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Abstract
Project Code : TRG 4580076
Project Title : Study on the Optimal Condition to Reduce the Synthesis Temperature
of Silicon Carbide (SiC) Powder.
Investigator : Miss Siriporn Larpkiattaworn
Thailand Institute of Scientific and Technological Research

E-mail Address : siriporn@tistr.or.th

Project Period : 1 July 2002 - 30 September 2004 (2 years and 3 months)

The objective of this research is to study the parameters of silicon carbide (SiC)
synthesis reaction and control the reaction parameters to produce fine SiC powder at
low temperature. Silicon (Si) and Carbon (C) were used as starting powder. They were
mixed and fired to generate the reaction. The parameters of particle size, solvent type,
particle packing, firing temperature, time, heating rate and atmosphere were studied.
After firing reaction the synthesized SiC powders were measured free Siand C content,
surface area and investigated the microstructure. Experimental results showed that
higher surface area of carbon black powder gave better reaction. In additional, particle
packing showed the effect on Si-C reaction relating to the atmosphere. Closed
packing particle gave better reaction in vacuum but loose powder gave better reaction
in argon at the same reaction temperature, time and heating rate. This is because
Si-C reaction performed two reactions simultaneously. One was solid-solid reaction of
Siand C and another one was gas-solid reaction of SiO and C. The complete reaction
was observed by measuring the free Si and C content in the synthesized SiC
powder. At reaction temperature 1150 °C for 1 hour and 50°C/min heating rate in
argon was the lowest temperature to give complete reaction from loose powder
system and produce very fine SiC powder of 10-100 nm. This synthesized powder had
particle size and free Si and C content closed to the commercial grade powder but
still had high other impurities such as Sn, Al, Fe and S. These impurities can be
removed by chemical treatment or using higher purity of starting powder to get high

quality synthesized powder.

Keywords : Silicon Carbide, Synthesis, Silicon, Carbon, Atmosphere
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A | ad A ¥
avanidwishaiugu morphology laenn
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. o aAa s
2.3.2 Direct reaction maafamqjanammzmsna%
adn‘f & g ean s o Aaaa s 1
’JﬁuLﬂumia\‘lLﬂi’lzwnaﬂaumﬂuﬁimUaﬂﬁﬂﬂ’limﬂgmmﬂﬂ@Elm\‘ls:‘vrna
aa 6 aaa dl a Cg/ I~ >3 :!I aa dln Yo [
TaneBananiazasuan ﬂgmmmn@‘nu Wuasgun1In 2.8 Asnsntuuladniuniy
% ean 6 aa 6 U 1 . [14]
FIATITATANOUANI LUAINN laredanauLazAITUa% tawA NTZUIKNNT carbothermic
. . [17] . . [18-20] & Y
microwave reaction L8 mechanical reaction W uai

Siw + GCg —> SiCq (2.8)

Karine Saulig-Wenger LLazﬂmzm RINNTOLAILY B-SiC nanowire 31NN13%N
Uffsulasassszninsdanouduensueu laslansdanaulunsfiiaezgiiv udaldlu
ﬂg%LﬁaLLmVLWGTﬁﬂﬁ Tor wnlend 1200 aseaaidos win 1 52lus Gragmasns
wnfimsUsesmalulasawdnlyezd B-sic nanowire haiu lasflamaniuguinag
Uszanme 10-60 wilwaes wafivwdadudanan Tuvasiinluaninen a2l nanowire

[15]

a &/ g: ¥ { o aaa et a 13
Wadu efifiosan N, dujisenvunsidiiadulasaseniven-lulasian  ugas

- : o . . 116l
1M3lav89 nanowire LUANMUSVR vapor-solid (VS) nucleation process

'
A o

a a ana {d' 1 A a U
nItAedan-Fanawasluanamunien  annTunTIFNlasan  asuieldqn

9 U

(% | a £ & o o o [ Aa .
ANNTAUINMITLHTIRINAYUARaANINaUAa819 (bulk) ¥inl#n13iAa nucleation wazla
&/ aa 1 ~ > U Q
FnvadWadar-sanawasluaiie bl ag19320152 I@ma?«vluimnwvl,ﬂm:@;uwuﬁﬂu
wnT NG (graphitic bond) tiasanasueulluain hdenmssuTidlulasiin (microwave
susceptor) UsIFIHIBANNTaRUGIEANan Ranshd§isennunaiaiuden-Ganan

6 % % = A A ™ (= Aan
mMslua  TaleidTourasnmaetonlagltiulasian A RINIIDFIATIZRDAN-TRNa

‘vd‘ a z: = = a Ag [3,17]
mﬂmﬂlwqmwgum 1%L']€‘]’]3’]@]L3’) LLNzNﬂ']'m'Uiq‘ﬂﬁiﬂﬂ

] o s 6 a ana 6 vaa
PMIFIATNZANITON-FRNawas lua  laglTaana

17
P.D.Ramesh LLammz[
WATHIANTUBY (charcoal powder) IuaN3a96H NITANOUNTHIAEN (Fe) unalTay (Ca)
uwazuunwdon (Mg) \3atuagiauaz 0.59, 0.11 uaz 0.08 MNAGL FIUNIATTLEUE
ARalId (Cl) Taina (SO,) unziwdn (Fe) Wauagiauaz 0.2, 0.2 uaz 0.1 awdGL
aaa a J £ 2 1 d a °| 1 a
Uinseniatunaldanuiouanmsunssdlulasiaw ﬁqm‘ﬂgwmmw 1250 LARIU
a A = Aa & A AA
U 10 W19 G9 X-ray pattern vadnsdian-Fanauasluananluusssimealnd Jnaves
TAN LLazf’?jﬁﬂEIuT]&la%iﬁ’m LADLFNIATUAUIANINLAUND  BEWULANATRNLYINTL
\ A A A A [ Aa A < o o A
funIdnlnussonalaladu  Geriotlasnwnisiinaandiasu Al lewsdan-

aa &l aAaa aa '
‘ﬁﬂﬂﬁ]%ﬂ’]ﬂﬂ@ﬂvl,&]ll‘ﬁaﬂ’]LLE\]&‘HE‘]T’]E]%‘.I.J%E]%JJL&U
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Astfinafianisiassuusuoasssalasldnannisnienatdigie

. . 4 a4 - an
(mechanical alloying ; MA) iugnuniamafiangnianlglunssuanzidinauailud

. 18 Aan { a Lo
M. Sherif El-Eskandarany uasamus lilanzdAnaunfianayiandiosa: 99.5 vwa
auMALANNI1 300 mesh wauruATUawAdayMALEnnI 350 mesh Tlddadiuvas
Fhnaw : asueu whiu 11 meuauazgnualdudwins (sapphire) mMyvanauazls
LAT8ILANINIRUTIBNAINUFI (high — energy ball mill) uaziin1susesisaninaudn
luluszuudag annsnaaaswudt wfikIwNIUANENWIREY 300 Talud Namnninas

o aaa o | =1 aa {d‘ a A a a 6 1 [

aziufAsennu naoduian-Fananailudnaziduauin Sauaafiswindmesivinny
0.4357 Wluwuas NIBalsae g 1% anuswazanlilunIue aaaInszring
¥ o . A9 o & v v A . wn aa ed o [19-20]
imingnuadamIfld Dudu  dulinadesntfivesdanaunsludnganzile
na b lunIRIATER D -Banauas ludlasinafaasnahaunInuLIaNTI9Ia1 289

MUANEY latdln 3 TuaaL A%

TuAauLIn  LIuTuAeuIINM AN ST noUT WIS anantuaiuon Ao
Gud 0 A912 T2lN9 VEIMTUANEY WITANEULAZANTUBWAANTZINUN UEINTINAH
AMULAKAEL (shear stress) IMNNITUNUITRINGNUANLRIGIE AnalinIdiang
Lﬂ?iwgﬂs’nlﬁﬁé’nwmmﬁ’]mwio (rodiike) BaLunm AN AR gﬂ‘ﬁ' 2.5 uaaIlAAn

=2 A v = aA A
n9MILlR UuLLﬂﬂd‘U%’]@ﬂ%ﬂ’]ﬂlﬂ LﬂﬂﬂdLN@LW&IL’)GWI%T’]’WSUQN&&J

30 pr— T T T T TrYY
= 25 F _ .
E% ¢
20 | / T ;
tha) :‘ [ ] ®
.S [
15 ‘ =
2 r * ]
= 10 F k
= # 1 B-SiC
« ' - 11 ]
A s F y
F §<— si :
0 AL R T T .. T
0.1 1 10 100 1000

Milling time (ks)

311 2.5 HaLBIIA UM ILARFNNTHaN1INTLANWIUIAVBING SiseCso alloy



13

Junauniaay DuInaouaIning solid state reaction 3I¥WINITANBUNU
a an & =) J ) ql/
amsuawAauion-Fanauaslud daAaUwlNTIIaVaINTUA 24 D9 100 T2 la
o L o, a P Aan F&a £ a ' =
I@]umnawmumuaaaauhmﬂimmmaoum-sﬁaﬂaumﬂmﬂmgwu waziizuiai

. Y v
equiex 1nTuds lasdumaidudugudnanadszanm 3 luasau

wzu@augﬂﬁm HuwmsvinlfiAawsuesian-Sanawa3ludi homogeneous ann
B0 A8 T1981GIUe 100 A9 300 TN VAIMTUANFN WITIBENIRAIHUTHADWHAS
fwaidnnii 0.5 luaven AyUiamsinay faFoy uaziimIinizansrwiaaynalugis
wau tldalumsnansuds 300 Talus axfuenanyszanm 7 wluwuas

