nswanmsranganeu lulasd lavl¥dusalfison

i 1) 2549

]

AULINENINYINS
ATy

NTAUNKA
UNI N 2550



sty

UL Y. 4 NN
swaziuARnINUHAUANI MDY INUT T

1) aguszmfvealnsams

2) apmsaSoufvusen s piigioue BluTasimsdunuiie

fAldduiunsliuds

3) S UALIBUAYDIHAITU TSERLLR Y

waz@uaiorfuran
fnAnisulszme
unfinde
unit 1 umi
unii 2 midsaems
unii 3 Timananes
Unii 4 HANTINARB AN
unit s apsanismanna
unil 6 flapuas qily
onmsbnd 07

s

, =
mnm:fn*nh--p:'l'ugnmuunnnu'luﬂﬂvuﬁﬂms

The Fort w ﬂﬁm
Hﬁi'ﬁ-l‘]'l 11.1!111?1'!!1];11 AU 1-]'11“!“11“']'51“11141“111“

NIANUIN

’Qﬁﬁﬁﬂﬂ‘iﬁuuﬁﬂﬂmﬁﬂ

10
13
17
45

47

49



0oy 1%.4
U sHA i mnveImsids

. s FTI ) - - o -
nlasunuganyumsIdumeanATHgRaasTanudwInmmaninazmalulag

- - e - ¥ o
TnsamsidoFes  (mwlng) neimunmsndadanoululasd Taoldaus wlfazn
(M¥189nqH) Enhancement of Silicon Nitride Production by using Catalyst

LLLLL

i’ 1319130)

thinsams
r*—'"’* J.xs8o

ﬂ‘tJEJ’JVIEJVIﬁWEJ’]ﬂ?

1Mes w0z muammnunnammmﬁmqumrﬂ () Hes

Prbobreiiaald o 11179 V1816 8

‘ - oa
&) splmsanfoudoussunasuauidonuiioue 1l Tasams fuaniioi 14

€

Antiunms Tduda
L J - -
(3) wazBvavowamsIton lddudiums Tluds



SwazBANINUKBNUA NN IMNYe I b

(1) danlszasfvaalnsams

Tnsamsdteiidlumsfinuims [is wiis o lunszuumandaganenTulasduig
g = - - e
Tulaswdulavas wesddnounisisni lumesueavoadunay o iimunsondngdneu
<4 - - = = - - -
Tlasdvadlusiinhinnuudus wgaiigunpiiga 18 TavldoamTenasaulunsnaai

Vo wie lAndndueintiguamgau TaoTasenmssoTutlaulszun 2549 fidluTazams

v J - - - -. Ve - - -
aowioninTasams i luFeduaduil l WM IMUgANYUNT TSUN IR
anlssnuukudunlizitlan \ 548 ,9 nalzeradveaTnsanisiduil Hase Tl
iy ) /
i - . J W
11 ey IR WS Wik lems aamsago L 1asdn 073 u lasinvu Taonss
vosFdnouLasin r‘/ { \\ s

80N
- (/ . \\ i e o
1.2 wiefinuimansznyued 4 unA i a i g RpaiAmanavesginoululase

L ; \
R y /5T
13 meAnyMdadaiiue Wit P‘\ nsmudmsulfisomanes
dmFumaisoluiiig i t\ A s s oimnzauluns
T — - w -
nanganou TulniAdu7s lylhs LB 0w (muiagUszaan Tuded | uas 3)

womid1AAnuntmanssnuvesn o imisnand 11Uad e auUANIInavesFanou Tu

\fanansznuveailedvinailedoiii
Siaaro ] v 'lnsd udy dau

TasansdsuTll 2549 1y arutansd My ﬁm1ﬂumu§unmwﬁmnﬁu

ol [T [ ] J oy o e '
1'Jummiinm'ﬂmmqﬂpﬂm111mu1:rm'!ummnn'mnﬂu1u'lmﬁﬁ'1unmﬂm‘nnmanwa

e CLEL e
RIAINIUNRINYIAY

lnsaiinan’ld (mwing

wasoUfiTorns Tulngs



SeazBuAMEIAUHANUA NN TIMNIYe YT dD
(2) aptlmranFoudfivus s nasuaddoiious 13

TuTasamsduaudion laduiums Tluda

Panbszanwi 1 2

nanNgsu

11.0.48
W.A.48
.48
Nn.0.48

f.01.48
1U.7.49

N.1.49
1049
W.A.49

Nn.A.49

A.n47
W.0.47
5.0.47
1U.n.48
n.1.48
U.F.48
U.u48
Nn.A.48
.48
5.7.48

1.7.49
u.0.49

o.n.49
1.0.49

AnuminniTfug e uazs U

andioiineses

] i O B I

NATBURBMIENUYBTFURAYEIA T
UfiFnunsdadnyeiuw nlfism
san Aeliiio T lanedulaon

Fon0u : S

namBuRan v Ian Iz TN

- ' e A a
UiiToeyfiaemiTimed 81 el

i uinm

NATOUKANIENUNBIYIAVDIA AT

UjifvmasFan s us AT

w1 AolfiTmmilumeiuenses =IEn

&

wne

AR 1F 1RGN qﬁunmmfi
mnzmudminlfiTo Taolddud e
UgATmidi ifeme o Tudbpouls

oA 1 §
Tnidifiviiu -

| k

1

"
.11-“::* |
i

=

nqnuunnm:mnnﬁmimﬁﬁﬁ i
4 a—y & 4
anfiia AeruiRusssu g lon
annoululmdiininld L] =

v

FL e DU SRR

TnyiminaniInrang

OV RN = e azess:

i'n'ﬂuw;!'uuul

- uruauddefiorue 1 lulasams

AR Idhmsdes iy




swazibuAnuIRuHauA Ut IwHvesndden IAauTiums Iud

(3) swaziBravoaranuIteh 1Adutiums Tluda

L ¥ -
3.1 dmiuTasamsdeoludl 2549 1 waan3doi ldduiiums Tluda sl
311 MimsAinwiransznuvead us nlgison Tanziinnfdemuiananavesdanouu
Tnsanndaldd091 lulasndulaoeswesdanoudaiiiosnin Insams hidliuda

e L 1 T e -
3.1.2 aunhmdeyalumsitouazAnymanmsiuguvenlfisoims Tumesueavesda

m Tavmwizei1stwavo iy B1¥HARY 9INNTTINTNINIAINIZINA

3.1.3 finMifemansznuve A 10301013 Tumesveaveudwnaylums

\\x\ ii i
Fansiziaanowuly T nm aarts Lidlnuda Tao1Afnutanavesnay

duduvesila TR usn hamsilihn

3.1.4 ANMIHAYDINISLlE «011 nowd Tldeuniai

1dLLT
£

YT Tuigefpdys diumay inlnuazumuimyeaiialaTasouiil

] -
nomsvhufngugdfs iolhsdenub \\ ‘

3.1.5 Anuinave i q BN Y (yttrium) uunEoy

-

w
uaroxgiliio Badiunoy msayTansmariid Ty
Faneunounts s 01 135 m \\ minTafSoumvuRanisnuves
. o ar . g . & e - ar -
Tanziudud lhiyfods AAHGNsY AU IAYeIHARTUAIN T uAT 12 14 iy

[S— o v J
aidansaanoul W nlgnsoumnaii

e _,;’.-!x I I
3.1.6 AMNAAA NI 3 atims i ns nlfison Tans

. D

32 HEN'l'l-.tﬂ1ilﬂﬂll“iﬂ"ﬂ*{ﬂﬂtﬂﬂﬂ“'ﬂﬂ

3.21 ﬂ‘l‘iﬁ ﬂmﬂmﬂihnd Materials Science and
TW]IW Confmncc Fa9n lAogquamn TuTao Tanzunzd quﬁ'qﬂi Tuduii 31
A A AN A N A8

in the Carbothermal Reduction and Nitnidation of Rice Husk Ash"

> Ll e an et i‘q.- J
pa lnmaiiml §soiiaoaiiu

3.22 auAnniranuitslusmsmadnmaununa:
V. Pavarajarn, T, Vongthavorn and P. Praserthdam, “Enhancement of Direct
Nitridation of Silicon by Common Metals in Silicon Nitride Processing”, Ceramics

International (in press)



Aaanssudszmna

'[ﬁ:qmﬁi’mﬂﬁ'un1m1':'uﬂuuuuqmtuumﬁi‘unnﬁuquﬂs:mmun‘uiu 1lszdnl
anlszum 2549

AULINENINEINS
ARIANTAUUNINGIAY



unAAee

swmmtuiidhnsnunuiiamiveimsisolusounitiiivesTnsimawannmssaa
FanouTulnsd Taol9ins alfaserd s I8 umsmivepuuganyumsdonniunnlsznu
wudlszsilanlszine 2549 TanlasamsdseiiiuTnsansaoiieaduilfinesden
Tasamsdsohitlanlszim 2548 Tulnsamsisoi ladmnnsdunszidanoululnsdein 2

