the compactis 74%,i.e.,the voltlme fraction of binder ill―

ing up the gaps is 26 vo12`(abOut 9 mass%),and the gap
size is about O.15570.As shOM″ n in Fig.5,a relative density

of 74%,i.e.,near― closest packing is achieved by 10 1nass%
PCOCF coating,v/hile the relative densities of the green

compacts using phenol and the other binders are lo、 パ″er than
70%.The measured gap size ofthe PCOCF/SiC compact,
i.e., the average pore diameter is O.058 μm as shoM″ n in
Table l. The average particle size of the as― received SiC
powderis O.47 μnl,and the calculated gap size ofthe closest
packed  compact  is  O.155 zO=0.07μ m v″hich  agrees
reasonably 、バ″ith the measured average pore diameter of
O.058 μm.
Phenolis cOlnlnonly used as the compaction binder of SiC
poM″der because it assists powder compaction and supplies

carbon to remove the surface oxide of SiC po、 vder.
Ho、vever,the phenol cOating conducts no improvement in
the pOv″ der nuidtty and 50 1nassЙ

`of the phenol is burned
out by heating.On the other hand,PCOCF contains free― car―
bon and can also supply carbon to remove the surface oxide
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躙
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ceranlic yield is alsO desirable.Thus green compacts v″ ith
high quality can be prepared by the PC()CF coating.

3,3  Properties of sintered Si(〕 com pacts
Density and four― point bending strength Of the hot press

sintered samples are sho、 パ″n in Fig.8.Density and bending
strength Of the phenol coated SiC are plotted in the left part

of the ngure.small amount Of PCOCF coating is e∬ ective
for increase in density,、vhich rellects the high green densi―

ty of SiC powders.Coating of 10 massり と of PCOCF,
however,decreases in density even if the relative density of

the green compactis the highest.It may be due to trapping
gases froln PCOCF during sintering.

Pore concentration variation in the sintered body
possibly results from green density variations caused by
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Fig 8  Bulk density and four― point bending strength of hot press

sintered SiC compacts as a ftlnction of PCOCF content

particle―particle friction during forming, as Mrell as from

particle size variations in the starting rnaterial.Green densi―

ty ofthe PCOCF/SiC powder compactis higher than that of
the pheno1/SiC because of its excellent pov″ der auidity as

,hov″ n in Figs.3 and 4, so the density of the sintered
PCOCF/SiC is high.
The bending strength slightly increases by PCOCF
coating(<10 mass%),and it takes the ma【imum(550
MPa)at 3 mass%PCOCF coating.The scatter in strength
values of the pheno1/SiC is relatively large.However,the

scatter was signincantly decreased by PCOCF coating(3 to

5 mass%)and the mean value of the bending strentth in―
creased.Bending strength of the sintered compact v″ ith 5
mass%PCOCF is slightly lower than that of the sintered
compact with 3 mass%PCOCF.
The polished and etched surfaces of the shtered conl―
pacts with different amount of PCOCF coating were observ―

ed by SEM asshownin Fig.9.The PCOCF(3 mass2`)/SiC
sintered body consists inainly of uniform ine grains(3 to

10 μm)containing a small amount of elongated grains.Con―
stituent grains in the sintered compact coated M″ ith 5
mass%PCOCF are larger than those of the sintered com―
pact coated with 3 mass%PCOCF,and the microstructure
is very silnilar to that of the pheno1/SiC compact.Lots of

elongated grains can be seen in the sintered PCOCF(10
mass%)/SiC.
The fracture surface of each test piece v″ as observed by
SEWl.Numbers of fracture surfaces M″ ere obscl●7ed and the

typical fracture surfaces are shoM/n in Fig. 10. Both
samples shov″ the intra― grain fracture behavior.Some pores

less than l μm can be seen at the fracture sul・face of the
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Fig 9  SEM photographs Of the polished and etched surfaces Of
SiC+05%B+ (a)3%phenol,(b)3%PCOCF,(c)5%PCOCF
and(d)10%PCOCF

