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g A, 38 Tom AdHeR B 8ol VdEHe Aot o
57 foam 1 A7IE F vholAmVIEHAA ¢ LU A7]E 7HA
= Aolgta F2x= 71F3 Aty walloly strut® FAE oA A

moltt. SHARE, QoA wihuiel o] wshytas AR T Ad =2
ol Adst=d "l ol EAFES 7P A gSo], ol &
AHELS s foamdl #&st= v 34 HojXTh

gy, o]#3k A ES Ay dFAlE ol&ste] 55 2 ¢ e
W, o]z dslel os] A Algtelow Wed 4 Q17| wjEol
THA4L #H2 3 aAE o] &3 Aty Az Bwe] A #ils E1 3l

t}. Polysilane, polycarbosilane, polysilazane, polysiloxane &%
7] LA sgtE e diEs A A AtHese] wMakge] 75% ol
o= Hom 1000C el ¥ad we el AR ol Az
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2 Az o] ZigEa JAoH5-7]. o8 7R Fr]nEA AR
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TA, ZujgAet oAl ok AMES %k e AR FY e
2z Iok[9-15]. old gk Algty] AFAE o]&d vad At

Zo| = replication methods[13,16], space holder methods
[17,18], direct foaming methods[8,15,19,20], o]4t3s}gtsk 7F~9] &
A8hA EQFAHAd S o] 83 microcellular foaming[21-23], € 2] Al

AFEAl = fugitive A o] &3 9 57FA ol dAl F=E AF

E3E 2o At AAe B Tk vAlTE EFT AEA A
d& o]g3t thyA AR, tFAY crosslinking, crosslinking ¥
A didists 4 5% AMER #H7]F(closed-cel) HEH
Algtal 2~ Azgage] EREATH[24]. T =0l FHToll= At dTA
o] Zg2lZ2Hpolysiloxane)d] A fillerE A7lste] M2 AFEA
714 & microcellular SiC[25]¢2} microcellular mullite[26]17F 7R3 91
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n =

AN = BlwA  A7}e] preceramic polymerl EE]AEF4

L

(polysiloxane)& ©o]&3le] Ar E¢7]dA EE3] =5 wE SiC
d AEee nFE B Vet AlTE HUbste] mpolaRAE
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Table 1. Property of silicon carbide

Density 3.20g/cnt
Hardness H.n = 95079.75, Hk = 2,600
Band strength 4,500kg/cn (Bulk)
Melting point [do not exist](T4-2,500C)
Coefficient of N 6o
. @ = 475x10%/C
thermal expansion
Thermal conductivity k = 150kcal/(m * hr - C)
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2.1 Preceramic polymer (Polysiloxane)

Preceramic polymer® duHbd o2 wH A} FALE F7|1w3 &
2 AAg Mgt s 2 5 s dAEo] ¥y o] JE o & A
gtulst A1 ¢ e AEAE delH, I T YA FAEY] A A

2.1.1 Polysiloxane?] A <]

FEell Aol A (2. DollA He=npel ol ojie A3 Avtsd o
AApel olaf A SidAtel SigdA 7L el Hol low ol gk T
SAgH. TR SidAZE gk The) AkAdAtel] &6
71 3}ES t]A=2H(disiloxane)olgtal sk 371 €]
Siga7E sdg Wl oefA  EEuo] oW EAEAE
, HEel SidAzl o] el oa] EEEo U=

SHHES A5 &8 A F4Hpolysiloxane)o] gk gk},
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R-Si- ¥ R,Si- Ssd g9 A
|
R
R
|
-Si- EE R,Si= ol #5d Tl A
|
R
|
R-Si- T R,Si= s d 9 Al
|
| 2. 1
-Si- L =Si= A ts A el A

2.1.2 Polysiloxane®| 7}l

e A S A (2. 20 Be A3 Fo] AHEA
M o]l YAt wjEe W FEHlolREE FofFo
o] LEolM ASE THed

shd, st e et o FAYEe] AEAE w85 o
7] fste] £2b5 zbel Zhalv dasit o= AEE ghehEo] HeE
AR} b GA; Abolddl AAE networkZt Wouf A oite] wel 1 7]
w4 @ 54401 AAEA 7] wiEelth. ZhalnkgS Fal 3xb A<
HESAE FA4s87] A AHEE= £4E T Ao=