Ll - -y o
aszuaumsou 1aun nszuaums lulasmdusesddnouuaznszuaunmsnis lumesdueaveaui

nIzUIUAlTINgn Aniuzwar pacauIngin mmnszuaumnanesil
Tuduveanszuiums Tu 1AsmeuNe 13 g0 uit-in nuwaveIms 19 as nlgason Tany
suldun unniliFoy T vamee amodii MENING UY (ytirium) uAAITFLY NOAAY

uaz giidioy (lutetiv Gt l'g Tmaiuguupiinuuiiu

\Ni\\l%.

dunousIn 1300 Tuil : \ 1MavBaR I NATIRENMS
mel§isvmazdasin e AL 1 \ ' *H"lﬁ' Taowuiimrunindaunsizv
= =

FanoululnsantuTuoulle & Wi ﬂmaiuu dvmediiion uie anmioy

Wudns WAz uaydugh e ; 2 #‘

Tuganouludadiu 2% Woy@ons olh nm 1\ ﬂ'lur'fmhmﬁuq 0.125% Tutu

v 1A TaunisiAudnimesditivuaslyl

WBaNITUIUMIATE Tumed Hoadast iean 1afnutiEnEnavesiledodiag fidawalu

i L - UK - [
mssnfasnIiannsniatyd usuiinl sauBamsfinuinaveadas

Ufisur Tansares @ WIS NB8uAL oz 3o Taonud Tans
~
i o hY - -
W AniAz oz il ot lsimuyiinvosTanzAld
| i i L. AR i -
CELLOR BUGEEREE ?; ulazan SYIP T qu'uaq'iﬁﬁnumu NipaBnmIvuiidana

Tunmissosanmainagangudylasd luvle o

ﬂﬂﬂ?ﬂﬂﬂ‘iﬂﬂﬂﬂ‘i
QW’]ﬁNﬂiﬂJ UA1AINYIAY



uni 1 unin

~a - e w - ' -
ganoululasdiluasdinfionnedums Wanddeanmsanuudans ano 1Rguing iiss
ganuniilanzannionu i Faaeululasdiulimniamanaifnawlizms evfiu finam
' 1].-1 - o . o l
amuaomsudvuinlasvegungiiod 133959 (thermal shock) MNTINMIAINNA NG
o a - ' w
(strength) ufinsziaguugiigauas Tanuennialunsdumiunsndeus (creep) iudu

14
HEATINHHD ﬂnu'iu'lnﬁfﬁqrnms INUABMITNANTOUDINMITIAUNATIUTHALRST I TONUABDBNTT

Tn3d Methavessui 1Xaanen Tiassin L luiada Tans damunsn
ﬁum".l#{ﬁﬂﬂm?aﬁq 2 | 017 udda 25 o maildu
slihairdedomasd e udoh i 3 s sunsodhulniadmiumeslini
dlosnn@anonlulasd i iaisamosintou wozmsiv g
lﬁuqﬂﬂuuumnmmﬂﬂ#ﬁ anmnnisanniinuudwes
#‘uﬁ‘] (hardness) 3 11

fiy - [ | - A 5
Funuddnouulasddsiilodh o DEEYE il Wlansfanisenusoanimns 1§

ypmzrhiiu dhudu ueneinii

uAiula

FanouTulnsdiu 14 uAdAINMI AR 115

Funsiganouulabdiumnsnin 1aaannsz A o Yail SanouTulsd
el -

duns ot lAinTiany i) 180 o-FnouTulnsd

(M3owle o) une ." Tlnaa (5ol B 8 An o laddhamoaariin Inssedandnii

Hexagonal FUIRUIM ialigianiaoa Unit e fluandaiu (1, 2) Fanoululnsdnduns i

-uumﬁwn:-ﬂ ol AT ol o} Totansnsonne oo

e B 'ﬂﬂuﬂ{{ﬂ n-umnmn:vumn}nm-muﬂmuq Tumsdunsind

lﬁ1 aﬁf} Lt!?m é falums
ﬁamn:qwaﬂu U AR IRUANGEUIUNS (U ATeYY F!I.IHI slwgwaﬂln lﬂ t nitridation of

] i - - [] -
silicon) S0 dumaiisnTavassssnindanouduielulasoudigengilusa 1200 iy

1300 BIFUFDITUT AITUNTT

38i(s) + IN,(g) —> SiN,(s) (1.1)



nszvaumsTEunTzu s Fauiiion lums Fanseiaanou lulnsdlus sy
gromnsaiianinaunsandnsanewTulnsd 1dnwlutunewidv) Tav hifandnfusinaoy
1% (by-product) Fniusa hisuihudeaiiduneulumsuonndnsusin hidoanesnsindanou’lu
Tnssinan1d il nszuaums Tulasadu laoaswwesdanouiidunszuaumsi higudouua:
o w o

i ' o g ma = e
A lEiwlunmssaandg Faneululasandansizvasonizuumsininidadiuveads o

Uszuiw 92% [3]

[ o & -I:I.lh - W
ﬂf#u‘]uﬂ1iﬂﬂﬂ11=|’!1’ﬂﬂﬁﬂ1 L ﬂ!:‘.I.I']‘Ilﬂ'ﬂ‘H'll*lT{IﬂUlﬂ'I.JTIHUHTNUﬁH.l#Hﬂ

38i0, (s) LA > S + 6C0 (g) (1.2)

ganoulu'lasand pivealniidamiuveadea a #i

WINATT 95% 0013 13 AR GR ‘\ ABUNTIHARA LN

nzuuns ulasmsu ldoa iy ghaaauiatige s i wbui bl §isnandseg

&
= g | #

wandugl Aniu msmdand udu@mgunonenfaansim ailudsiuiu

FanouTulnsdfidugief FganT BNy TUN R anna 1T neglugives
' z 4 »
415 1 anniu suthudsalimsvug U s
= ~ ¢ LR - -
haaznnamudiegn q 15U igriow vimiudainiiudesiims
e 1

F = 5w

(HIRTIN (sintering) NG Tl TnsAntinidhdaoiuithuile

@1 lusznhamswn | u'lmmﬁmﬂﬁﬂu'[ﬂim%"tq'lﬂtﬂu
& o W . - R Fg -

ol B Fafinanationnngdi naziovifialasaniiavoansu (grain) voasuammiin

Yaunsag -'ﬂ: w w manihuy B s
i ﬂ mﬂ1mnr§tm§"lm rﬁr TT i

et lafinim nigyuilla wunizi TRz hidanaliifia

TRsapdrwppsuily Zaunsi i “q s nﬂlﬁ'ﬁﬂqmmmﬂm:
ﬁumﬂij&:’laﬁﬂmnﬂﬁﬁ ﬁqﬂn ou'lulasdii
danvoara o TudTinugs Tavtivuliiidaduveas o dede B litieondy 95% T
aruaundsvossuai Emomdainsunniinezann (4] Faiueymadanouthlnsdi

Fans e 18 TavilSnaveans o gandi 95% Sededuilundadusinfiguamgauaziii

- J’ -: = i
doamsdmFunstugluaudanoululnidde



Tuilegiiu madunnsiddnou lulnsafiifiaveade o gandt 95% 1iu 19

s o Ea i o : - 3 J‘
n3x1uN3 198 1ud (Diimide process) Fuilunizyiumsanstunoudsoumsne T

SiCl, (1) + 6NH, (1) —>  Si(NH),(s) + 4NH,CI(s) {(13)
3SiNH), (s) —>  SiN,(s) + N,(g) + 3H,(g) (1.4)

L 1) 4 L =y ' "
fufhdaneuTulnsandananinniilad ludsldaduveaa o gandi 95% ua

»

ganeuTulasannda 1dingismgaiis ’ poulumandniinnududouninanuiuiiuly

msfiauenTuiiounao Tsan 14ain 1301 (LA evgrioumainlfiidumauns (1.4)
ueRMIMIY i’nqﬁuﬁ'l'fﬁaﬁl aifigen QAL AT wn'rﬂu'lmmiu'fﬁmnuua
FanounTonITIINMsNg Lmesnsoii 1) i'h VN

Faiiu matlizgng _ F/ v w *~; dnganouulnsafaonszuoumstu
/f// ani Tumesueail 1§ ingavsm