HANINHLITLNALBNITNIITNAAANITFILATIZATAN WA LUAINNHNITRN A

[ ) [21] Yo ' aa o 6 A
WaTANSUaU iNuvad Jorge Cruz Fernandes bHN&EIUNENITANOUALATUAUN
aatdude Ui luweugsafias ﬁmmmmuqumsmmﬂmsl,mvlﬁ LOLEIaNNaE
A A AA o a Aa o &
FRan lFlwn1Inasaihisinlsznausainszantia uwaziisanuusan g ugudnang
VNEIS 5 LTWALNAT %ammm%’uLLaavl,éTﬁmwmiuga LASEINITDLANNRIINWAINTAUIN

) { ' 2 @ 2 a ' Al v 1 @
FITUTIA NAA1 800 W/m~  1sitfln 1350 kW/m ﬂmﬁﬂmﬂumqmwguvlmmﬂu 1650

{ U AI J 1 ol ) s ‘U ] o aaa

asrLraLfos nMsnenusauwiuInetnsaTuazsdENa i lansaratsvindisen
o | Aan b‘d' alai 23 6 ]
ﬂuﬂmﬂL‘ﬂWTjﬂﬂauﬂﬂﬂU@ﬂﬁﬂinﬂnuﬂimﬂLN’]I%U?‘M’]T]’]WU?NT]’]‘IJQ’WT]B‘H LANITLHN
Tuussennmeavaslulasian wmhﬁaﬁ%ﬂaumﬁaﬂuaglué’aasha

a A . . . 22 o
anItnie fa Self-propagating high temperature synthesis (SHS)[ ]I@Ua’]ﬂﬂ

s % . aaa { a J 1 aa {
RANVBINIIANLANNIBW (exothermic) mﬂﬂgmmﬁm@mm:mwmﬂauua:mi‘uauﬁ
ignition temperature (1250 fi9 1700 asrumaiGog) lagniawiialtlumaaioudon-

FRANAWATS LA LILT N

2.3.3 Thermal decomposition 2a9a13NaAINBTBRADALNIWERND
(organosilicon polymer)
Thermal decomposition (JUMIFIATITATANOUAT UG LasnThRaINNTo U

rez2s2n & oa @J%a NOWLLAS

fInadwesTinaaunludanew (organosilicon polymer)
6 Iq 6 23 [ A A a o >
afuaumiuasdznevluusimnmeveasiiolalasiau Madeswlegyanme Faddn
o s a Aaa 6 v nda‘l" A g: U d' % £ A o 1 an
MRTUNESuNSRInaua s luaaedTi A sIasRunltasdaslonnainvaidanen
& A v A [ A q o & A | a A
wazansuaunlndifsiu e lilillanTueunasnieagndianmumn  mIinediuein
=) U 1 =) . a . 7)8
fonltleun laesalawfialaen  (CH.SHCL), losaaalswfialaan  (CH,SICL) ™

Ufiselialasuanusauaasaning 2 oiia ugasassumIn 2.9 uaz 2.10 aNsay
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wananigalinadansluloan, wod loauiazwadasiulolalsy  (Yajima uwazamu,
" 7 v { aaa a
1981; Schilling uszamz, 1983)" 1Hudu UM 2.6 usasnalnuasujitrvasnadonily-

' \ 1% { a 23
VLGIjLﬂu luszﬁaqﬂﬂqswquﬂjq&liauﬁm'ﬂﬂqm%.ﬂull@nﬂ G][ )

1000-1500 °C

CH3SiHCl, —» SiC+2HCI+H,  ...... (2.9)
>1100-1900 °C

CH;SiCl; —» SiC+3HClI+H, ... (2.10)

OEanic Polzmer Ceramic 3

For PCS *CHy CDCH,
_CHz_?.I""' .l; =H;
e B
"_?.I""CHQ‘_"
800~1000K 1000~1900K 1800K<

]
a

317 2.6 nalnvesUJitewaswedansluloau luszwirimadiuanuounsag

AMNNAA 9
9 U

o A [ a a 6 a 64 a
Totudnawamuazdiudpnszuiunsdaaned lasldlanefinasdaiaan
NI TaNNUBIEIZA TN RN S ROITRANN M LN eTuNEaNauAS UGG G208719LT %
a v [24-26] A o a = = a A a o '
NUITVVDI West LazADL Alrwad loaglaTn FIAaINNIITaUNBIZNWIZHIN
Townialansalsloaunuidaia laaaals kma anruAuTaunigunniig Wavinlw
letan-ganawasiue

. . 27 A £ a {
Venkatasubbaiah Krishnan uazame’” ldlalfiaiwudn Safaanmadeu
WFNWIznIN ot laaaals loaunuARauna laaals ot 31T Tuwansaaawli
ANIFILATIERERNaAIT UG 1aatin o I AalUwEwiIHIBATIUIBAIININAL LA
ANuTaw wulahdawudn sunsalfuuliiuion-Ganauasluale Lua[Iwa

o A P’ A aaa o ' o ~ a
Joufigaunn® 1500 aseoaiFos nalnvaslfisenasnanuaasdsaunmn 2.11 dan-
Fanauasludnsuenedlaivmaszaumluuaziniinszansvesnmaayniaaglugig

8-12 w1 llaey
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4
HJC\ ;CI H3C\ fCl Na, toluene
Si + Si + —_—
A £y reflux
Ph CI H;C Cl
V4
| : Pb ¢H, FhCH \ | heat
?i——?i—)—(—a ?i—?i—*CHrCH,b — B-SiC
n
CH;CH, CH,CH; _~_ = ... (2.11)

{fcwcuﬁ—]
cym

£

aaa (g ean e A a a Al
ATURINIDRILAINCHDAN E]%ﬂ’]ﬂﬂ@]‘ﬂllﬂ’)']llﬂﬂﬂ U@]LLGZU‘J@W‘E@G BTUWAN 1%ﬂ'15

U 9 U
e

[ ' o ' v v aad A a aa o v v
mm'ﬁzﬂwgdmﬂuﬂ FINVIADUVDIITY A ﬂimwﬁaﬂaum?’lmmmLmﬁ:ﬂm:uaﬂ
A = a a & o a & A a X ) [ 6 v A
WaNauNUUIIN MU IRIIAIA UL ILUUARNIHLNAT LT LLﬂﬁvL‘EII@]iﬂ"IT]Ja% BNRULNT

Wuan

2.3.4 Gas phase synthesis
MIFILATITATANDUANS IAAILAT Gas phase synthesis AFIWNNUEIRITAIGH
nlodndussdwanlaen (SiH,) wIseaslsloan (Sicly) iufisennulalasensvan

~

wialalasian WeRasanauwanmedlalawmdn snfiuldinsieveslalasansuanls

> A o

y ol 0o @ o & a v A =V v a o . a
lﬁLiﬂdﬁ’]ﬂiy @G%%%ZL&Sﬂl‘E‘H%@I@ﬂVL@ LARIRIATUAD %WWJ‘LLI&JG‘UE’J\‘] Si, C sz H 7

o

ﬁﬂ’i’]z&&l@la

Uisensfitenzidananniludeisis Gas phase synthesis Baaulngusd
| aaa v . . o & v = s v
\Judjiingaanuau (endothermic reaction) a3tk azdasiingsnuanmeouanidi’ly
toinmgannlvesdfitenld amef 2.2 usasdjisommualunsdaneidainan

v ada . 8
a3 luaaIe3t Gas phase synthe3|s[ :

o ean 6 v ada . Aa [ (% 1

msaam‘swzwmﬂaumﬂmmmﬁ Gas phase synthesis ﬂuﬂwﬂumﬂvl,mm

a 28-30 31-33

WA chemical vapor deposition (CVD)[ ] LaE chemical vapor infiltration (CVI)[ :
é g: v IQ i . . . .

Faansasaunfevlsae ethyltrichlorosilane (ETS) uWa% methyltrichlorosilane (MTS)

a et ] r.: b -3 dl aaa 4:{‘ a ¢:§/ & s
stwzmmmL@rmwvléilummau'lummﬂuﬂ (10 * torr) mﬂgmmmﬂ@mumumammi

7 (2.12) uaz (2.13)
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CoHsSICly (ETS) + Hygy —>  SiCq + 3HClg + CHyg) (212)
CHSSICl, (MTS) + Hyy  —>  SICf) + HClyg + 2Hyg .. (2.13)
ﬁﬁﬁaﬂzinfraazﬁlﬁ%aﬂaumﬂuﬁﬁﬁmwﬁqﬂ%dLLa:ﬁmmmﬁﬂ ﬁgaf:%uag'ﬁ'u