AabsAdol sojoprt s, tife) #71skel dE|7h of7]el AbE-E o
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1) PeroxideE A}&3t free radical WHg

[=Si-Ci# -OR — =Si CH,+HOR
=Si - CHy+ - CH,Si ——  =SiCH,CH,Si=

i Si- CH=CH,+ -OR — - - CHCH,OR
Si- CH=CH,+ - - CH-CH,0R ——
- - CHCH,CHCH,OR

=Si - CHg+ -OR —> =Si- CH,+HOR
=SiCHCH,OR+= Si - CH, — (2. 3)
SiCH(CH,-Si=)CH,0R

[ =Si - CH=CH,+ - OR — =Si{-CCH,0OR

A =ZX9] free radical 7}nl7]%-S dimethylsiloxane® methyl 155
Z AdBE yinyl 202 A g oA A% aryloxy peroxide®t
o 2% HE 7HeA sk AT 2. 3). Peroxided] tigh @ AT
o 7ol dFol: & tekal ofF EE 8ol ¥EAHoR &
peroxidex UWEUA &ggkow, Aoy 7sxta2 AW A
=2 ZElw el AlgkE Hele] peroxide =,

oxide, dicumylperoxide, di-t-butylperoxideZ &7] Fol|A] 1273}

[

xo

2,4—-dichlorovenzoylper—
U dicumly =+ di-t-butylperoxides F7-& B} carbon black

st wFe Azel F2 ASHD Vinyl7lE $Haa gl 1

o]
&
o] Asle= 2z A3t FAHol EF A5 ¢S 943 compression

=SiOH + =SiIOH —— =5i051 = + H,0 (2. 4)



OR OH

-Si-OR + H20—

N\ \ (2. 5)

OR
silanol 1&¢] Fwke2 AelZ3tgto] oA AFs] T3 HAAE
AHA sk Aok(A 2. 4). Y 2 el 17) o]/d¢] silanol 1
ARehH 3AFA A Zhurt s siAH Zhalee] A whel g =et
dWst7t 7hs st
Alkoxy, acyloxy, oxime¥} &2 7}4&3) 7Hs Is°] Ao A3
o] A= AHigtd FEI A F2oME Zturt st 2. 5).

a,m—silanol”’] & ZES polydimethylsiloxane©] tetra, T=

ol
)
N

i

trifunctional silane¥} #Zo] &z AL, 3ALAH R TluE FERE
A A}, wEba] o]k HEeFA L 19 208 A|EFS VheA
t}. o] 7tuE YA AFEEH= Sule tin B titanated 3EEE©

.

—

3) Hydrosilylation ¥F-&& AF83sl= 7Ful
Si-H 2% 2t AFAy Bx3 sslaea 43S 2 AZ54
F-7HEg-olth(4] 2. 6).

=5iH + =51CH=CH, — =5iCH,CH,51= (2. 6)

N
=

4) Hydrosilane/Silanol ¥H&& Al&3l&

}_

o] Rtg-2 £ E+ hydrosilyation Whe& B3IHL = 5 3o



1A ¥k e 2 Whgo = xd & 5 AdvkA 2. 7).

=SiH+ =Si0 =Si0-Si=+H,
=Si0+ H,0 =Si0+H,
=Si0+ =SiOH =Si0Si=+ H,0 2.7

o] Hkg-2 7o ug} Ao dojd = glom A foamS ALHE

T e oo Qe A ow &&Har U

5) RadiationS A}-&38l= 7Fal

5o EgHol A% polymethylsiloxaned %= ©]&3} ®Alionizin
g radiation)®] & thgk A& AAHF A7F o] o, WA S
AbEetE 7HuE Ths Al skl ool dukAo g 271A] Zha e

rl

AR, =& WALA YA = ABAAZA polymethylsiloxaneo] ZFAME S
o & f7lasEe] Ealdo] oS FAdEd o) ut
o =4, &3t ZAAe sl o]ESHA W= FNA

AEqbe] FAA Hhes A7) Asie & dEd fr1Ee FURAL W
ol A= A{EH|AH, kA polymethylsiloxane E#™oll=
“1sE°] pendant FE® EAeoF ghT)