W nTzuaums Tu lngm

qn e anninanssuz 7’ 1? \ m'umniﬂ o TugdnouTulasdi
nanld Judlumadontial A ? E\\ onla

vonnnii dmiufaz "I'.iﬂ %\ 'ié’m'mnqi'u'ummiﬁ'n];]mm
oulAungamuazmsveryll (il ;y, 3 .. \ A9 InmsEnay n3Any
:ﬁuqﬁu"lﬁlmnq'lﬁtﬁuim iy askiFanewlulniddonsvuaunmi

Tumoduoa [5] Antumsdansz B mndwnaudailumalizgndlduandanin

nmrmnmuu‘m‘lu 13500 y maqgﬁqmﬂgﬁquﬂums

-
-

Muyaf1veuToe A THNEAT RS Mo aszmaldetiann

) ]
ﬂ’lJEJ’JVIEJ'ﬂiWEJ’lﬂ?
amaﬂn‘imumqwmaa



= 5 T T
UNn 2 MsasIamalvgauq ﬂlﬂﬂ".‘liﬂd

2.1 nszuaumsmilumesuen

aszumsmd Tumedweadsmunisii (1.2) fo lddhunssroumsimudfigalumsnan
FanouTulasd nalnmafediitoniuldimseuoinlsznoudaonawiuneulaviidaneu
vouon lwailudanaralumsinljise [6) Inuﬁﬁﬁﬂﬂuuaunn'l-né'ﬁgmﬁm'fuﬂm]ﬁﬁ?m
ssnindamiumivousacumsaoui

SI0, (s) + C (s S (22)
Si0, (s) + COEy $i (2.3)

Vi Fano i T Tasmu 1duganeu y

lasa

3510 (g) 4B8CHE
38i0 (g +

Sl (s) + 30 (@) (2.4)
I, ) + 30, () (2.5)

5 ™ = v 8 =
damouiunszuaums e d e uut aanoululasanadaldon
ATTUIUMISATS 1UMBDT Uoa: das a1 laodamiuveuds o Taumaoves

- o s ] . | X o - P
HARAUATINNTZUIYmEALE T Meiusagy! srnls et 088 ial g1 s i Fdnoululasadn

o J [l i -

dauns i B nARTIog13 odanouA1S luAn

% i

- o y I 1§
inavunnlfism J J

Au ammwmm
T RRHBEAD NG B

FuvesFaneuihuetinnn dissvingniifadaoms duianiamonmyessamifunii uewuito

HandanouNouen l¥dmLIUMIT (2.2) Aniunszuaumind Tumesuoasadio1dmiueuly
- J - ; By : - Rl 4 -

USnainnunerie Wiy hdamiauasin/§atomualy Saihliifailynvesns

anfavesni veuanuiu lundndusiniui ldnauud?



2.2 pszuIumImslumesueaveafunay
- o et o o ' - - v v

unaudlusdniusininmsinyas niaanuiluoilsznouiauiumssunidniag vy

1rag lad (cellulose) uazantiu (lignin) MuEIINNGE IR lAVINMIEInaumolaussnneni
= # o owr e o o - : .f :
pondivulifinadoi uinddinuarmiveuiiuesndszneundan damanmeaiidhumsds
e ar fmm ¢ I s e

AuiidiAgueamsdunsizvganeululasddunizuumini Tumeiueadi lduaas il
aums (1.2) aniusdldsuiimsdunhinmsndadaneu lulasdanndunavdonszyumsmd

F -
Tumeivontu

mddslueAniinoadeamsdun anoululasdanndunamiuemns ousean1d

Wuaeandulnal dudanudiodin Y iAvosdam ludunauie Wnzfums

MfafemiTumesuoa uas iy 15 Tumaiueaveudunauies

dmfvanuatolunguusniil Lileemmu ‘1u‘ AL A AN 108NN INAVAILTTAIIT 19U
M HHAAILNTA M3 AR 1
nrzuaums ity Tader (ol 41 Tadhiia diing v1nns:munﬁ1u'h'|ﬁiﬁﬁ
QuniAInd1 700 par g g ‘ ' odugMlzluegiunivou
Taolidad e sman el 1) ull 48-50% T am iy K ' 11uﬁ'ﬂﬂu1ﬁlhu1=ﬂu'lun1iﬁ1
AN LR i

vsznoudoFamiiogluglha ,',*.'_ Sumsthly 4dhumsdeduves
AT

VAT se'lal (7] T |

diimaell Tuman N IAIVHUTNIZYBINTIHIIN

o T—
=
s

AMmiumsanuIngzuId avaatunavlumsdunizisaneululasd

- T
M *:; ] L} v s ' - e o -
iU wudnsimainelnng Tumesvea a1 lunsdivesFamnnaudinu
’ o _"n. - :- - J aml
A3 UBUAIUNITHEL ol anniunouimihuilomuany
5550517 [10] ad1a'lifiy ¢ Aan@umi (2.6) lAreutadwdioann

%7 aqmngﬁumnmﬁﬂﬂ@“ﬁ Fudin aumﬁﬂﬁ u Indifoafiuiaguugiiveamsial §izo
iﬁ“ﬁﬂu“.hﬁsﬂﬂ]?mﬂ?wﬂwg wwviganoululasd/
Fanoums lUARPLWOTA (composite) tn (11T 813 T5hiani 1adis udamIfuns e

Fanpu Iwlassai Lifin 1 L2 ”bfﬁl Fiuupa KAYA lnz
ﬂﬂ:ﬁ]ﬁﬂﬁwﬁmﬁﬁu ug ﬁﬂ:j winljisoiTans

a s 3 = o ¥
tiuiina lumsnauguyinvowdniusii lennszuaumsmi Tumesvea ot lsiam unum

=

uazraveamsiumand W usznl fisoniiddhiduivesiviuTaoia il Tav SIDDIQ! nax
HENRY Aiuenanuisunidaudsiuanisoves BARNITSKAYA Tanmuehim@miudnasao

i e ] i o oy, Y o
l!m‘ﬂ:|ﬂ'4i!‘|rt'|mn.|Fn*.i'."l'l.lﬂ‘f mﬂﬂgnimszﬁﬂaw minufIsueu [13]

1



1 L4
dmiunavesdus wfiio Tanshiinenszuaumsad Tumesueatiuds hifinsAnufiu
T P W - ] - -y, P
pthan v nsehmulumsinnravedlanzdol jizo lulnsmduves¥dnen anidivdu
™ ¥ HP - -aa
111tyuaﬂmﬂﬁu‘lﬂﬁanmmmmﬁmﬁmmmnﬁmﬂumaﬂulﬁnumm:msmnuuq'luuﬂnu
RAHMAN tazaus ldnwanuiimsduiindaeen ledas T hudsunaui Winad §aze 1
o ; - - o= e W i -
Fanoums luamnty Tusuzinms@uezglitioneon ledsz o imunadanoululasd lua
™ oy - a T | - -

B [14] wavearwddulueAamariifumibuiulaiwus wfisniimumlunsauqumsiden
- o - o [ :- - -ﬂ’ ] -
Ao biiiuddneululasdniedanounslud dniu lwandduiifujaiufinsdnuna

umumnnwuﬁ"umnuu Tauden1eauga

vaadni fATnviamag Tunszuaung

Ugasonlafnun udadins daneu pamimlifisuntanesiinaln
mamalfiioii Indifuan 1a196u 1Aun Fanouneusnles noud
winljisndonmoiiu

ﬂ‘IJEI’J'VIEWIﬁWEI'lﬂ‘i
ammmmumawmaa

12



o omed
UNN 3 IENMTnNAael

[7) o i o oy
3.1 msdanszvdanewhvlasamenizviums wlasatuves¥anou
3.1.1 Jagd 3 NT1EHEA 1
o= - - - e -I" L =
Fanoun 1iiuingavlumsdunnziganoululnsddwdiidiueynnddneuiil

- & - = e -
“u1ﬂﬂuﬂ1ﬂlnﬁﬁ 2 1”1“5u.lﬂ"H#Eﬂﬂ“ﬂl{hﬁ'}llﬂ“lﬂ“uﬂjun [granuli:] “ﬂﬂ'l'lu“iu Iﬂlﬂ.ﬁ.lu.lﬂ

mAvyounyalTzIN 300 'lu'im paFanouT 119 1NUT M Shin-Etsu Chemical
Uszmediju mmunmimn-ﬁ wuil il eunsedmniuiiives
oymme1ld Tuvnziio wlmunis Tnaveafamolwndes
Uijnsella

3.1.2 MIAuAus

n"miuTnH:iiH ! !MT\\\\
misazawveamsszhiois l 1 ’\\ b,

- - -
nToadudans Tatinlil i sl e 1T umueaszmoeen i

jpregnation Tavldganouali/lu

Munmiuea noldnts dudo

guuginfouiiunar 124 t'\"m WA 1o 2i1 110°C B 12 2 Tuanioimida
o \ . — '
AT YDA TN AT it ljmsge T WhuSsei 18 uuniiFon F5o0u