ANNAUURIMN D LalaTianarlSuad vapor ﬁgﬂﬂﬁiamﬁvl,ﬂlu reactor AoulTiaSun

WEUUN9V0ITANaUANTIUALYW  substrate wIaltiasoudanauanslusiduinadsndg b

deposite asuudananmsludliivesifaedsusndalsznaudananasludlniuas

Fanauanshua

@13191 2.2 Uisensnualumassanzidanauans luaaaa3d Gas phase synthesis

Reaction AH, (298K) | AG, (298K) | T AH, (T,)
(kJ/mol) (kJ/mol) (K) (kJ/mol)
SiCl, + Cl, = SIC(B) + 4Cl, 142.9 162.0 2694 156.3
SiCl, + CH, = SIC(B) + 4HCI 287.5 214.0 1140 290.7
HSIiCl, + CH, = SIC(B) + 3HCI + H, 317.4 2722 1901 322.7
H,SICl, + CH, = SIC(B) + 2HCI + 2H, 151.8 98.5 793 165.9
SiH, + CH, = SIC(B) + 4H, -28.9 -73.2 AG<0 -
Si(CH,), = SIC(B) + 3CH, -11.2 -75.0 AG<0 -
SiCl, + 1/2C,H, + 3/2H,= SIiC(B) + 4HCI 99.3 58.6 753 92.5
SiCl, + 1/2C,H, + H,= SIC(B) + 4HCI 186.5 129.1 977 182.3
SICl, + 1/3C,H, + 4/3H,= SIC(B) + 4HCI 2473 196.9 1648 2115
1/2Si,H, + 1/2C,H,= SIC(B) + 5/2H, -65.0 -79.0 AG<0 -

2.4 madanawaslua lulsdselond

aa 6 & a Aa A 1 a [} a <

Fanauas luaduasoninndsuifiaunanodssns enfidin Ianuudusg
g9 fanudumudedjiteomaail nunudanisdnnien hanuauldd ininn
udn audfuesdaneuaiiud uaasliluansen 2.1 lainmaihdaneuensludanls

v a o v & L L Q 1 ﬂ‘l =

lwunaog dw lasgawing Aeuihldlfiduiagiag uazisenuld udidialinng
% [ a vaa {A:lld dt:g/ 2R A o aa
waw Uiudyinszuiumsudalildgineuansludniqunm@sn 398nsinedaneu-
arfludldlglunsndaduizgadnsolifaldrunsduiainisy anaaaususIu
a & A 6. a v A A o v A & A A =
Blanniefinddneg uazliwmliunazlimauh lWlfidsawteng JUn 2.7 usasdudiu

6 1 a o an 6134-37]
Eq]ﬂﬂim@l’]ﬁ 9 V]V]’]l]']ﬁ]']ﬂsﬁaﬂﬂuﬂ']ﬂﬂﬂ




17

Tagauninidnig findalagldganaumsluddumsnan Snanosiia sw1souds

Hungulng g aamsi ldlFnwld 6 nga® Gait

1. ﬂf,g:uﬁlﬂmm*ﬁ@Taamsmwwummiamstﬁmﬂ% L% NYERIY  (thread guides),
bearing, pump seal, abrasive waterjet cutting WD

2. ﬂéjwﬁl“ﬁlﬂumgﬁ

3. ﬂ&j&lﬁli’dﬂuﬁqmﬂgﬁﬁd D% ceramic burners, special crucibles Was thermocouple
protection tube LIua

4. ﬂéjwﬁl"ﬁ’lumuﬁ@'Taamimmwummiamiﬁnm’au dlasansand Wil 1w
engine exhaust port WDuan

5. miwﬁlﬁﬂu%udmmuwﬁ L% turbo-exchanger, piston pin W&z turbine L6t

ﬂ@;wmf\i’lumaﬁﬁﬂWW’] T semiconductor Wae substrate vIu@H

3UN 2.7 Fusuguninidneg Manandinauanilud



unn 3

nINaaay LL&zﬂ'\‘i%tﬂi'\&ﬁﬂﬂﬁaﬂ

Tuunftaznandimsdiwimaimanasiylawiin '3%'7113&@131;155’@@% 8137
o o a A a = P e o o
FIUATIZALG  LAZNINARDUTINUNLATLNINNRITTAN-FANAUATS LGN FILATIER LA Lag
FNIINAFAUNINWMENINLRZNING TN DIIDMIRILATIZARIITON-FANAUAS LGN

A o ad & = an ea o (2
E’Jqﬂkﬂﬂ&l@]'] LLGZ’Jﬁﬂ’]iT%Eﬂ‘E%G’]%’%WﬂNdsﬁﬂﬂa%ﬂ"lﬂﬂ(ﬂﬂﬁdLﬂ‘i']:%ﬂl@]

3.1 NMIAIWIMAINIINDI TN LARIAN

MIFUIAFN Gibbs Free Energy (AG) iavinwsanadulylaluns
a aAaa g: v dQ/ Y o 1 aaa dl a
AaUjitowessnsasdu  lummenasitlddumdr AG vesdfiSenfigunniidngg
$waw 11 U5 lagldwannisnsdrwnmmanailulamlniugiu uwazldgudoya

NAT JANAF LHaUznaun i wi e uaunig

AGr=AH; + TAS; (3.1)
AHT = AHzgg + JIAdeT .......... (32)
298
.
ASr= ASys+ | AC, AT (3.3)
298 T
i AGr = snwasnudsszlunmainlisenuesans (Gibbs Free Energy)
‘ﬁqmﬁqm@ 9 [J]
AHy = snasouenufaufianslasy Enthalpy) ﬁqm%gﬁl@q [J]
AS; = ftanlnstuadans (Entropy) ﬁqm%gﬁiﬁ 9 [J]

C, = fANUIANNUTOUVBIAT [J/moOIK]

AH298 i Z DpAprzgg - zarlr AHr,298 .......... (3.4)
HWRANTUN RIIQIAU
ASzgs = ;ppfAszgs - Zz:vnrASr‘zgs .......... (35)
HWRANTUN RIIQIAU

1Wa n, uaz n, Ao SwanlusvaIndan miazd1wInluavIR1IAIAY
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a 6 o a Ao ¥
3.2 m‘nLﬂ‘nzmmqmmmzmiﬂaams']z‘vﬂﬂ

i'man%é'ﬂﬁI%’Luﬂwiw@aaa A9 WIlaRETRNAULAZAITUOBULARN FIUFITALAY
A & a & & = Aa e o v A a
AlluauaanraimM eI Ul wd i nuIdo-sananans lUANFILATIZA LS § 2 Tha

Teun ma:gﬁmua:mﬁwm’%m FHURLLDUANIATIIN 3.1

-:1' = o A A
M19791N 3.1 5’]UQZLE]Uﬂﬂﬂd?@lg@ﬂﬂlﬁuﬂﬂiﬂ@aad

Hoss uBRRINAN TOYALANZ
Si-1 U3t Riedel-DeHagn | anuuiqnT 97 %
Carbon black-1 U3unlnsansueuuudn s1na | wdaldn, Fddy
(UAT)
Carbon black-2 U3 nsansueuuudn s1na | uwg, Fadu
(NATU)
azg#iun (AL,0,) low soda 158N Showadenko ANNLIENT 99.99 %
yuaLaiy 0.6 luasan
dnin3a (v,0,) U3¥ Aldrich Chemical | AuL3qNT 99.99 %
yuaady 5.2 luasan

3.2.1 MTIANINIXIYIRIADRAA

mﬁ'@miﬂizmwm@agmﬂ fmiﬂmﬂéad Centrifugal Particle Size Analyzer i:u
SA-CP3L Waalasu31¥n Shimadzu Corporation ¥inlagiinasunvinliiianisnszanaaalu
ssazansloidsuanosiuawasina (sodium hexametaphosphate; Na,(PO,);) ANNLTY
4 0.2 % Tagiinwin V‘hlﬁagmﬂmzmﬂéh@i”wl,ﬂ%aaé'amﬂsnﬁﬂ Uszanow 15 Wil an
AanInszanedietmingna mnuulinaoanoams (dropper) §UA20E1981N1AIN
AATEENINTTNLIWIARUNA Falumsiavaseiosdaft ardumySaaUTITaILES
ﬁs&aamuamgmﬂ Wadadsinmfinalag LLa:ﬁwmmmm@mg:mﬂiml%aumwaa Stoke

AIFUNIIN 3.6

D= e (3.6)
' (S-S,)at
Tagdi D= Lﬁumg{uﬁﬂmwaomgmﬂ (LTUALNGT)

N = ANURRATEITEINRD (WOLR)
L = szuznsfionniaan (Loudluns)

S = ANNAWINUNILVAIRIT
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Sy = ANNTNANNIZTRITAILUAD

v a A 2
g = u39litudaelan (980 rudiuaTaaIuIA’)

3.2.2 m‘sﬁnmé’m&nga‘[@saﬁ%ﬁa

ANIANEME WG JUTI UAZMINTZNEEITBIARNA AREAIUTIAVDITHTU
v v fa & ' . . . .
uwazsasuan lasldndasgantiaidiinaseuuuusednsna (Field Emission Scanning
Electron Microscope, FE-SEM) % JSM-6304F NAAlAsLSEN JEOL @retnafivinun
ezt dulaninuazdwnn (WK uwris e 9a9) NMaaIsuala19rina
draenaiiuss lunvdinrsdmadsfiwaaymadeudiolng 1w wedfineu e
& & & @ A o \ \ Aa
asuauuude  Wudu  sansaedonlalaslsaneaiasniaduniiesed  (stud) Nde
anfuawny T nsdredansznsadusduane sunsdiinidiadiizmaaynialan
1 = Aaan fdlu v 1 a s 1 e
wu  widan-Banauas luanasiensileaannizanig  asedlalasnaunialadneny
=) v o v a L U ﬁll Qs a =) £ v
az@law udvihlieumaiianmInszanoddisiaiasdannlaiin dszanm 20 wifl udald
NROANLARLARITAILY stud Aalkuis udhldiedeufnalanaslasns sputtering L
WiAaanwih i uidshandiensdansusaalassaing
o f A& A = o ' o o [ & a <
radmdudwnu  MaassuesemnIuaTIansMsABAY  lasnald
eeaNndany stud wanhldiedaufamonas wWaldiiam s Wiy wad3esian
ATIVQINBULHAURT  UAZNINTTLVDIINTU  UASANBUAINUAN  TIAAWAINNNT