pheno1/Si(ム v/hile n0 1arge pore can be seen at the fracture

surface of the PCOCF/SiC.
Boron and carbon are used as the sintering aidsin this ex―

perilnent,and sintering of both samples occurs by the solld

state process ln such case,the interface betv″ een two solid
grains reaches equilibriunl by the surface dintsion process

and the large pores remain in the sintered body.The critical

radius,R,of the pore M″ hich is not elilllinated during sinter―

ing is R=14′ちin the irst approxilnation,whereフ b is the
average particle diameter of the starting poM″ der.21)The
pheno1/SiC po、ハ″der compact contains pores larger than l.4

ん (0.7μm)as shown in Fig 6, thus the sintered
pheno1/SiC body contains pores as sho、ハ″n in Fig 10 and its
bending strength varies in wide range.The ceranlic yield of

the PCOCF is as high as 75%,and it converts to SiC
phase19)v/hich■1ls up the gaps among the matrix grains.
Therefore,cOmparing with the pheno1/SiC powder com―
pact,pore size distribution of the PCOCF/SiC powder com―

pact is sharp and the average pore diameter is small,thus

the sintered body lnay contain less amount of pores,v″hich
results in the decrease in scatter of the strength value.

Fracture toughness of all the sintered compacts is allllost

constant at about 3.O IIIPa 17 m.Thus the bending strength

increases and the scatter in strength values decreases by

PCOCF coating(<10 massシ

`)without decreasing the frac―ture toughness.

It can be concluded that the PCOCF coating is very ettec―

tive to improvein poM″ der nuidity,poM″ der packing property
and ceranlic conversion in high yield,M″ hich results in high
reliability of the sintered body in terms of the less scatter of

the fracture strength.However,too much PCOCF addition

(10 mass%or more)enhances the grain growth Of SiC,
which possibly results in the decrease in the bending
strength Thus,small amount of PCOCF coating(3 to 5

Fig. 10  SE市I photOgraphs of the fracture surfaces of SiC十
05%B十 (a)3%phenol and(b)5%PCOCF

massリイ)is e∬ ect市 e for increase in the density,increase in
the bending strength and decrease in the scatterin strength

values of the SiC sintered bOdy.

4.  Conclusion
ln this v″ ork,the chenlically rnodined p。 lyCarbosilane con―

taining organonuoric groups,PC()CF,v″ as synthesized and
applied as the cOmpaction binder for SiC poM″ders.PC()CF
coated SiC powder sho、 /s improved packing properties,o、 v―

ing to the organonuoric side chains of PCOCF as follows.

(1) Angle ofrepose ofthe PCOCF coated SiC powderis
lower than that of the phenol coated SiC powder

(2) Tap density of the PCOCF coated SiC powder is
higher than that of the phenol coated SiC po、ハ7der.

(3) Green densities of the PCOCF coated SiC powders
are higher than those of the phenol and the other binder

coated pOwders at the content between l and 10 mass%.

(4)Average pore diameter ofthe PCOCF/SiC compact
is smaller than that of the pheno1/SiC compact.

(5) Pore size distribution of the PCOCF/SiC compact
is sharper and its peak pore diameter is smaller than those

of the pheno1/SiC compact.
The conclusions(1)to(5)indicate that the PCOCF
coating does lubricate the SiC particles better than phenol,

v″hich results in higher compaction for the same loading con―

ditions So the PCOCF/SiC compact contains less large
pores,  and  therefore,  mechanical  strength  of  the
PCOCF/SiC sintered bOdy is improved as follows.
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(6) Four―point bending strength is increased by
PCOCF coating,and it takes tlle maximum(550 MPa)at 3
mass%PCOCF coating.
(7) The scatter in bending strength values of hot press
sintered SiC signincantly decreases by PCOCF coating.
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