-

fimedition BnmIou unaiuy v r;, ﬁ,, anlTuwvesmstsznen Tumsan i
¥gnd ol ;.:'- An s9.).0% unz 2.0% iedouivina
vosganounld Tas 1 f' widusii i seau'ly

Tuandavrounthil ol o s onSeiewtsntiusa i idulueda 14

NN

Fano 'lﬁ'm:uu'l‘h-grr'lﬂna'lﬂ'luMﬂa";]um'luﬂi'mm 0.5 nm Taulinnuminues
- q =y

*wmmm IR 11

voun3eailinsel wbular flow reactor (Rauaaalug1lfi 3.1)

o < ' 4 YW a -
wiamiusaiinsWanufeundnionlfnsaidivdas imamiugumgiivhiiy 10 0im

- i a - A - o - P |
waiuoAouivunssiaguugiinehunionljnsaiiinmivgamgivenljisemasims Tao

13



imsfloumrerineunaeanauiedesiumsiinlfiinigungivenmileningumngiin
Aoansfnm

ioqungiin0Tupd® uljf fo Hin: 1 stloumalelasnuludadoy
' \ N

wivoaFanoulieglugilveslans

rmtur

v M - - "
10% 1hginTeafns i SUMIANTBGUUUNTYAYEI
Fanouuaziunsiad
TunanAsaiu wdanimi uunwn{lnuvﬁuﬂ?mUgmmﬁu
Maneszniglulasiounagle et ladtiiindutiuvoa laTasiouoiiiu 10% dmiy
P : lant o X 4 -
JERER i nmuumwwqmﬁqu 1300°C a1

IfAsudniiude lfiqumgi

1390°C B 2 $7 w4 gninTugEmETEIME TN G Smurthinlavedodoya
wamsﬁhjf;‘ﬁmﬁ'l MY ﬂﬂﬂgnmﬂuh:mwn 1390°C
1fulife conversion g nﬂﬂ;]n:um 1300°C amq'l:ﬁmu iAo 1390°C sindanalif

AAMINaDY mm M'ﬁﬂﬁﬂﬂmﬂhi'lﬂ'ﬂﬂﬁﬂu
(1414°C) :m*Wﬂ’xm uinty ‘H&J'l WU MIIHABUTINAINY
wutganaliifianiag fufui lum Sinlasoiuimiy nmu Munnmmnﬂﬂmm
ML PRI AT T
wﬂnaﬁu'lu'lnmmﬁquﬂumnwﬁﬂu'lEun:ﬂﬁmﬁmmmnau:wﬁummnqmn-mnu'hi’

F oy " P L) "
tieanndaneu Tulasdennsanudeguugiiiigandi 1500°c 14 Taolinasumas

14



314 MidngIEAed1y
msdinssinaetait ldninmsdunsisinisi Tau 145 msnszdsveadsfiond (X-ray

diffractioin, XRD) tfieuunuussznindaneuiudanoululasd lumde o uazola p Tao
dasrduveara a aemle p unzdasdmveninudaneulylnsdnmuadelinuyes
Fanouivase livueiuennsoinnu 18 Taol¥dadmves peak 7114910 XRD pattern a s
IBATIIN1TT909YD3 JOVANOVIC unz KIMURA [15] rf'mﬁ'ﬂumzwaﬁuﬁmmzzﬂﬁmyu
{morphology) 'I.IBQﬂﬁHﬁﬁlﬁ‘f‘ll“l’ﬂﬂﬂ:‘:ﬁﬂ#ﬁ#ﬁﬁlﬂ!1=‘I“ﬁﬂﬂ1'¥ Scanning Electron Microscope
(SEM)

3.2 madannziaanew]

. W "

/:/ pingzaim hudunauud msnnlu

Y A2 \

Tasamsidoiioemmans AU ’ *AIURY

J ¥ : , ot \\‘\\ \\ \ : [ |
misani 1Fudfudifiodog Train st ThodRauihinnszgndsdanindui

gungii 90°C iunm ﬁ1'll \ \ udvaiimseuRgungi 110°C
e 24 S Tuaedidaf i \ nsrunaunolaussuinm
1fnewfiquingdi 600°C i 331 1Tzt AT s nh W dd6m

'lu;ﬂut'r’m;‘m (amorphous) T NG 'ﬁtjﬁ [16, 17]
nla ‘ iR 'lﬁilimﬁmﬁuﬁum:liu
)

11 SupavsAut N

’lum 7?: ﬂ!m anﬂqﬁum*mumﬂuhm
FuvasanevuitiAna1ainud) hudo wnave: Yunmezgivudimalily
3o Qv iiNABINTS
'ﬁ’]ﬂ' ﬁr:ﬁ'ﬂjm ﬁﬁmﬁmﬁﬁmﬁﬂmﬂﬂﬂﬂﬂﬂlﬂﬁﬂ

Qﬂl“t]uﬂﬁﬂﬂ'luﬂ'lm'lﬂ'l.l 1400 1450 1Az 1470°C MUAWY Inmﬂunmnﬂu SN EININN

ansnlfison Tans g

MWinml§isunisTumeduealdd (18] dondeafnssliiquugimuiideansuda UfAsuie:
L | 4 - '
GviuTaomsnldouiitloudunienlfnseiiiufmanausznhaluTnsouuaz le TasiouTavnan

< P =  (maa
Wutuveslelannulumadlowiuihilsloniififnn dmivlfidond Tumeiveaudiee

I5



audiulaser luidunm 6 s lusmudisinesomoanlumidioluedadmil§isomi Ty
Mo uoaveIFAMHITUAUAT YO [11]
msanseiiehai 9T manszdwesisiendimessya o uas B vosdanouTu
Tasalundninst USinavesniueuiindesglundnfuanium deinms 1Hintes
Thermogravimetric analyzer (TGA) F9Mmsrmi voududuosndiveandisunas iaunai
nlAoulvesiaesnie drudnyusduguvowdndusinduns iz idozgninne Taold

Scanning electron microscope (SEM) (182 Transmission electron microscope (TEM)

‘I

33 ﬂ]iiu duasAniauifive. H Fiinod i laia
3 L. )
| euAvmsAuua lumssiin

oynndanouTulnzANaansiz i 19y

(sintering additive) 8u AT ALOLaw v.0f udadatlTaiiavesFanonulnsd:AL0,Y,0,

7. \f\

BYNIAHTUIZY NS '{

iy 90:5:5 Tael¥uesiig ey nasnmid ahoynmaneui 14

Touiigamgi 110°C 0 iy 1uBaﬂ'l'i’s.,muaaﬂ'iﬂﬂnuumn
uo \ W A0 ewdie: ﬁ1'l1]umm1ﬂ1u
LY (die-press) TaodSn il ; , 2 il w\\\ \ umimmnu;ﬂlﬁuuﬂunnu
wnadudugudnata @iag Huﬁ' L1 \ oHY Poymaisaihuiummda Tl
witn hunns Idiviguni 49 sgfC i T2 11 A0 s snsve s TuTnsusinnud
| MPa S0 n1stATin g 37t ' 3o Tusdn [19]
AR B U 920N 1AI095902 Archimedes AMILIATIIU
ASTM-C830-93- 1996y 1Al a1 dnu14inT 03 Vicker indenter
(Zwick 3212, Zwick OVioF 5 Turii luominiiquingiiios
Teoiaunsathdnymg D330t , N icker hardness (H_) uazfi1

fracture toughness (K..) 'u%wuuu ‘Inu-nwqwnumunmmumwi’mqn'ﬂﬁhunwnnun:.,m

:?I:Qlliﬂiﬁ???ﬁﬂ%ﬂwm“"*“"“"”“”"”“
QW']ENﬂiﬂJ UAIINYAY

16



UNA 4 HAMITNARBIAZM I IATIZHHANTNARDA

4.1 madannzidanevlvlasadwnszuraumsulasiaduvesdanen

4.1.1 ganszmmodlavzdsmaialfiiolulaseduwnidtneu

i, - .J i i - LY ol :
wanduan ldnndfisnssniddneusumalulasounuisnismaasslude 3.1 iy
T - L) el - ‘ -..- ] oy
naanoululasaiilussilsznounan edelsimusdadusin Idilyflszneudndaneulu

- - o = ¥ -
uuumsnsziwesismonsdveadionalugli

‘. " - J -
Tasantie o fosatuden AaNdar

WA conversion ﬂﬂﬂﬂﬁﬁ?ﬂﬂ'ﬁ#‘uﬁimu
oo , et
BN MIINUV0 JOV —

(210}
2) o

_ y .
- v |
& P
E‘ a (200) Ij? [
g | e = |
2 . - A
E Si(T1) =

B{200) o A I Birol Bi210)

- .