NARDUANNLTINTI

3.2.3 NMIANHILATIAIWNAN

ansansuzlasiaivnanlosldiaias Xray diffractometer 74 XRD 6000 Wi@
laguSEn Shimadzu corporation laglE39& CuKa, NIANNENIARY 1.54056 WlwiaaT

a Dg; s 1 tﬁl & | : =1 Qs 1 U s tﬂq’
U1303AA landadaensiidunuasdusuau lasaansatadonaiacng laasdl

gy MIEIBNA819YN lasrnHIA188980 ALY UWUHWTDS
(sample holder) laadasl#finin lassuudonuveuvantnsas

s 1 n:l' [ n‘p v o ny @ A v A 4 o a o 1 v

faddudwnu dasihTunwludefirliiSounewinluGanuusiuses lagls
Adundaagluszinuidsiiureuvasuruses

A = o | a Y v o [ v & \ =2 o

WanIoudiatadsuosudy s ldialasldnasn 20 aud 20 fis 80 aden ¥
ny XRD Aguiin laFoufisunum3iaunasgis JCPDS

Q dg’ l:ln -
3.2.4 n1aNwNA2lAY gas adsorption

=) Aa an 6 & o A
ANUVINIVBINIDANDW LRSNIANIILBULLLRA I@sﬂmmiao Surface Area Analyzer

% Autosorb-1 fin@alau3Em Quantachrome Corporation lasdasinssnatingllay
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W9 AaINNUWININENIHUs T IuriInAINasay  wRN IURIANUwNAD  lasnTadas

ﬁ’m’mi’@ﬁuﬁﬁﬂ@sJmﬁ'sjmigﬂﬁuLLﬁ"aVLuImLﬁ]maaﬁamgmmﬁw 1 TW WA

° A A A d o o ° o P o & @
ATUITUATNUNINMNANUNHA UG LLﬂtﬂ’]%’)ﬂ&I&lLﬂq&“llaGLLﬂﬁVL%I@liLﬁ]%Y]E]ﬂ(ﬂWﬁU 1 % VL@]
IMNJFUNIT

Sy = N.A. (3.7)
lasfl Sy = WunRRININNG
No = $11uluianazessnIngnaaduninuauwiuiy 1 ou
A A o o A o
As = Wuiwihaazasluanangnaady
° [ o o -20
@i lulasau laamldld dr 16.2 X 107 anawwas)
Waunuiidn N, a3aun1si 3.8 adluaunin 3.7 azlaiduasanns 3.9
N, = (W,NYM (3.8)
S = W,NAOM (3.9)
lagh W, = WNPUNEINYNAATUNINUALUANUAL 1 Th
23
N = azezlinla (6.023 X 10° luana/lua)
M =

maimaqamaamiﬁgn@mﬁu

3.2.5 mM3laa1wuinnune 1 (Weigth loss)

ﬁnm%’ﬁﬂaum?’[mﬁﬁé’qLﬂiﬂ:ﬁ“’lﬁmé'mxugﬂlﬂu pellet uazinANIAANNMEN?
vl Tapdoimein pellet dowuaznasin udinandwasiwindniely dssums
3.10
% weight loss = W, -W, X100
W,
Lfia % weight loss

o g o d
iﬂﬁlﬁz‘ﬂﬂd%’]ﬁ%ﬂ‘ﬂ‘ﬁ’]&lvlﬂ

W, = RN VDITUINWADULHN
W, = WRUNVDITUITBARILN

3.2.6 NMIIAAMNRHIUU

a aa 6
uaznddon-Sanauansluan
FaNehldnnaeae g Jalasldiaias AccuPyc1330 Pycnometer wWaalasu3un

ANANURW LU WYDINITANDW NGﬂW%ﬁJ@%LL‘USﬂ
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. g dl' a%’ Y =< 23 a A v [ 1
micromeritics .tA3aIRlTRANMIUNINSNaIMwTdsn (He) W lUluansaedng any
' o ' ° o & o o ' A o ' { °
RUILU BT IR0 EINRINITAIWI DA LA NN VIR 08I TIG D INTIUAAUNRLINNNT
JaNUUSuNOIV09d28879 B9 ldannIIdIwI a1l aswidadsuasanuawnialuszuy

A ' v ey A A o o ' ' a Ao X
WadderlwihaodiRougnaaduuudiadislugisnaimunzay aungujasi
wadaaumaan llusatnaazuninduid W luaragnsaw laUsunasuasalasing

AIRNNNT

Vsamp = Vcell - Vgas ......... (31 1)

v v
120999815 (m) 1d11910MIF A9y

AMURWILUK (P ) = m L (3.12)
(Vcell - Vgas)

ol v a o o & =2 val [ v ' ;
LEALWBIINNNITUNITING LLASUVLIUA @]G%%ﬁ]dﬁ]ﬂﬂLLU‘UL"’ﬁﬂIﬁ&l 2 TR 6](]3‘1.]‘11'1\‘]51’]\‘]%

O— = —0o— 0O
valve | - | valve valve
sample cell expansion cell

lagszuvagluannizund de anwauussenme (P,) amngiivas (T,) Walday
o lulu sample cell dapanuau Py dsuaaslugildridnad

o (] o “ @

open | - | close close
sample cell expansion cell
Pl Pa
Pi(Veen - Vsamp) = n.RT, ...(3.13) PVexo = nNgRT, ....(3.14)

dl o 23
laof n, = Swuluavasialu Vg,
ne = wanlusvasiialu Ve,
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e - Oo-le
close | <> | open close
sample cell expansion cell
PZ PZ
Po(Veol = Veamp + Verp) = NRTa + NRT, oo (3.15)
N9 3 auT e
I:>2(Vcell - Vsamp + Vexp) = I:)1(Vcell - Vsamp) + PaVexp --------- (316)
RINTIIDWAN VSamp VL@Tmﬂmei
samp = Vo - VexID ......... (3.17)
P -P -1
P2 - Pa

lag Py, Py, P, ldannnnsialas Pressure Transducer BRS#IAMURUILUL lAINNEUANT

AMURWILUB (P) = m (3.18)

Vsamp

3.2.7 nMylanzinmsigasalsznay

A & & A o A a Aaa & o oA

Tenziasdlsznaumaiaiizainiianau f1ITON-FANAUAT LUANRILATIZA boh
FNNEAN lagldindas Energy Dispersive Spectroscopy (EDS) NAAlABLSHN Noran
Ti6eagNUNADIaNTIANBIANATEULULFBINTIA (Scanning Electron Microscope, SEM)
3% JSM-T330 A JEOL MU0 AN LA I NWALM AT NG B8N ND
?mma”ﬂwmzﬁgaimmi”’m

3.2.8 N1zl unamaandanlagsia (Total oxygen)

MnagananlUdenzimivsunneendanlassiy  deushanltaaasgidon-
Fanaunslus Tegldie3as Nitrogen/Oxygen Determinator ~ 31 TC-436DR G2h
Electrode Furnace sznavagdis dianmaandiaugnialasduviiig MIIABHINNS

’mﬂgéi‘ﬂ,ﬁaizmw’éLﬁﬂimﬂﬁmaalmm ﬂﬂﬂg%l,ﬁa uaztt lamaluwusssnmensnua
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aan m‘sﬁiamumaamzLLavl,WW"nLLiago"Lﬂﬂ'aﬂg%l,ﬁa ﬁﬂﬁﬂg&ﬁaLﬁ@mm%”augavl,ﬂvlﬁ
ﬁ"’]sﬁﬁagmﬂluaaﬂm ﬁnﬂﬁfumaWﬁLLﬁmaam%awzé’alﬁméﬁasmaa’l,uﬂgé'fnﬁa TR al%t
ﬂs:LLa"lWWWLLsaga"LﬂEl'oﬂ?‘fﬂ,ﬁal,ﬁa"l,ﬁiﬁ"ﬂsﬁaaﬂmﬂé'fsaam 2aNTLIRNAaNINNAIDLNIDE
Q 6 a QW a I3 6 6 da‘ a a
saunums‘uaumnﬂgmuam@Lﬂumiuauuauaﬂ"lm@ (CO) n3diNLFNmBNFIangIaL

daduasvanlasanlod (COy)

a ¢ 1a 6 a { 1

3.2.9 mM3taIznlINma1Iuanddse (Free C) ﬁ‘waamﬁaag
a 6 Aa 6 a dld 1 a Aan €d'°4 U %
aLmﬁwﬂsmmmsuauam:mag‘lumum-sﬁaﬂaumﬂmwaamiﬁ:ﬂ@ Tagld
LA38d Multiphase Carbon/Moisture Determinator msienzilasmsanluussenne
a < = & a A & & & A a ¢ &
DONTLAT mms‘uauamm:gﬂLﬂaﬂugﬂl,ﬂumsuauvlmaaﬂvlw LDALATIZHALRID