FRA g & 4 A aromatic ketoneS FINAA R ALE-E=

=
thiol-ene Wrg-3}, F7IAIAI] &E2] slell X 8% = hydridsilane-ene

ﬂllﬂ
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Aok the JAe 2 Qe 1A 7] F

by

Aol
Aol @s7F A7) WEelw, wa mule] mATFE}
AW e Folol ol@th. oeldk thEA AAE WA
TzA T Beste] Be A} o]RoH w1

2.2.1 71884 Fzxof WE E5F
1) Aggregate &
Aggregate Tt UA-EHA(Agglomerate) & WA PAS LA AY

vRIEEA 1EA7 Ao, 7Fe AegAt 2 Ak e AF

ool Jabg Atolell EAet: sFo=RH A7 ApArelol EAEt
T Y are A89AY a7)9 A

2) Sponge 9
Sponge TZEA(ZIEEAANT A Lo ThAF A7)0 FHE) 7]F0]
A7iek 71EEe A7t v 59
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2.2.2 Az Hol u}

1 =HR=1
T

ru

1) Replication Methods

o] WL TEAH(UWFH S 2= polyurethane)Z THEO]Z A~ A] oF
o2 Ay &g (slurry)E & (nfiltration)Al 7131 F7F4Q1 &2
£ squeezing 3HOE A|AT Fol| ILEAE burn-outA )AL L2
A et v Al s Alxsks WHolv[16,23]. o] WHE o
& 3ol 7/l7]& FZ(open-cell structure)E 74 = At Ao
23k Wgolth[28]. 18y o] WS Polyurethane foamol A2ty
slurryE coatingdli= A oA strutol 718S FAsHA "l o] A o]
Uad Al ze] Ay d g2 AFAS "HoELA He @RS

7HA AL QAeH30].

e

Ho

2) Direct Foaming Methods

Direct Foaming Methods: Ajlgtel £¢

18] AlZzA =
blowing agentE AF&3}o] foaming= k= W o|th[15,19,29,30]. <]
N Ak AFAle A AW burn-oute] s
solidg H7ItAY AA Aoz §e o 7t~5 APAIE ATAE

ALgete] gl A5 9w

Wy

rlo

o
o

He 7oz JAATIE FA ol o

il

WS Replication Methods®l Hlsle] & ©] 2 Alojd 7|33 33 7]

S [e) [e) A~
TES 948 4 A
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[
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7178 BAl=Th 2Eok dEolgbE o 7EA Wl olste] Wtk

s> Akl Cox 7AlE #at

A
a
=
—
[

@,
o

=

N
o

3k Ak AaAdiel] £EA71a Al CO, dE S
SEAY F2 2x9 dgolgde 7 A WEE o]&stw EEud
COz9l &al=rt F43] Yol CO, 71A7F #x3t ez WalA =
3 olw FEsE COp 7AS tA] A AT YE g w24 =
=d olwe] FASA WEHE CO, 71A7F vA B2 RU/A o]
A X star Uil VlEs FAske dEE ol&ste= Aeltt

[21,22,23].

4) dxe] Aol AEARE fugitive 48 A7kshs W [36]
o WHe AwA A AFus Azl YA AT e AHEE
RaL, A7Ha A= WY sl stitelth of WS dAE § e

5 71 &
g9 vl AAe ol b A BFY ATyl AzFHo]
W, IAES A9 S MR mslol e WEEES CVDshE

H[31], hollow sphereE AZAst= WH[34], carbon preformel] SiO
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g WeAE WHI35], BEA aFd 24 FEANE WY

2.3 A Atz =

1) AsAg SvisA

AEare] dXufr e e FAE I wirTEs 2TF stolbR el uh
et A2 B dirkE Aol i A3 casedlld] A, AHAY 5ol
7 ARTt F2 AREEHL ok FAAEE ZYoletolE, Ashat4,
S3byta, A2 5ol AR EAZAF7E Ao SejEA o] & Yo
[Edo] 2 AMgdd. 23y v Aty AA=Zs SejdAdel

= mA= HFEHAol 2] wEel Suf wAC] Bz A

e
o

AAo] 943 T-AluminasS =B ZelFou wE ZEF S 7

selEd =T, AAFTFFIA MESE FIk5 T 57184
R AA, gzl Faha wAse FATAAA Fol Agus
deh oje] PAZ AR o GA A5A Wzt AAG Zvjet
AR WWoE MEALR /BEYC]l $5E BFd AR F0E
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S8, dross¢t &2 MAles AAL 5 vk T8 Eol =