2% ﬁ 3 36 38
0 (dse)

AuLINENINGIN I

=
PR v'mlmwnq;ﬂuuununi:mwmm mﬂwamannmmﬂ'lﬁﬂnﬂgnsm

w*rawrrmwnwmas

m conversion veamsiaalAse lulnsmdumoldmaiugugienaihdunewiy
Ey
ueraa gl 4.2 Faueraaliidtuiimsmiuguingfiuiiennsomui conversion 193013
- oy e @ wl - Ll i L] ‘. ¥ ﬂ‘ ;ﬂ L] i
Uit iim Indifvesiumsiml§isuednmuysalld Taviiar conversion ilATiTIMIgand1

] P - P -
i1 conversion Vo fizeiintuiiguugiinaiinedi 1300 uaz 1390°C fi A5 wan 1 luandde

17



yostiudrednion 5-10% ﬁ'nfun15{lnqﬁ"uﬂ11qmtﬁu#uiiEi'lumiﬁ‘lﬂﬁﬁ?umrlmmi.'mu
Jwiuveseynndanoudansriasusanen lulasdnn§isod 1300°C Aoumsiity
qumgii gty 1390°C ifoissdasimsiday iz lusaemdntu Saihididounsodity
onsimanmliion Ididhuediad

100 |
|
g 95
=
=
# 90
L]
-
=
S s
£
o
& 80
75
235
U 42 1 conversion yinyAASHE T Yaslisy v 0§ anoui 19 Tanzsnag Hudass
' \Fuu; (0) - F30u; (A) - ghitiow;
() — Nl (®) = Bie: B3
‘7 4
RANERTIAD) ﬂa | N Tnoia T T udnuus
- -~ iy oy, - - : - i [ -
Aurfuiudaiwudm umsialfisoguugiinad viai 1300 uaz 1390°C nanfodiinuves

Tanzitgstug ﬁ?j‘lnﬁﬁ ot Wﬁﬂnﬂqnwﬁmhu:ﬁﬁn
aall umi’u'l@ 8 m'ﬁ usmaﬁm'l s | Tasandavesdanen1d

naa
ﬂﬁﬁ?ﬂql11.11'!ilﬁ'l'fu'I.II]i‘iﬁﬂﬁ”lﬁﬂv&ﬂﬂﬁdﬂﬂﬁﬂﬁfﬁ conversion ¥o3n1AmlGAsuINMgIndl
nadi Wilins WA nl§nso

- - 0o oy, - ‘- - == ]
ﬁ“qﬁw 20] S lifanmsnagBvesdnmediiemuniufivedaneu adilsinm wan

2NN bbbt o b T ot

U



Tunivesdndauvesdanoululasdlunla o Fuilundniusindosmaiu wudimai
qunpilumninfasoduduneuwsuil 8 dwadudamsdonial §iTn seleciviy) W14
a-danoululnid wwituldninnammanesluzilii 43 Hlansiinmdm ngjdawalim
Fadvoala o TuFdneululnsdidunssi1diaganiini 1dnnd §ismilifims 19
fusaliasn TavwuheunsodunszidanouulasdnivSinume o mnnd 95% 18 Tau
ms 19 unaiFon Snmediivy nie Bnimion s Wiiior uazmnsadannnilamo o g
w1 99% A Tasms@ndnmed Dowaalu lugdnouludadiu 2% Tavuianie Tavnisdy
unaouas I ludaduiios 0.125% oth

13hm1u nmnnunnwuum'lﬂ'lu-mnﬂuuumiﬂ't'lﬁ

100
95

90

Fraction ofy -phase (%)

85 13

T 2.5
!

Metnlmntent (% by mass)

alitas Mﬂg w YL; mﬂ m Egnwﬂu"lmmwhu
a1 dud oI S ludndamiinai:
QAT SOt SR HEAHE

(@) - tmmmmuu (0)- anmion

19



- i iy - - o
4.1.2 waniznyyedlanzinndudsauifvesyusudanoululasa
-t - 1 - - PR P -
msfinyIHansznuves lansinnmaey lusunudaneu lulasaiidlunsiivdediann
TnsamadioTul) 2548 TavfinuwaveunaiFon Bnnioy uazdnmesivuRumALINHAYD
- e - o = - = 4
wuniiFunuazgiiviosi 1fnu luds vl aaeuluTasdiihundugdidhuduaniildgn
i - L] L J
duns12iA038 u lasindu Tavasaveatdneu oditlsfiny Aedesidaveamusnlunisdugl
: o ok [] [ J - ] e - - [
Fuadanou lulnsds himnziumstugliedshilidadiuvesddnouanfseguinuazdn
A - a = =~ . e - ¥
mainiealfnseii I¥lunsdunsidanoululasdlininamdimssdamivoninlszinums

¥ J 4’ - - oy
mummhlﬂu‘aa'mumﬁuplwn yrnsedugluasinadaiunsanou Ty

'lnmnﬁqmﬂ.,mm'nnmmnn ¥ \ ” // nunansznuves Tanzudazaiindudon

fAnunlaolddanoululnsdfifamarsiinnon elaminld (yield) vourlt o gafigadmiums

- Z : z - 2 oad
1o Tanzatimiug wanTeNUUE L LM AN 110 SuuRpUAUTIIAYEI U U

auanu ua 1unins 19 Tanzhudass

hnongdneuTulnsdng x

Uisn TaeiganouTuls ni \ m:umﬂummﬂgnsmuu
Funsieiumnieldam ] h Muvuzidaneuh lasan 4o
uaziyniiFomud s v 3 u siigog i 1390°C

HAYDIN1TIAN 2 m um‘tu'ﬂuumummquq

(Relative density) WUILTA

5&! um«mmaﬂ

. [ bare Si
O metal-impregnated Si !

- ' ' > -
44 mavealanziiandadennumunnivvestuaudanoululasd

20



d i3 4 L Rrnd i L) ¥
31N 4.4 umaabWiviud Tanzhnndegluganeululasddiu Inadwalinnaw
‘ - -y d ¥ - a4 ¥ o '
nunnivvessuniimasauinios ondulunsdivesmnili@ougnimhiadomssomsmn
* ) -' i ¥ - # J bl

WHN (sintering aid) S linumamivvesdunulimgainhiunudedei hilims 19Tans

wansnfivudourinanuda (Vicker hardness, H,) A1 Fracture toughness (K., )
senihnduaiIoteiing Wi s W fisn Tansaiiadag dedouduie LildTanaiu 1gn

ueas 3 lugafii 4.5 uas 4.6 mudidy

 ObareSi
£ 0O metal |
E: impregnated Si |
it 45 savesl ess voasuaiFanouTulase
N O bare Si
E
= O metal
E impregnated Si
¥ | Y
Vignag

wil
Ll
A

|

Ca Yb Y Lu Mg

i i q' -
Ui 46 mavealanziinndaAon Fracture toughness v daneuTulasd

21



samsmanoalugiil 4.5 uoz 4.6 &uuﬂnﬂﬁlﬁuimuﬂﬁt‘i‘ﬂmm:aﬁ:ﬁumﬂumrﬂrﬁmn
W3uaniin Vicker hardness tg-&'l{uﬁﬁ*ﬁiﬁmu Tuvaiziienmod iHominhim Vicker hardness
anne daud s ATiindun tudananom Vicker hardness iosdmion egilsian wuh
i’it:‘aﬂﬁﬁuﬂnﬂ=ﬁnnﬁ1m;jhéunuﬁh’n:hﬂn'lﬁ"i-uuuﬁm"mmﬁuannm Taodung 1Avinm
fracture toughness ﬂﬁﬂ"ﬂi1n’hiuuuﬁ'l:iﬂnnTi’i’nfaﬂﬁfﬁuﬂnﬂ: wan&imaduiunann
m&ﬂ'[nﬂzﬁnnﬁtmﬁiﬂﬁﬂﬁ grain boundary ¥M1anAnvoaFaneu Tu lasAloudan
wsunasly usidosinTanzinndeeghduaiitfinuditennn S himusonsomy1d

F ] A
110141503 Energy dispersive X-ray spectro px) Tumansaeia suiludeaiimsdnnlu

- ] - - =
swazidoade limeNguiauyds i1 Tnsaard1aveunsu (grain) Tu

¥
FunuTaomsSinsiziiuin i .5e8fining Electron Microscope (SEM) 1A
1ﬁ1ﬁui1nﬁ;ﬁummﬂmﬂﬁl AnGan ﬂ%ﬂﬂﬂﬂiﬂﬂﬂﬂ!fﬁi:“i“
L i "-—__‘ " d - J [ -
AnfTandisaa U gItuottAu
\\\_’\\\R L o L]
[Anz i 91l 14ﬂgnsu1tm=nnﬁ14ﬁu1u
AN