¢ & A o & W & a AA o .
FONNLITY a\‘iLmad%mmmmmaUa:maumiuauammwagﬂuma MR}

a & 1a Aaa a

3.2.10 N13IAIERUSNTMBANaND AT

a & |a Aaa a Aa A Aa ea o o o

aLmﬂwﬂimmﬂjaﬂauaaix‘mJaQ’Lumum-mﬂaumﬂmﬂmmezﬁ"l,@ Tagld
V193374 JIS R 1616-1994 “ Methods for chemical analysis of fine Silicon Carbide
powders for fine ceramics” Mdaf 8 NAIDINITIATILALTIUTIN VR ITRNOUBRT: Lag

v o a o 38 ° Aaa ' AA

Tdnanmaievesnsalalasanmeluszuy™ nmIlisenseninedanan lodow

laasanlad (NaOH) uazth UjAseniiaduduassunish 3.19
Si + 2NaOH + H,0 —¥» Na,SiO; + 2H, +340KJmol ... (3.19)

mﬁLmﬂzﬁl,’%'umﬂmiﬂi:ﬂaumqﬂmrﬁé’agﬂﬁ 3.1 udtlsassingnlale Allin
condenser ialﬁqmﬂgﬁmau{maﬁ' nniutinston-aneunlug 5 n3u laaslu
Flask anansazanelodonlaasenloaadly Ta Flask ﬁam;ﬂmdﬁm:gmaﬂmolﬁa@ia
ihfuLansuad Allihn condenser lé 9ntiwin heater 1915 @mE" ldﬁﬂﬁﬁm@%&yﬁﬂ
nuasarasiuTasaiudnauaglurialTuszey Mniugnedwiaszausinludsaly
whﬁ'ual,ﬂagmﬁmaaﬁ’al,m wins LA unsnin 199adaiteuficnuuuizninetsenu
Allihn condenser 32330gn A TiTa057 srusinaBuauposdoee 1Ua heater soldaEIwNE
% Flask 1@aauu 90 wifl 9 ntiwidan heater aan'lyl LL&T’sﬁwﬁﬂmas’ﬁﬁﬁ’nﬁuagjinh"lﬂ
WT Flask Wni Lfiaqm‘vm“ﬁa@aaauﬁaﬁ;@ﬁawﬁ@ﬂﬁﬁ%m (before reaction) lAauaLNA
1940130 TagunnUias uazauaULIIIIMA (QunnIraslurnviimmanaslians
WNILAYK 3 aILTALTEE) ‘lumsmaaafﬁﬁﬁﬂumtﬁﬂﬁﬁméﬁasma%iﬁamﬁal,ﬂwg@

919849
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fwraindSundanandaszldannaunis 3.20

Free Si = (V,—V,) x f x 0000627 x100 ... (3.20)

m

Tawdi

Free Si = 15unmwasanoudas: (Favazlagsinmein)

Vi = PSinameslalasanildannisnasasiSnedaang (Saasas)

V, = suemaslalasanildannmmasasi lifinsdrasng @asaas)

F = correction factor

M = WIRVBIAIBLY (NTW)

i . . o '
54 correction factor (f) fualaannaunisn 3.21

f = 213xp-p) (3.21)
(273 + t) x 101.3

ANNABUIIEIMNA (Alathaaa)
ANNAKTEI BN t asaalTas (1 25 °C = 3.1676 Nlataaa)

A v A A A A g/ (o]
qm%{]w‘ma maqmﬂgwwmwmmm (25 C)

a : electric heater

b : Erlenmeyer flask (100 ml)

¢ : Allihn condenser

d : connecting tube

e : gas buret (100 ml)
f : bulb (180 ml to 200 ml)
g : level bottle (500 ml)

gﬂﬁ 3.1 qﬂﬂstﬁ"q@‘ﬂ@aaumﬂ%mm%ﬂauﬁmz
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Y A A Aaa e A [
3.3 NMINAFDUBWINNNLATNINFIITANaRATS luaTILaSaNla
3.3.1 nM3aa N Nwae i
%umu%ﬁnaumﬂuﬁﬁL@%ﬂuvlﬁazgnﬁﬂmﬁﬂmmm%’aﬂa:"uaaﬁmﬁfﬂﬁmﬂﬂ

Ty TI AT NY DI TUINT WA AT LN DS LRHAITWINGS LRINNIAIUIWAIFNNNTN 3.22

% weight loss = w,-w, x100 ... (3.22)
Wi
A . o g o A
Wa % weight loss = Sovazvasrininiwie 'l
W, = INRUNVITUINUNaUTUNDS
W, = IRV DITUINURRITUINDS

3.3.2 N1IAATNITHAA
TNTWITWTRINDWAT LUANNIBNITTWLNATUIATWIHT DU AZVAINITHAAINAIAN

a e A = o )y ' a & o P
NMITUNDTUTH LN VAU AT AITUINWAAUTULNDT AIFUN1TN 3.23

% shrinkage lf - 1L x100 ... (3.23)

l4

288X VINIINAN

\ie % shrinkage
Iy = YUNAVRITUINURBUTUNDS

I, = YU AVDITUINUARITUINDS

3.3.3 MIIAAIANARHIURWBUAZAMHNIHA?
AANurILLBasTwREanawe Tludmn et msunuitn  Taovinduwn
"Lﬂaml,ﬁaﬁ'qmﬂgﬁ 105-110 aseumaides uiUsanlwiiuasly desiccator ¥inldda3in
WIANLAY LLﬁaﬁﬁi‘pumueLﬁ%ﬁaqmutywnm mﬂﬁf’mﬂ@ﬁwﬁ@iaagiﬁ'u%ﬁaqmuaunmmﬁ"a
g(ﬂmmﬂaaﬂﬁmﬂi:ﬁ'sﬁmmﬁumUiua%iﬁﬂs:mm 100 Alathaaa wiw 30 w34
ﬂ'aslLam{waﬂﬂlum%uzmd%ummﬁalﬁﬁwL?Tﬁ"LﬂLLﬂuﬁaWﬂWﬂiugwgu Lﬂ@ﬁu@mm
a1meandn 60 Wit shansuluFarianeinluin %é’oamful%ﬁnquﬁmmm Furing
A13u%0an  UAITIINRINUeITRBABNGITIBE e R lduNE w2
‘WmLm',ul,l,azﬂ'nuwguﬁwaa%mmmuaumiﬁ 3.24 U2 3.25 MNA1AU
Bulk Density = w, (3.24)
Waat = Ways
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Apparent porosity = (Wg: — W) x 100 .. (3.25)

(Wsat - Wsus)

lasfi  Bulk Density AMMURW LU B DITUIN T (ﬂ%'miagiﬂmﬂﬁmuamm)

Apparent porosity ANUNTUAILING (Fouaz)

W, = WRBNURAIVITIING (NTN)
Wee = hninvesTunulatiluin (nw)
W = huinvesTuwnuilatusihauiuifteenld (n3w)

ANNINAIMUWLTING 1Y) (Theoretical Density, TD)
D = Wea e, (3.26)
W,/pa+ Wyp/pb + ...

e Wy = TN Inua
W,, W, = WMBNBIENT a UAT b ANUEIL
pa, pb = AMUAWILUUVDIENT a UWaZ b ATUS1GL
a, b = aInle

Taganunuuniing wivasssang g Jaash

Fanawa1sluea FaURWILUL 3.21 ﬂ%'miagﬂmﬁﬁmuamm
azgﬁm FANURWILUL 3.99 ﬂ%’&l@iagﬂmﬂﬁmuamm
annIe FANURWILL 4.83 ﬂ%’w@iagﬂmﬂﬁmuamm

ANAMNABILUULITITNANT (Relative Density)
AANURWILUBLITIFUNNT (Relative Density) fa maidIauifsuszninening

AWLUUTITUNUALANNAWUURTING ) sansadiwslaanaunisi 3.27

Relative Density =  Bulk Density x 100 ... (3.27)

Theoretical Density

3.3.4 A1AMANWLIINALAY (Bending strength)

maaummwumaé’@lﬁwao%mm I@ﬂl"fm'%f'aa universal testing machine i;u
44698%a Instron nasaulasdE 4-point flexural daTwINuAlEnageUlRTivwAA NN
35 faBAT Wi 3 DaAAT uaznte 4 Dadwes nuutenWiEsumonszany

FANAWATT MGLLUAT 800 LAz 1000 GNNAIGL LAITAADAILNITALNTIILES 15 luATan
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ALLARINAINN 0.2 DaBLuas lasvinya 45 ssrnnuszmvpassnun  inluneseu
anunuusdalds lasgwuildsessudaoing (span) 811 30 Hadiwuas uazlaaliiusg 2
naginuun Hzasvnany 10 Sadwes AMnuadaniivesiinawiny 0.5 Sadluaise
W ﬁn@hLmqaq@ﬁvlﬁmﬁﬁmmmmwwmmé’miﬁwaa%mm frog9anaumMIf
3.28

c = 3PL-1) . (3.28)
2wt’
loofi o = ANMUNULTIAALAS ( Lnztaana)

P = @hngoq@ﬁﬁﬂﬁ%mmﬁﬂ (Hh1aw)

L = ITUTAIVDITINTBITUMUG (FaELNAT)

| = S:U:moixiwﬁmiﬁuwéﬁuuu (NaRLue7)

w = ANUNTIVBIT U (NadLue9)

t = ANUAWIDITUINY CERED)