Fo RRUTHE 8FeHs Hol QurHow Bete|Edo] ALY,
S

T

277} ARgE AL gl ol= wir|vbse] HEAE

= = A
AEAA ALE Fasta sta ols FUs7let Al AEHAA 27
Fowr HdS ol8dh= ASlH o FAA thed AlFY 27t o8

[‘

Ach. 47174E) ARFAAN SR ;e )kl oba
AL Az AE) Akt TFEe] 9% 5 oA WAy,
4, NAFAHe] & SICA, ST mAel Ao EA E mrjojetel =

A 2=A7F A-S-E

5) TN g A
HadzoA SAHE ARe FAz @ vdel 99 Bhed %
AE g5t MPR AAES BHEA A Ak 2ot Aol
gag At Bt dAdiozve wWEHE vU4E 23

HeE nE AAE FRAVEA vYR AR AANE
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dHolt}, AMAZ = AA7MA Asa-g FAF U A ojeto] EH ol
U eslgfAa o] AleFE I tEEAY ¥HFES adste] UEES
35~55%, A7) 8A71S 10~35m= FA3te] 40~95%¢ TR aGHE

[e) 2~
dE T U

3 JETES FHo|Y Yo r|Foz A o] 2t Eoliithe

o) 71% o= A Fol7t AL Hobdy) AAME 71T 2]
7} 100~150m o1Fe] slejok @tk o]7l 1FaAsE Aek Eol7t A7
§ AAzAe] kol Folvtok 7] wRoldh,

gAE olgd AR A5AY AL WL el thEged A
Fol 24T & A4S B ol &eH o] Ax, LAY A7
q7) Wil W& Ae] wAF] AL ool YUtk TF o}

Fer vEF] TS FYFOM LEL pHEE, FAYH L u
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3.1 Polysiloxane® &&3flol ¢k SiC A4 A

2 AT FdRE A AFASD polysioxane(YR3370, GE
Toshiba Silicons Co., Ltd, Tokyo, Japan)& A}M&3FAth wHoig]
(chunk)®] polysioxanes &Fu|tt = 107 &332 100 mesh

o] Aol AL F B EX=(mold)ol Eo] 20MPa2l ¢3S 7ls] A

& (diameter: 156mm)o.2 d=A4Fs & ZZAF4ke] =2 AMghd] &
o 47 H8l A2~180C7HA dAE=E 7 whgS AZTH ZFaE
Al AS FHE(tube furnace)el] o2 7tA EH TN SELEE
1TC/mine.Z 3slo] 1200~1500CAlA 1A1ZF d&3ste] SiC A sA
.

dEeld AAS CuKa X-H& o]&3dte] FAME 20° < 20 < 80°

7hA] X=-A 3 A EA (Rigaku: D/Max-2000)S 2 A)&te] SiC A of F-
=2 A . 22X wE SiC A WIS FALEAAER A

(FESEM-JEOL: JSM 6700F)°o.2 7 stgomn ouyx]iEas A9E

=]

2 EHEDS-OXFORD 6841)% A® BAS 319t}

O
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3.2 B3 7tk nAFE o] &5 thed Mg A=

Agel AFAZNE vwd A7Y polysioxane(YR3370, GE
Toshiba Silicons Co., Ltd, Tokyo, Japan)& AM&3kolal of 7)ol 3%
7}538k m A GH(461DU40, Expancel, Sundsvall, Sweden), H]ZA
Filler2 SiC powder(Grade UF-15, Germany), €4 filler= Carbon
blacks AH&etdilar, 2AAS FAA7I7] f8l 2F =AE 2
Al03(AKP30, Sumitomo Chemical Co., Tokyo, Japan), Y203(99.9%
pure, Shin-Etsu Chemical Co., Tokyo, Japan)E& A}&3st3th #3 7}
538k A= thermoplastic(poly(methyl methacrylate))®] A& = o]
Fojxglom YHo|= &34 7l (hydrocarbon gas)E 7FA Al 9
. 2=7F S7Hghel weEh i Bskaea 7k obee Frheke Aot
2482 A A (thermoplastic shel)S =7} F7hshe] wel o3}
(softening) & H Al o WF-& StHel s AWAetA Hvh. BsiA
ok wAGH(461DU40, Expancl, Sundsvall, Sweden)®] i sizet
9~15mme] A3 v A G Ho sizer 20~30mm FE=olt). WA
A 9] A4S Fig. 19 YeRSh