. ~ - 5 . e A
Fanowlulasaiduns uauFanoululasaniugl dniu

F o I
mudon1¥ Tanzmivoihy ERumMaiinae

42 midunaszidaneuTul@ia TN lune e alaul¥idunay

421 Mg Tlakinli

L3 ‘. A L 'J- -
e Inm3duluilinilavesl uaiildnnlfainnd Tumesvea

youdwnauiauhil hﬁ:

Slfodiedaeu Tun daumiily
: _ 5 )
ﬂumﬂﬁmnﬂ?’uﬁf’{uﬂna L) T @Al huegiumiveuiin

Uiisen hisuysal rhuw?mfmi'luéuuaasﬁu'lu:?"uﬁw:ﬁﬂnnquéuaqmnﬁmwﬁuimﬂtﬁu

Todumariiidiu ﬂﬁrgﬁMﬁm ‘mgﬁﬂjn?uﬁumq uazdIu
AN UV INARNMFINT AT 12 L Toe v AT ndalzAd aBimzeagaveunns
fdmmpovp s ldnsdans mﬂ Jtﬂiﬂﬁ_uﬂ' '& stal Vit 1éu
Mﬁasﬁlswﬂmﬂnﬁﬁtﬁ Eﬂiﬂ aglufid ?IJ i

answavesdunls lumsilgasomeg wu narlumain§ase gumgiilunism
Ui uazdanima luaveshaluneafasel iu Idfnv ez nsan B lusamsidoluiln
o= " Ty s .:-l .‘ -
wilawosTasamsddudl Tavergl 18 liasonts Tumosuonvoadunavilfadudiogumgiigs

1 1400°C TaoiiFanouwouenlediiiumsdinalumsifal§isn Saneuveuenled



» o i , A P - -
adudgmiamesn llvinnsus ldandehaiudlummananvesmsiiadulodidnoulu
Tasanmuouonveaniauz ldmsdndn

Tulasanisdsodm il 1dfnumavesnamduduvesie lalasouiiidemsi
iRz i madsuiesdumuiinsiloufalalasoudr T s zvuiudss i lunsss
UiATnmiTumesuealififatiu1dmolunm 6 $2Tus kandusiinldengisnai Tumeduea
Al Wiale Tasmuniudhufvaam luntans aTau lad (cristobalite) Taulimudanouly
Tnsdifudusznovegine Tusnriwudanou Tulasd lundasuatidoiins loumalaTasiou

L
14'111]'111::111151{1 HOMINANBIUTOARDE 5101UMs 90 1upANYEI RAHMAN uas RILEY

[14]

Ll L
AR 0-40% ail Tuminaaessnstn

Vo . P - -
Tadarims navesima fowlunmsyarolinami veamei

Whqiniesdfnsaiiimam Gans it \\\N m-u"Ia'[ﬁmuﬁ'l} ionAnidoama
voamsnAvumaannun il ds \\ “%\ nlgmmﬁ'mﬁmnnu Hai 10N

MINARBINUNLIING vl n AUhiH it Idmysaiun
< 4 -4l ‘ ‘ \1 \0
Bavu woneimiudavuginul - a \ niznuRsdAtuvBINART A

Tugtiuuseg Adans 1 1980 @ Aleas

y . \\

JI ‘,n‘J‘

g M.-f .
il s

Mass fraction (%)

ﬂu ANUNSHYIRT
ammni"mﬁmmﬂma

47 dadiuvewdndusilugiuuuiie fiduaszfldnnlasomi Tumeduoa
voudwnaviimsdumalslasnoud I uszvuiinnududusme:
(@) - anuduly duidlunandvavessanoululnsd

() - drudulvoriidudaneululnsdvia polycrysal

23



z'fﬂrhu-unmﬁu?uu‘nf:muu;‘i'ﬁsﬁuuaﬂummmﬂﬁmﬁmdmfulﬁuqﬁulf}mﬁnmm
WuduveamalaTasouuszuy éqﬁ'tﬁnfmﬁaHmf"fw'la'[ﬁsuuﬁﬂuurﬁfh]'lmn?nﬁﬂﬁnmf
RS uTI AT (reduction) Mudamitegludunoududaneunouenlad (J§ism
mriu%ﬁn1u§qﬂfﬁur""ﬁas'ia'[ﬂsmmfu'lé’ﬁmiﬂmm"lﬂmmﬁqu SILVA laz
FIGUEIREDO [22] ) mﬁﬁﬂauuuuuﬂhﬁ'tfui’mmu:lﬁ'u'ltm1u'li'ﬂn11x1mamiﬁ1ﬂﬁﬁ?m
Fanouvousnlaatagminmeonyinnivus ldmaiieda Tuvs@uaiuiufginousousn

3 - = o - = L) ' 1 = " w
Teainlgisniumelulaswudadudanoulylasdimzeguannvuzlamsdeii dniu

"

- 4 o e . - -
woanuutuveamala laswuluszuulidig:du Saiadaneunoven lwd ludTwfiviniu

unziiaduloddnoululnidluda \ )

amumdloduii aneyl AnfhatTy 'inm‘lu11’:'u1’fu1:nqﬁ11‘la'[ﬁmuﬁfi1
QAN 20% ud2 axiidad T A AaRELi0 11 Lk utul Jmduda 40% v Livuduvea
1ﬁu1urfuf:u;j1uﬂinﬁmﬂf e 'iﬁmuﬂqaﬁu wvmuqmﬂﬁ‘
o lunruslamsaage ummau} veiifanuves
Fanoululasdigaiuinn na lunsiinllalaseuiinn
s o LT \ msvos nlfiio Tavasa

P P
serama lu Insiouiug

422 Hi TAET ALPEs s Suiahathis Adunayne alfinsuim

mesyea

nanaanal uimdedam hudunavdoums
ﬁ]ﬂ;‘jﬁimmﬂumn TR A A HIE R TS e wnnm-ﬂm'la'lmmunu
orsnowdh 10 luszumiliguy n qumn*ﬁmnﬂgmmmﬂu

MB35 oA (1450°C) L|ﬁ’ma'll;im1|maumﬂunsumum'-'r'la'iﬁ::uu‘luﬂn‘n*umﬂunm | uas 3
ﬂ'[mmuﬁ'm Rﬂqﬂ' ﬁm ﬁqnﬂ‘wmuﬁnuﬁw
'lu'[nmuﬂnnuw #las Sutie Tﬂ‘ eideaveudwnaumilunm
ne

A AN S 20808 i,

nmmnnﬁmwnﬂamn..ﬂi'umﬂunqnmmmlﬁ’u'lumw:'ltrm:maumﬂumu'lum Taumy
dulovariiaduuazaiian ludSinaiteouin ramsdinssindaiuain 1dAdomatians

nzRavesiamend (XRD) uuraalilugiias

24



B (€)

. ()

45 50

48 luvunian &5 iﬂmlnmmmﬁumumnn
uﬂqam 11l 1450°C A
i Tm; (c) — pretreatment 6

ol @ Tuler o (O) - Aumia

VNHANTIITNANDI 11 i Te Tasimud Tinl§asoium

i ] & - o )
unaunoumMINIUGATeIR1E Tunie MHanAuaiN [A9Innszumsmi lumoiuea

Sfuganeuns lusunu szl T la: fagagounti lumiumaiuivllam
r o~ A
aunnineifii (23] [ e Y

510, {y+ JC (sy — SiC Is'.i + 2C0 {E

%«uﬂ Q Hnﬂunimﬂ’l'\n ﬁx'lé'um pthalsnmy nants
naa usin ﬁf '8 Tasi unaviinnuissla
H1ﬂ§ wﬂlﬁﬁ fﬁ% ﬁ“ﬁﬁgﬁj\ﬁtuﬂm-mw
ﬁ'i“U'-'l‘l:lﬂﬁ pretreatment NRUMNIIYS (1450°C) un*'luﬂ1u1:ﬂmml;]mummﬂu-mnnu'lu'lnm

it

(4.1)

faudfins pretreatment #20f1ar s Tasiuiiszdenansynudensiayfasevesdam
Wiihidanoululasd uin1s pretreat A20a TasnududsiniuTaumwizodabaiofonis 14