3.3.5 A1A2I3LTY (Hardness)

danuudsvestunwialasldwinaianasa (Vickers) lasldiaiasiannuuds
3% DVK-2 No. DV 6133 WAAlABUSYN Matsuzawa Seiki Co,Ltd. ¥N3wIUARNIINMT
FAANUNULTIAALAT I TAGLHITALANTIVUNG 6 buATan 3 lWATEU LAz 1 ATan A
SeuaninBwnulaneneiiwing  ilunessuanuudslasldvinadanesaniansos
Lﬂugﬂﬂﬁﬁmgmﬁ;mﬁ'wﬁ@ﬁa fyuszninduasidiuriiny 136 asen lagldusmna o8
faau anuTlumsliusinawinny 70 luaseudaiufl uazasussnaliuim 15 Jud
’3’@1LﬁuﬂLLyagwmaaiaﬂﬂ@ﬁ”’aaawﬁu é’agﬂﬁ 32 ufnanasy e leundw o

ANULTIANURNANTN 3.29

HV = 01891 X (Fd) .. (3.29)
e HV = ANuudInuuIanesa (Vickers Hardness)
F = wssfildne (Haen)

d = ﬂ’)’mUW?TQGL&%Y]LLUGHN‘USG?QEJT]@ (ﬁaﬁmm)
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E‘l_lﬁ 3.2 ANWUSID Elﬂ@]’(ﬂ’]ﬂﬂ’]i?]@ﬁaﬂﬂ’ﬂ&nrﬂ:di@ HRINAIALNDIH

o 6 =l aa 3
3.4 Mifaangiasion-Bananaslug
lunmnasasissban-Faneuansludsitanzianmsidjisonlagasisening
lanz@Anaunuaniven lapvimmesasdiudaudseneg igu anuuigniuazdansiu

aaa

NENUDIAENIAIGT  ANBHUSNINIZAIVS mgmﬂmmrﬁﬁﬂgmm AMRNNLAZUITUINA

9 U

TN %umumsé’ame:ﬁua@aé’ogﬂﬁ 33 lastinsdananuasasuanlusaiadin
audasms uarinlduansuww 16 52l luma@uﬁiwﬁLaﬁaﬁuﬁﬁgﬂma:gﬁm WaY
I%La‘ﬁaLLMﬂﬂﬂﬁﬁﬁﬂﬁWU’%ﬁgﬁ%ﬂﬂa: 99.5 [{udnans ntasidwHaunasuallay
ﬁqmﬁgﬁ 80 asenaIEus LHwaan 6 Talug LENQNLABANIMNAITHAN v suaudler
"Lﬂiﬁgﬂﬂ%ﬂﬂ‘ﬁﬂummuﬁaﬁwmnmﬁqmwgﬁ 1150, 1200, 1250, 1300 Waz 1350
Dwaan 1 usr 3 lus danmsldanudon 20 usz 50 svewaiSuadewd lu
UITNMAMTaIINa kLAY INA MNUWIMIUARZL B BauAL A TR AT AUaIaNT
fon-gananansludiguamzile lasnmsaraseulassananuesssais XRD
snwuzgalasiaiivessslay  FE-SEM ﬁyuﬁﬁ’maam#mﬂim BET Wasitasnzrim
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Si+C

¢ <4—— Ethanal

Ball mill 16 hr.

v

Drying

v v

Loose powder Pellet
I |

v

Sintering (Vac, Ar)

v

Grinding

v

Characterization

A & g [ =) aa 6 aaa '
EII‘VI 3.3 Tu@]ﬂ%ﬂﬁiﬁ\‘]Lﬂi’]z‘lﬂﬁ']iflJ@n-‘Iiaﬂﬂuﬂﬁﬂﬂ@ﬁ]’]ﬂﬂgﬂiﬂ’ﬁz‘ﬁ’JWGIQ‘HZ

TANOWURZAITUAWULLAR

a g AAa 3 A o [

3.5 N3O YNBWITRDANDWAS LUAINFVIINFILATIZH b

A Aaa (a; a (2 a dl s =

LRANKITRN WA LUGNFILATIER LGINNTHANLNILUUNILASLNILLLAALN A
281982 3 gas WNaLO TN UT I UTRNAUANT LUG Imﬁwm@ua:gﬁm (AL,O;) LAz
ANNT (Y,0,) iivatelunsdulaes laodaaiuvasans SiC 90 % AlLO; 6.25 % WAy
Y,0; 3.75 % M ITINAINEIMHINLAN M UANFNWIK 24 T21Nd lasltuiaualna-
LONAA gﬂms’ﬁaﬂaumﬂuﬁ mmmﬁffmhgmﬁﬂma 5 JaRes uazltiafiauaanazas

=) gq] (=1 L= o 1 L= { =Y
ANNYIgNDIaua: 99.5 Wuanang mmuwawaam"lﬂauﬁqmﬁgw 80 BIALTRLTEE

ul/ g; v v v 1 o { g é/
a1 6 Tl ﬁ]’]ﬂ%%LLEJﬂQﬂU@]ﬂ@ﬂLLN?U@l%angﬂﬂﬂ’JEJIﬂix‘l mmﬁvl,@ﬂﬂamugﬂ
P10 3 x 5 x 1 ludnas lagltiaIasaalalasdanNanuan 6 wnztiaa1a a1nii b
%uma%‘ﬁqmﬁgﬁ 1850 War 1900 BIALTALTEF Ium\aqmﬁgﬁﬁaaﬁa 1200 83¢0-
TR YA MUIIINNNALRRAITNAY é’mwmnﬁuqm%gﬁ 20 A9ALTALTURGAUN LAZIN
a =1 a & a [ Ql

1200 aamLsﬁamsamqmﬁn“ugaq@Lﬂumiﬁﬁumaﬂuamwgryryﬂmﬁ AAIIMILAN
gownnil 10 avmLTALTaGawIN INwgunniingnngigauwn 1 TLU9 AINHHAS
QRIVHEEN BRI N0 aRNUANINIEAIN 1w drinnvgld s
BAND AIMTNAW LI mww?;ué'h et NARDUINLANIING LT ANUNWULIIAA LA
(bending strength) AL (hardness) LL@z’iLﬂi’lzﬂﬂidﬁ%”ldﬁ;aﬂ’m
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AanNIINaaag

g A ' ! o o ] [

luunfuaasfinanmaaaddontsaandn 4 FIURAN AD NANTAIWIWATWRS

1NuBaIz (Gibbs Free Energy) 20407380 HAMTIATEWIANAUAIGU HavaIdiuLlIda
[ 6 A v aa 6 . Ay aa [
mMIFaaNeRasia-3anauanslud (B-SiC) LazHanMINaFaLTHIUTAnauas lua

4.1 HANIIAIMIMATNRIWDHIL (Gibbs Free Energy, AG)
ﬁwmiﬁwmmmwﬁaamamzﬁanﬂmm}amaaﬂﬁﬁ%m@hoe] Aasasdmin
TFANaw (Si) Az IUan (C) WIaIUITNaLVBITANOUUALANTLUEY LT1 SiO, SIO WAY
co 6‘1‘5'\1Lﬁﬂﬁmzmwﬂy’umauﬂ’mﬁ@ﬂﬁﬁ%mLﬁ:;lw%ﬁﬂaumﬂuﬁ (SIC) ANWRINIWDRIZVDY
Ufismanusumauadf 4.1 uaz 4.10 ANAWITINGINNNHBINY 2000 BIFLTITUF

LRAIHAAINTIN g'ﬂﬁ 4.1

2Si+0,y — 280g e 4.1)
2C+0,q —»2C0q (4.2)
si+c —» sic .. (4.3)
Si0 g +2C —»SIC+CO G (4.4)
Si+3C+Si0,—» 2SIC+COq .. (4.5)
Si+Si0 g + CO (g + 2C — B 2SiC +CO, () wovonv. (4.6)
SiO (g) + 3CO (g) —» SiC+2CO,(g) oo (4.7)
Sio,+C —»Si0(@+COq e (4.8)
Si0, +2C —#» SiIC+CO ¢y e (4.9)

Si0,+3C —» SIC+2C0 ¢ (4.10)



AG [Kcall

100

-100

-200

Temperature [°C]

3UN 4.1 Wasudas: (AG) veslfiTinngunniidng g

U

500 1000 1500 2000
T T T T | T T T T | T T T T | T T T T | T
m Si0,+C = SiO(g)+CO(g) -
Ny Si0,,+3C0O,,=SIC+2C0y,
L Si0,+2C = SIC+COLg) -
- Si0,+3C = SiC + 2CO(g) “ ° ]
Si+C = SiC . <1’!.hhm
L .—.—.—.—.—,—v --¢‘-, ‘ i
I /,' SI+3C+S|O 28|C+CO(g) .
B ‘/ 251+0,(g) = 2510(g) ~ Si+Si0(g)+CO(g)+2C=2SiC+CO,(9) i
I 2C+0,(g) = 200(g) TR |
B AN R SN N NN SN N TN AN SN SR TR AN SR MO MU ]
0 500 1000 1500 2000

100

-100

-200

32



33

4.2 Namﬁm‘nzﬁ%@lqﬁuﬁaﬁu
4.2.1. N1INIXNYIKINBHANA

HANNTIANINTZNUIUIABUNAVBIIANAY 18LAT89 Centrifugal Particle Size
Analyzer LRAIAIATIIN 4.1

A13199 4.1 MINTZN wmamgmﬂmaﬁmqau

IWINDUNA USumwazan (Sauaz)
(lalasiaas) Banaw LEREULY annie
<50 - - -
<40 100.00 - -
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<15 60.90 96.70 95.00
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<6 26.80 87.00 61.50
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1250 50 1 215nan 0.046 0.054
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1250 50 1 a15nan 8.32
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(ND99819)
C1-1350-50-1 0.106 0.141 19.75 93.91 2.36 223 | 054 | 0.95
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HAILATIZADNABIATZNaUGILLATRY Energy Dispersive Spectroscopy (EDS)
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EFFECTS OF PARTICLE SIZE AND POWDER PACKING ON THE SiC FORMING
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Abstract: In this study, SiC was synthesized from the reaction between Si and C powders
at 1350°C in vacuum. The effects of particle size and particle packing of Si powder on the
reaction were observed. The results showed that the complete reaction to form SiC was
obtained from loose powder of all sizes of Si (5-12 m) hence the particle size of Si in the
range of 5-12 m had no effect on the SiC formation. On the other hand in the closed
packed powder system,the complete reaction was found in the large size of Si (12 m)
while the small size Si showed uncomplete reaction.