Folgl(chunk)®] polysioxanes @Fu|v =2 1083F st
100 mesh® Ao AE FZS SiC powder®t AlOs, Y003 183 &
2E989 WS (carbothermal reduction)S 93 carbon sourceE
polysioxane®l 10 wt%»CE #H7Isted alumina jar?} alumina
ball(diameter: 8mm, 20ea/100g)& AF&3to] 24A17F Ao = 13 &
o % 12 39 2u 3% 7bse vATE 7kt polyethylene

jarel teflon balls(diameter: 10mm, 20ea/100g)E 3A17F &+ 714

_20_



o7 22 &3S sttt A¥ AL Table 29 YE QT
2z} &3ty B Az E(Cu jig)oll ¥l ovenolA 140C-1h <t
FA skl B A F T (Fig. 2). X3 A|HS 7] T F2~180CT7HA

Jol A ds] B A

N

GAERE 7t HEEE& Al & o= T B9
A3 ¥k8-(carbothermal reduction)S 3} tHTable 3). W=Fd A4

o] MAEe} AJHY FAS Fig. 394 YeEQ oM AZFAL Fig. 4

AzE Ao WxE FA/HEY(weight-to-volume ratio)® 3t =
A 9 1 7]FE(porosity)+ open cellS mercury porosimeter(Auto
-Pore IV Series, USA)E AR&3ste]l FA3F3AaL closed cell
microcellular ceramic®] bulk density®} ©]&™ % (theoretical density
- 3.2g/cm’)2H-H Aibste] thad AdHe] F V) FEE ST
CuKa X-4& o]83te FAZLE 20° < 20 < 80° 7HA] X-
Al(Rigaku: D/Max-2000)& AAlste] SiC 714 o F-E 4] 3st3la v
AT%E FAAAAW ZH(SEM-JEOL: JSM 5800) 0= #3 3} it}

L
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Table 2. The experimental composition of SiC microcellular

ceramic
Specimen Comp. 1 (wt%) | Comp. 2 (wWt%)

Expandable
microsphere 10 10
Polysiloxane 81 54
Carbon black 9 6
SiC 0 30
AlO3 2 2
Y203 K 3

- 22 -



Table 3. The experimental condition of SiC microcellular

ceramics

Experimental parameters

Experimental condition

@O Powder mixing

4 Ball milling : 24 +3h
@ (1) milling : Alumina Jar
@ (2) milling : Polyethylene Jar

@ Foaming

& 140C-1h
Jig (8em><8cm>1cm)

@ Crosslinking

@ Thermal crosslinking

- heating rate : 1C/min

@ Pyrolysis

@ 220C-0.5h, 450C-0.5h,
700C-0.5h, 1200C-1h

& heating rate : 1C/min.
- Argon atmosphere

(® Carbothermal

Reduction

@ 1700C~1800C-2h
4@ heating rate : 5C/min.

- Argon atmosphere
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Fig. 1. SEM photographs of expanded microspheres
heat—treated at 1407C.
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Forming Foaming Crosslinking Ceramization

Preceramic!
Polymer

(b)

(1) Forming preceramic polymer and foaming agent mixture
(2) Growing a large number of bubbles from foaming agents
(3) Cross-linking the microcellular preceramics

(4) Transforming the microcellular preceramics into microcellular
ceramic

Fig. 3. The microcellular ceramic process: (a) a conceptional

picture, (b) a real specimen.
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Polysiloxane || Carbon source || SiC (filler) || Al:0s Y 20s

(1) Ball milling (Dry)
Expandable
microsphere
(2) Ball milling (Dry)
Foaming & Forming : Growing a large number of bubber
from foaming agents at jig.

Crosslinking

Pyrolysis

Carbothermal Reduction

Characterization

Fig. 4. Flow diagram for microcellular ceramic process.
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4. 4943 % 1

4.1 Polysiloxane®] &3l olgk SiC A A&
Z2 A ZF4ES preceramic polymer?] 3 FHZE Si-0-Ceo FFH(back
bone)& o]Fm B&A F9]7|(inert atmosphere)dlA &< &
A sto] Aol ARFE dAgstd ARk o Jtwrh dojupar ai
Aol A A A2 DEafste] Algtel o w WstE
A EAke] d&s] A vk A d
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Fig. 5. TG-DTA curves of the Polysiloxane : heating rate 1C/min in

argon atmosphere.