Tanziuiag nlfisen desern Tanzfuign@udh W hudwnay Taonss mausl$ss wet



impregnation #20m31znoU¥IRBuTTozReNYe lanz)szneaveg (TuTns s 3eoii e
mistsznouTans huasn) ud1sserdomalsTasmulumsinl§asodansubimnlsznon
TanzAmnanamodaiiulanzuumdunay Fnfuainsdnuims pretreatment Agunpiiany
1450°C thowdndoal §ATonmodhuddneunslusdai idnan 13 asu Taoimsfleuims
TaTaswulussnimsigungivessyuy feufissuvss Tgungioniy 1450°C ud9aiy
nszvmumsn1d Tumesusaiionionljnsailiguugiioniy 1450°C ransMATEURGAUAT

dans e 1ddumatinma nsz@wesisfendiiunenseglugilii 4.9

(c)

(b)

(a)

20 30

sfia9e pluupging gz lamsdeiiailanin

fna 1;,." DY ' pretitat v lalasionu

sEMInTRvIge ptmgls lasmuiiessuuligangil
J

Y (a) -'gmnqﬁﬁaa; (b) - 600°C; (c) - 1000°C; (M) AMAINTFIU

F'Iﬂﬂﬁiﬂﬂ ﬁwimﬂ'?i anouniTud
W kD iiligetition e

Tumeaghwusuldun dadidueymndmduiduvesnvur ldmsdaeda (FanouTilasd

sluegiumiveufideninmninlfiton unzduveadulodudvi (FaneuTulnsdndn
.ll1 -‘- 1.*.- il L) - s : - |
vy lnaquiusyninimiduey Taokdndusinacealszm Iigluuumsnszfaveaiad
naniviioudu at13lsin iy #aeINMIiRg121iA286139201A5 1 Thermogravimetric analysis

T T T | = ol & - -
(TGA) wuwandmaitufidueymadmudui 1A lunsdfidums pretreat ioszuviigungii

26



gaiuiimi veunndaeg lulsusonnn T luRGaAusING NI pretreat iguunivio (A
uanalugilii 4.10) WuMEANEIING preeat wiBuTUMIMNRUUA Ve zUY TALG BAUA A
figuugitoniudwaliFanmianuisslumsinlgaionTulasmsuimnzaundwann

- ad - " = . W - -
A13 15 Upretreat Ngun Qg TavanwdeslwesFamluszauiii lddwai sl §idm

- T A - P 1 mas

naoihudanouni lua dniuluminaasaiednuims 1¥aas aljiso Tanz lunszuoums
11 Tumefueaveudwnavne lthiv 92103 pretreat Tnvmistloumalalasnudginies

oy P b -
Uinisidwmngunginies

Residual carbon (%)

at 1000°C

- - ¢ Pt T { o o < ¥
s 410 Ysum : 1540150115 [UMB ueAve U
— = - -
Byl iiinguniives
I m%ﬂiuq fiu

423 wHa

mui Tana 1T
Tunszys 'ﬁ“ ugauadyl
ﬁmglfiﬁ:ﬂ liﬂj:Lﬁ

I q ¥ = - - - | L - -~ i
Tunifierdvalimsnanmsaanarduldun Fanouuouenlad neuiiezvinljifnasnaimiy
GanouTulnsd Mg WIRTTRNN 1A veauns man Bnm3ou uuniidon uas
pxgiiitivy

pavinmsanuvuiivuravealanzaieg Taoldlsinuvesias nlfasoTansios

1A 0.5% Tanuaiu wuhrdansuin lnnndfisoms Tumesueavoadwnan Tanl9duss

27



Uiasoda Ingiiuennsowisoonidu 2 dauldediedanu 18us dausidueynindondui
Huvoamwuz ldmsmoti uazsuvenduloduiviaflanquiueynnfimidueg eoialsh
awlums 9@ wAsomnalszom wu minuazmeswns s linududuloivia asfon

& SEM urma s Fun mdudmiduiig i lumssetedn ngiianuuzdhuoynn
Faiguseimiveumimedhdaoiu Tuvusidudviinaquegiuiianuasdundniiiglig
duduiiinnwenetedaou Tazdoavesgilianznnavesoymadindmiuiuogiuiia
vosnl§ATonit e danamalugilii 4.

- - owe = - 4 a
INMsIngzinaniusin 1adu XRD wuhimsiuTanzashhnadunavuioumin

AULINENINYINS
MR TUAMINYAE

28



r— =\ paedmueigIuan

- =2,
s 2]

TR uInnin
Sptpr” -

HaRf A TN HaRf U dIuA1

Mdozgiitioniludns afisor

sUfi 4.1 nmco SEM voawdndwsin Idnmljisonns TumesueaveadwnauTnuly

A nlfisnviiameeg

29



ETREL " 15KU

akd ¥ 1 I i
= — 4 HanfuATIUa
s et
‘o — ] oy
TrmsiAw 5afiim
# o g .""-" "'I .

-t -

HARAuA A UL HAnAmM U1

TEEns oududus alfisnm

317 4.11(#D) nMcw SEM veawndAnsuain Mnindfisoini Tumesueaveudwnaulaoly

Ansalfiiuviianieg

30



w ey

maldmdndiudid nliisodmalilfatomi Tumosueafaiu 8@t Tavdauna
TBnnfSinawesmiveuantsiionnetsdaouiions mdnlufinuiigaiu dumal
412 ednlsin samsTinazidae XRD (17 4.13) uraslfiituhdanou lulasds
Funseldnnlisomi Tumoesueaiiuna 6 92 luaTaoldmandiudas wiatoniui
daduvoaa ﬂqﬂrﬁuﬁ‘nmn Taufidadauveada B 1 20% dieldmAnlulSusuivad
1% Weniduihidungiwamaiuiuvesdadouvoads B vinmsimdneghuszuuiifulilu

- et - L J e Ty aaTy iy dny

dnvuzRniiiuranimanidensinadinou lulnsddanljiso ulasaduvesddnou Tau
CAMPOS-LORIZ unz RILEY &uun 1 inena: y) voundnfudanounsodaninegu
aomznasumanldenZmsinlin: _ atfugadudulumsidandndanou

Tulnsd TnoganoululaiBTaaaATM: mw:ﬁmﬂmﬂﬂ B [24]

Residual earbon (%)

] \J

Yo by &ss}

w412 Qumnﬂm:;vmﬂlﬂ?wﬁummuumwﬁﬁ
lilhni b ﬁl&%ﬁ'ﬂﬂﬂﬂm Ebtmuiotd

m ﬂﬂiﬂunmqﬂg ASminih Il Rendnsusitrafvesuldundanouniludiu daszthuldnnna
MRz XRD Tugii 4.13 TS nuvesFaneumiludfmatniumiviuotesnds

anlinumdnily Tavfindadusiougeniudanouniludileldmandudaus aljisn
Tudad o 3.0%

4

3l



i 413 ;ﬂu-u-um nnﬂgmmmﬂumumun
woaudune . n:aﬂgnsm lefuuiy

A 2 (2 3-Si,N,; (O) - SiC

lh
50

’Qﬁ?ﬁﬂﬂ‘iﬁu Niﬂﬂﬂﬁﬂﬁﬂ

11]11 414 phwunsnszfvesismonsuewdniasi o nU§Asomi Tumeduea
voutwnavinmaag Taoldimdndudaswfiso defoufudwmis
XRD 1935 §74: (M) — «-Si,N,; (0) - B-8i,N,; (O) - SiC

32



usnuinram M U{AToM 6 %1 Tuda Tasamsatviidoiimsfnnaaniuns
Malfiin TasAnnsdaduain ldanl§isoinalumsinlfidemen 0, 3 uaz 6 $2Tu)
Taol¥dadnlFmudns alfnseiivu 0.5% raminaasai Idiutuduiims 1mandu
o r— i oy - - T
aus afnsudamalflfisons Tumesveanaiu 1aatiudomanlSnuvesmiveunndig
W o b W - i i i
Tusdndusitimanaand lunsdin ildmaneduwiulddaou uennimivdmunhidaduves
o - ..I".; [] .; L] o o P iy i, - i - - v o
A veuanfaiilifdunina lundnduain ldAnnlfazoudivand 1 92 Tus dunnoanuiuman
Wudaus wiiTnitlssintnmgaludveamsiiudanimuindfise v limusuih

fttowrd i hundoalfns ol 18iS nifu

ﬂgmmnwanﬂun’ﬁ:mm_um-’mﬂu'[

St o e W aaneu
mf ludifhandn udiam ITIRATEM 0:il8 13 DEFARDS 'lnsﬁu'faﬂﬁﬁi‘ufliﬁnﬁudﬂﬂ

: smn'lu'l#mmﬂgn:m uANINg
19 luifal s nneiiuganou
Fludfipeaiulushasnves

\ SMulesdld amrunisi 4.2 Tau

(4.2}

4- vaanoululasdlume p

qﬁmu danalifadar B figuusa

nimAnNn (Rauana 31]11 4.15) Tau e [3 12 70% 10 [Sezgiidion Turlsine 3% (uvuz
fmanTulsy ﬁ Andanouniludiu
wmmnunﬂuﬂ ﬂﬂ nﬁ ﬂﬂmr“tl;mwmmsmmmnn