Keywords : Si-C system; Particle size; Particle packing; SiC formation

Introduction: Silicon carbide (SiC) is one of ceramic materials, which is good for high
temperature applications. It possesses good mechanical, thermal, and electrical properties
at high temperature, such as high strength, high corrosion resistant, high thermal
conductivity, high dielectric strength and high electron saturation velocity. With these
outstanding properties, SiC is widely applied in mechanical parts and in high temperature
and high-power microelectronic devices. It is well known as a highly covalent and
difficult-to-sinter substance. Using fine SiC powder is one of the methods to reduce the
sintering temperature. Among the various methods to synthesize fine SiC powder, the
carbothermal reaction is popular in industrial process.'” Silica and carbon powders are
used as raw material. In this process, the reaction to form SiC can be obtained above
1500°C. Thermodynamic data of SiC forming shows that the reaction of SiO,-C system
becomes viable at temperature higher than the reaction of Si-C system.*’ According to
some information, the method of SiC synthesis (Si-C system) without heating was also
studied by using high energy milling process.® * Although this method can produce SiC at
ambient temperature, the purity of product was not described in the reports. In the present
study, Si and C was used to produce -SiC powder at low temperature. To control the Si
and C reaction, various factors are required to investigate, such as particle size, particle
packing and reaction atmosphere. The morphology and purity of synthesized powder were
examined in relation to particle size and particle packing of Si.

Experimental Procedure: SiC powder was synthesized from the reaction between Si and
C powders. The effects of Si particle size and particle packing on the purity of synthesized
SiC powder were studied. Si powder of 97% purity was ground at three different grinding
time to get three sets of median sizes(5, 8,and 12 m) of Si powder then mixed with C
powder, using Si:C mole ratio of 1:1. Powder mixing was done in dry process and then
prepared in forms of pellet and loose powder. The pellets were formed by using 0.5 tons
pressure to the size of 12 mm diameter and 3.6 mm thickness. After forming the samples
were put in a carbon crucible and fired at temperature of 1350 °C  for 1 hour in vacuum
with a heating rate of 50 °C /min.
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The crystalline phases of samples were investigated by X-ray diffractometry(XRD:
Model XD-610, Shimadzu). Microstructure of powders was observed by Field emission
scanning electron microscope(FESEM: Model JSM-6304F, JEOL). Furthermore, surface
area and particle size of powder were measured by using BET (Model Autosorb-1,
Quantachrome) and sedigraph (Model SA-CP3, Shimadzu) methods respectively.

Results and Discussion: The free energies of Si-C and SiO,-C systems were calculated at
different temperatures and the results were plotted versus temperatures as shown in figure
1. The SiC forming reactions of both systems show significant free energy different. The
reaction of SiO,-C system is possible at temperature above 1500°C while Si-C and the
related reactions occur at much lower temperature. Therefore to synthesize SiC at low
temperature, Si-C system was chosen for the present study.

0 500 1000 1500 2000
— T T[T

— 100

Figure 1. The plots of free energy versus
temperature of SiC forming reactions.
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atmosphere. The surface areas of starting and synthesized powder were measured using
BET method as shown in table 1. It was found that all the synthesized SiC has larger
surface area than that of the starting powder, and the SiC powder synthesized from pellets
gives the larger surface area than that of loose powder. However, in figure 2 the
microstructures of both SiC powders do not show much difference . XRD patterns of
figure 3 and 4 show free Si peaks along with SiC peaks in pellet samples with 5 and 8§ um
Si. On the contrary, free Si was not found in the sample synthesized from the 12 m Si in
pellet form. In loose powder batch, free Si peak was not observed in both samples prepared
from 5 and 12 pum sizes of Si.
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Table 1. Surface area of Si, C and SiC powder synthesized at 1350°C for 1 h in vacuum.

Si Size(um) | Si (m’/g) |C-CN330 (m’/g)|SiC, pellet(m’/g)|SiC, loose (m*/g)
12 1.62 7.61 20.37 14.36
5 3.63 7.61 27.87 19.14
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Figure 2 FESEM images of SiC powder synthesized as a) loose powder and b)

pellet.
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Figure 4. XRD patterns of SiC
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It has been known that the better reaction can be obtained from the smaller particle
size, due to its large surface areca. However, the opposite result was obtained in the
experiment with closed packing powder as previously mentioned (Fig. 3 and 4). Therefore
the surface area of Si particles may not be the only major factor of reaction. On the
contrary, particle packing is investigated to be more effective than particle size in the SiC
formation since the loose powder yields better reaction than the closed packing powder and
the reaction in loose powder system was independent on the Si size in the study range.

Conclusions: According to the free energy values, the synthesis of SiC following the
reaction of Si-C system could be performed at temperature lower than that of Si0,-C
system. In closed pack powder system, the reaction was affected by the size of Si particles
in the way that larger size of Si resulted in a better reaction. On the contrary, SiC forming
reaction in loosed powder system was independent on the size of Si, and more effective
than the closed pack system.
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Abstract

The uniform nano-sized beta-silicon carbide (B-SiC) powder was synthesized from the reaction of silicon
(Si) and carbon-black (C). Four reaction parameters of temperature, heating rate, soaking time and atmosphere were
studied. The mixed Si and C-black powder was pressed into pellets and fired at 1250-1350 °C, heating rate 20-50
°C/min, and soaking time 1-3 hr. in vacuum and argon atmosphere. Low Si content was observed in SiC powder
synthesized at high temperature, high heating rate or long soaking time in vacuum. Temperature was the most
significant parameters affect on Si content of SiC powder. Si-C reaction performed better in vacuum than in Ar
atmosphere. Furthermore, two reactions of gas-solid (SiO-C) and solid-solid (Si-C) were used to describe SiC

formation in this study.

1. Introduction

Silicon carbide (SiC) is a material used in advanced ceramic applications due to its many superior
properties of strength, hardness, corrosion resistance, low thermal expansion coefficient and high thermal
conductivity. However, SiC has covalent bond and is difficult to be sintered without sintering aids of additives
or pressure [1-2]. Using high pure and fine starting powder, the well-sintered SiC bodies can be produced with
limited additive and pressure. SiC powder can be produced through many approaches. Most of the SiC powder
produced today is manufactured by Acheson process [3]. This process is carbothermic reaction of SiO, by
carbon powder at temperature around 2200-2400 °C for several hours. Powders from this process have large
particle size and mostly alpha-phase SiC because of high reaction temperatures and long reaction times. The fine
SiC powder can be synthesized through pyrolysis of organosilicon polymer [4-5] and gas-phase reaction
methods [6-7]. Polymers such as trichloromethylsilane or polycarbosilane are decomposed at temperature 1000-
1500 °C to get SiC. For gas-phase synthesis, Silane or chlorosilane is used to react with hydrocarbons to produce
SiC. Although the methods of polymer pyrolysis and gas-phase synthesis produce high purity and fine particles,

these processes give low yield of SiC and generate hazardous gas products such as HCI or CH, .



According to economy and efficiency, the carbothermal reduction is the best choice for SiC production.
Because the inexpensive silica and carbon are used as starting materials. Many techniques of carbothermal
reduction process have been studied to reduce the reaction temperature. For example, using high energy reaction
milling can synthesize nanosized SiC powder without heating [8-10]. Microwave heating is another technique to
produce fine and uniformity of SiC powder at lower temperature and shorter time than the conventional process
[11-12]. However, thermodynamic data [9,13] show that SiC can be prepared from the reaction of silicon (Si)
and carbon (C) at room temperature due to a negative free energy of formation of reaction. In contrast, Silica
(Si0O,) and carbon (C) reaction has a large positive free energy of SiC formation at room temperature [14-15].
This means SiC forming from the reaction of Si-C system require lower temperature than the reaction of SiO,-C
system.

In this research, B-SiC was synthesized from the reaction of Si and C. The reaction parameters of
temperature, soaking time, heating rate and atmosphere were studied for Si and C reaction. The residues of free
Si and C after reaction were measured and reaction mechanisms were described in relation to these residue

contents. The morphology and surface area of SiC powder were also examined.

2. Experimental Procedure

97 % purity of Si powder (Riedel-DeHaén) was mixed with carbon black in a polyethylene bottle by using
alumina balls and ethly alcohol as medium. The chemical composition and physical properties of Si and carbon
black powder are shown in table 1. The Si and C mole ratio of 1:1 was prepared for the mixed powder. After
mixing the slurry was dried in the oven and formed into pellets. The pellets were formed by using 0.5 tons
pressure to the size of 12 mm. diameter and 3.6 mm. thickness. Pellet samples were placed in the covered
carbon crucibles and fired in the controlled atmosphere furnace using temperature range of 1250 to1350 °C and
soaking time of 1 and 3 hours. Two heating rates of 20 and 50 °C/min were operated and the reaction was
carried under vacuum and argon atmosphere. The controlled pressure in vacuum and argon atmosphere were 4
Pa and 1.01x 10° Pa respectively. After reaction the pellets were measure weight loss and ground to pass 325
mesh of sieves for characterization.