_30_



v
v

1500
‘MJW% 1400,
%w 13004

"“w“mmﬂmw " 1200
B0 7O BU

U
2 deg.
0

Intensity (arbitary)

AY) BU 129) 5)

Fig. 6. XRD patterns of the synthesized SiC heat—treated at

different temperatures.
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Fig. 7. FESEM photographs of typically polished surfaces
pyrolyzed at different temperatures in argon: (a, b)

13007C, (¢, d) 14007, (e, f) 1500°C.
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(c)

Fig. 8. EDX analysis of typically polished surfaces pyrolyzed at

different temperatures in argon: (a) 1300C, (b) 1400C,
(C) 1500<C.
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Fig. 9. Temperature variation of jig and specimen as

foaming process
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(a)

(b)
Fig. 10. Fracture surfaces of foamed material at 140TC:

(a) Comp. 1, (b) Comp. 2.
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(b)

Fig. 15. SEM photographs of the prepared SiC microcellular

ceramics at 1700C: (a) Comp. 1, (b) Comp. 2.
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(b)

Fig. 16. SEM photographs of the prepared SiC microcellular

ceramics at 1750C: (a) Comp. 1, (b) Comp. 2.
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(b)

Fig. 17. SEM photographs of the prepared SiC microcellular

ceramics at 1800TC: (a) Comp. 1, (b) Comp. 2.
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Synthesis of Porous SiC Ceramics from

a Polysiloxane

Do-Wan Kim

Dept. of Materials Engineering, Graduate School of Korea

Maritime University, Busan 606-791, Korea

ABSTRACT

Porous ceramics have been widely used in many areas, such as

filters, insulators, biomedical implants, catalytic supports, gas
sensors, lightweight structure material, and absorbents. Recently,
porous silicon carbide ceramic have been increasingly studied
because they were proved to exhibit a unique combination of
good oxidation resistance and thermal-shock resistance as well
as excellent mechanical and chemical stability. However, due to
the covalent nature of Si—C bonds, SiC ceramics normally needed
to be sintered at high temperatures or/and with the addition of

sintering agents, which have limited the application of porous SiC



ceramics. New processing routes that overcome these problems
are the preceramic polymer processes, during which the polymer
precursors convert into ceramic materials.

Preceramic polymer polysiloxane were adopted as the starting
materials for the fabrication of SiC ceramics. During the heat
treatment process, polysiloxane experienced an organic-—inorganic
transformation at a low temperature of 1300T.

Microcellular ceramics are defined as celllular ceramics with cell
sizes < 30im and cell densities = 10Y cells/cr. These advantages
contribute to the high impact strength, high toughness, high fatigue
life, high stiffness—to-weight ratio, high thermal stability, low
thermal conductivity, high resistance to chemical corrosion and high
surface area.

In this work, processing techniques for producing microcellular
silicon carbide with cell densities greater than 10Y cells/er and cells
smaller than 30um have been developed by a reaction method that
incorporates a polysiloxane and reactive fillers (carbothermal
reduction). The strategy adopted for making microcellualr SiC
ceramics involved the following steps: (1) fabricating preceramic
foams by heating a mixture of polysiloxane, carbon black (used as a
carbon source), AlsO3-Y203 (used as a sintering additive), expandable
microspheres (used as sacrificial templates), and SiC (an optional

inert filler); (2) cross—linking the polysiloxane in the foamed body;



(3) transforming the polysiloxane by pyrolysis into silicon
oxycarbide; (4) synthesizing SiC by carbothermal reduction.

Highly porous, open-close cell, microcellular SiC ceramics have
been fabricated by the expansion method using expandable
microspheres. Carbon black can be used as carbon source for
producing open-—close cell, microcellular SiC by carbothermal
reduction. The addition of inert filler was beneficial for increasing
the porosity and for improving dimensional control. A higher
sintering temperature resulted in an increased dense strut, but
decreased the porosity at Comp. 2 and increased the porosity at

Comp. 1.
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