The crystalline phases of synthesized powder were identified by X-ray diffractometer (XRD : Model

XRD-6000, Shimadzu). Free Si and C contents were measured by using the standard method JIS R1616



and multiphase carbon and moisture determinator (Model RC-412), respectively. The shape and size of
the powder were observed by using field emission scanning electron microscopy (FE-SEM : Model JSM-
6304F,JEOL). The specific surface area of powder was measured by using nitrogen adsorption based on

the Braunauer-Emmett-Teller (BET) theory ( Model Autosorb-1, Quantachome).

Table I. Chemical composition and physical properties of Si and C powder.

Powder Element (%) Total Surface Average Average
oxygen area size Density
Si Fe Ca Al Ti Sn C S %) (¥ %) (m) R g/cm“)
Silicon 9735 0.44 042 12 0.11 0.49 - - 2.54 1.62 11.68 242
Carbon-black 0.13 - - - - - 98.53 1.34 7.57 80 - 2.05
3. Results

1) SiC powder synthesized in vacuum and Ar atmosphere

The pellets of mixed Si and C-black powders were fired at 1300 and 1350 °C soaking for 1 hour with
heating rate 50 °C/min. The results of SiC powder synthesized in vacuum and argon atmosphere were
compared. Table II shows free Si and C contents and weight loss of SiC pellet synthesized in vacuum
and argon. At 1300 °C, samples reacted in the vacuum atmosphere gave higher weight loss than
samples reacted in Ar atmosphere and samples were broken at temperature 1350 °C in both atmosphere
due to the high amount of product gas. The free Si contents in SiC powders synthesized in vacuum were
lower than those synthesized in Ar. While the free C contents in SiC powders synthesized in both
atmosphere did not show much different. The XRD peaks in figure 1 show Si peaks along with the
B-SiC peaks. The high intensity of Si peaks was observed for samples synthesized in Ar but it shows

lower intensity for samples synthesized in vacuum, which support the free Si contents in table II.



Table I1. Free Si and C contents, weight loss and specific surface area of synthesized 3-SiC powders.

Heating temperature-Rate-Time Atmosphere Free Si Free C Weight loss Specific surface area
(%) (%) (%) (m’/g)
1250-50-1 Vac 6.464 0.085 2.48 -
1250-50-1 Ar 12.935 0.078 0.057 -
1300-50-1 Vac 1.235 0.108 2.710 2236
1300-50-1 Ar 5.190 0.086 0.998 29.32
1350-50-1 Vac 0.106 0.141 Broken Pellet 19.75
1350-50-1 Ar 0.347 0.075 Broken Pellet 25.06

Moreover, figure 2 shows equiaxed morphology and uniform size of synthesized powder in both
reaction atmosphere. However, the specific surface area in table II shows that powder synthesized in Ar
has little higher specific surface area than powder synthesized in vacuum at the same temperature,

soaking time and heating rate.
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Figure 1. XRD results of SiC powder synthesized with heating rate 50 °C/min for 1 hr at

a) 1300 °C in vacuum b) 1300 °C in Ar ¢) 1350 °C in vacuum d) 1350 °C in Ar



Figure 2. FE-SEM micrographs of SiC powder synthesized at 1350 °C, heating rate 50 °C/min

for 1 hrin : a) Vacuum b) Ar

2) SiC powder synthesized at various reaction temperatures, heating rates and soaking times

The XRD results of powder synthesized at various temperatures, heating rates and soaking times are
shown in figures 3 and 4, respectively. The peaks of B-SiC and Si were observed at the temperature
range of 1250-1300 °C, but only B-SiC peak was observed at higher temperature (1350 °C). At the
same heating rate, soaking time and reaction atmosphere, the higher reaction temperature resulted in
smaller amount of free Si. From the first part results, reaction in vacuum gave smaller amount of free Si
than reaction in Ar. However, figure 5 shows that as temperature increases the difference of free Si
content in both atmosphere decrease until temperature reachs the point of equal free Si content. The
effect of heating rate on the synthesized powders shows in figure 4 and 6. Using high heating rate 50
°C/min resulted in more complete reaction (smaller amount of free Si) than slow heating rate (20
°C/min). At low reaction temperature (1250 °C), the synthesized powders from two heating rate had
large different amount of free Si while they had almost the same amount at high reaction temperature
(1350 °C). Soaking time is also one of the parameters that affect the reaction of Si and C as the results
shown in table III. Increasing soaking time increased the weight loss but this decreased the free Si
content of synthesized powder. In figure 7, the morphology does not show significant difference of -
SiC powders synthesized at various reaction parameters. All synthesized powder had equiaxed

morphology and fine particle size of 10-100 nm.
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Figure 3. XRD results of synthesized powder produced at 1250-1350 °C for 1 hr, heating rate

50 °C/min in vacuum.
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Figure 4. XRD results of synthesized powder produced at 1250 °C for 1-3 hr, heating rate

20-50 °C/min in vacuum.
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Figure 5. Free Si content in 3-SiC powders synthesized at 1250-1350 °C for 1 hr, heating rate

50 °C/min in vacuum and Ar atmosphere.
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Figure 6. Free Si content in B-SiC powders synthesized at 1250-1350 °C for 1 hr, heating rate

50 and 20 °C/min in vacuum.
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Figure 7. FE-SEM micrographs of $-SiC powder synthesized in vacuum at :
a) 1350 °C, 50 °C/min, 1 hr b) 1250 °C, 50 °C/min, 1 hr

¢) 1250 °C, 20 °C/min, 1 hr d) 1250 °C, 20 °C/min, 3 hr

Table ITI. Free Si and C contents and weight loss of synthesized B-SiC powders.

Heating temperature-Rate-Time Free Si (%) Free C (%) Weight loss (%)
1250-20-1 11.180 0.070 1.66
1250-20-3 3.835 0.073 2.54
1300-20-1 1.719 0.077 2.54
1300-20-3 1.1 0.104 3.62




4. Discussion
Normally, SiC powder is produced by the reaction of SiO, and C. It is well known that the reaction
mechanism in the carbothermal reduction of SiO, process proceeds through the intermediate gaseous

silicon monoxide (SiO) according to the following reactions [14-16]:

Si0p +2C = SiC + CO(g) )
() +Q): Si0, + 3C = SiC + 2C0y, n(3)

The Gibbs free energy change of SiO,-C system (reaction 3) at temperature range from 1200°C to
1400 °C is positive (AG ~ 104 to 37 kJ) [13,17]. In contrast, the Gibbs free energy change of Si-C
system (reaction 4) at the same temperature range is negative (AG = -61 kJ). Therefore, SiC formation
from the reaction of Si and C can occur at lower temperature than that of SiO, and C system. In this
experimental results, Si and C gave the better reaction in vacuum than in Ar atmosphere. In vacuum, the
lower content of free Si and higher weight loss were investigated from the synthesized SiC powder. At
temperature up to 1350 °C the pellets were broken, which is due to large amount of gas products in the
reaction. According to the experimental result, SiC was not reacted directly from Si-C reaction but
gaseous phase of SiO and CO were generated as the intermediate products in the reaction. Initially, Si
and C reacted with the limited amount of oxygen on the surface of Si and C particles to form SiO and
CO respectively (reaction 5,6). Consequently, SiO reacted with C as gas-solid reaction and Si reacted
with C as solid-solid reaction simultaneously (reaction 7). The Si and C reactions are shown as the

following :

Si + C = SiC )
Si + 10, = Sio (5)
C + %0, = Co ....(6)

Si +3C + SiO = 28iC + CO )



At temperature range of 1200-1400 °C, the Gibbs free energy change of reaction 7 is —140 kJ which is
lower than that of reaction 4 (AG = -61 kJ). Therefore, reaction 7 can perform better than reaction 4 at
the same temperature range. In vacuum system the SiO and CO gas generated at the surface of Si and C
particles were removed out from their surface. This will result in more complete reaction due to high
contact area of SiO to C and Si to C, which perform gas-solid and solid-solid reactions respectively
(Figure 8). In contrast, reaction in Ar atmosphere will result in less contact area due to slowly moving
out of SiO and CO from particle surface which will decrease the ability of SiC forming reaction.
Moreover, Si and C reaction at high reaction temperature, heating rate and soaking time in vacuum gave

better reaction than at lower value of these heating parameters.
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Figure 8. SiC synthesis reaction mechanism for the system of using Si and C as reactants with some

oxygen in the reaction system



5. Conclusions

1) The reaction of Si and C-black powder can produce uniform nano-sized B-SiC powder in both
vacuum and Ar atmosphere.

2) B-SiC powder synthesized in vacuum had lower free Si content than that synthesized in Ar
atmosphere.

3) Using high reaction temperature, heating rate or long soaking time for reaction of Si and C in
vacuum system can produce lower free Si content of B-SiC powder.

4) Free C content in synthesized B-SiC powder showed non-significant difference on reaction
parameters of temperature, heating rate, soaking time and atmosphere.

5) At low temperature, the effect of heating rate, soaking time and atmosphere on the Si-C reaction
was more dominant than that at high temperature.

6) Si-C reaction with some amount of oxygen in the system produced SiC through gas-solid (SiO-
C) and solid-solid (Si-C) reaction simultaneously.
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