%ﬁi waqmﬂi umumﬁumu A3ufe wanduati
ML sk Rl L1aVAR T

pafil 1. nouTausawiindiondaiu (fufivaud winfoed mumauuummnunnnﬁ 1lzrhueglu

e Uiy 1m

Pnunanisaasuatgiuuunn wansinsizvaie SEM uaasiniududulolusdnduel
el - 4 4 - e = & 3 - E a
suvuiinnununndudie e giidlon uszinainniu ueashiiiudesgiiivmiviidm

o Ay sy -
salfAsenialudveal s luigninlenazigninveanda

33



- 0.5%Al

- bare RHA

3.0%Al

| 1.0%Al

0.5%Al

. bare RHA
50

ﬂﬁﬂq%ﬂﬁ@wﬁwnﬁ
ammmﬁiﬂi’ﬁ%wmaa

it 415 gluumsnseRavesisfendvesniniuaii IdnnlfizoimiTumesuea
voadwnauihunm 6 42 lulaol¥ergiidiomiudaud nljiio dedouiy

AU XRD 1ATTIU: (W) - a-Si,N,; (O) - B-Si,N,; (O) - SiC

34



20 25 ‘.njﬂ S5 40 30

ﬂuEI’JVIEIWWEﬂﬂ‘i

’Qﬁqﬁﬂﬂ‘imﬂﬁﬂﬂﬂqﬁﬂ

siia1e gUuuumsnsz@avesiafiondvomaniusiildeinlfisonilumeduen
- " | - i - 4 -
voufunaviinawiag Tavldezgiidioudiudas alfaso dedmouiy
AWMU XRD 11A3§14: (W) - 0-SiN,; (O) - B-Si,N,; (O) - SiC

35



dofnmAamumsRalfiseriilyos gnmumﬂunmaﬂgmm nubnsINg
AnUinsouiie 19erqiidionilud 1::41];;ﬂmmu Santeonimsiml§asoilfmdndiuiag
UAinTavdunaTdnniSinumiveudimaoeylundaiasiainmsi§asen 1| 52 Tusiiidg
ndwdnfuain oo lums dannziohiued¥mdndudas w§isn samsiinsziaa
XRD Tug1it 4.16 uama Wituindie1oxgiidiomihui wfasoudr msdakuesinjismm
dniuganoumlud lusrduvosmsind§Asomudomduiing lunsdi 1 mindudug

i [ L] T=) S s ] = o v
'I.][] N30 MNUANAATIUYDITARDUA 1ﬂuﬁmnﬁwumuﬁaun1ﬂum w mmnmﬁunu‘mmn

-' iy iy iy oy v - I - - Ll
ol fidmdntiude Ul awudygyrnvead@iaeu lulasdinaduTundaiua edialsfinm an

=y a

Aolnsu g Tumeiuoave i
- Jul e

3 yoazaneu lulasaninaiiu

Taundaiuain 1dTizu yimaininnszuaumsas Tumes

ﬁuﬂannﬁa;ﬂhwuwﬁan

woan hildias awijiTor (o
windat Taofidulolunan " ma'l-:'fu:uﬁ:ﬁumﬂuﬁm'qﬂﬁﬁ?m
TuvazRAvaiuiuniidouezds T lunAnAaisua (eymadmudi)
fian1ss A amuhudnfiisia A e L1 #3mswiamuiimaiiiaen
na'lnn1s sintering ;""‘F—"_“-:_ U " NiAlues sintering aid A4
mal¥nufudanonui

e lfuuniliFon nﬂmm‘nqwu (3%) H'J.muunuLﬂﬂﬂumdgnmﬂunnum-ﬂ
AwAd AU i ule B anndu (i
uﬂ:mmﬂ‘f%“mmﬂﬂl uﬂﬂjﬂiwnﬁumnmﬂmﬂunm
ﬁ'nl ﬁ 'p]uaugl'lﬁm%d Mﬁil %ﬂnﬁ'ﬁﬁﬂﬁ-wf Mﬁ*«'ﬁlmnumuu'lu

36



™ & '
L | L 1
3.0%Mg
J = 1.0%Mg
" |
/ 0.5%Mg
| bare RHA

" AUy TneRentng
e sifiifianenat

Wi 417 gluuumsnsafvesiifondvomdniuatildninlfisoniiTumesuen
voudhunauiiunm 6 ¥2 luslaoldunniiFouiudas wiise dedoudy

AWMU XRD 1ATFIU: (W) - o-SiN,; (O) - B-Si,N,; (O) - SiC

37



)

i ﬂUU?ﬂHﬂﬁWHWﬂﬁ )

HARNUA A IR 2N

ARIANN I URIINYNAY

Uit 418 guuumsnsz@avesidmendvesndndusiiildninlfisomiTumoduen
d ] - ] -y ey - -
voudtunavitnarmig Taolfuuniliouiuiag wjaso dedoudiu

AWMU XRD 1ATFIU: (M) - a-SiN,; (O) - B-Si,N,; (O) - SiC

38



e v v o e - = 5 &
dhuimibdangwamsisana B veauniiFouil vl ludnuuzindondaiuiuly
g a o r i e - [ =
nitivenlfnsn ulnswiuvesddneudamudims Muunilidus hulSunndara lifina
o -I' .J' L - - [ : [l -3 : ¥ ¥
ganouTulasd Tuda B nedumu@uaiu daiu evwepl/1Iduuniiduoniudimanssnude
e [ e FE a - RPN S S
Ufniuzninme luTassuivdanouseusn ladguiudinaamainl fidoiifatuiau
srunlfiioms Tumesueauazlfni o Tulasmdu daunalnvenlfnsoifiaiulu
swazduaiuiuiludesidonisanu luddnde T
fudhmaiel§isodiunm 6 91 1uvesns 1uunfidoumiiuds nljizeniuee

Wuaiilndifvadumaifimlasoildes Hudas nlfisor wamsfimnmaialfzen

nawg uamaliniudinalnn
" - y Wiy
wand e lninlunséiinlvosgaifioudh

- - 1 T, - - o d =

UfiTounrzlundaiusis e (REXRDLTADG TN 4.18) RAAAUATT DU

/ /f \\\\ ik REVLENRERIN N YR

n-mﬂw{mﬂ‘lummﬂ'l-i‘

nanuuzithudulodun
: L [
wennimiudafunalaon
oxgiifiouiludas alns mmﬁqﬁ’u;uymmmmu
TasaafadlundnTuwé Tua

el n o Y y i a - 1 . i
oM HDIINT 3l LR A1 \ akanfua ludum lunsdinly
wuniliFou i ) §is g % URRT \ o= g fidivududas nlfiien

HYBINTT ITNa :-'

=

HaN513 15 TCEITATTEIATR BTN ATE fgfuman nafemsmuliuw
= :

noauah MUAT o AN AT oI f insouoneenlfifuaeaty

uazfAFaRoUAT TUA Iid A 1% AR nUY ealsnmu neauaniu bidana

mnmnnwﬂnuu'lu‘lmﬁ}uﬂn B w{ummmﬂumnn wantumnduns I 1AM B ludadu

mlauni 2% Wm ﬂ?
unnmrwummmu LETCRT umnaﬂgnsmuunﬂn amsnmlfsoludnue

IR ‘m’m& %T ﬁ[‘ EUAILELE

mumq: Hﬁﬂﬁ?ﬁ” 1hih ﬂ )1 voagAnounts

’h.lﬁﬁun:um'hmnauﬁmﬁun*n:aﬂ;]nmmi1mﬂunimn'l-i’mnmﬁummﬂ;]mmmn
uenvimiumeaumads linanamssdasimuial§ito WWavhmdn @anannSinamiveu
fnnfraeglurdndusinnmeinljasouihuna | 1 luaiidanafimigaeg) fafhiswenimeauns
i limnsem Iidamludunavinnuieala 1dunnei lunsdlveaman Saludayfiser

& P - - - [ T |
Twigmavoudsgnidamavmiveulifuddnoumiludludadiufigaiiude dmdn

39



fudasfaser e lsinw newmsinammnsovaosaljismseniidaneumiluany
s = Ly

e luTaseuTiidluganeuulnsd (muaunish 4.2) 148 Siounsonsaamusaneuu'lasdlu

Wanfust

3.0%Cu

1.0%Cu

0.5%Cu

bare RHA

s 419 gauuug A0 o gHARALARD A0 AT uind Tumeiuea
s : - ] A [
A nIfRTo dedouiy

N, \u B-Si,N,: () = SiC

23 25 30 35 40 45 50
2-Theta

3420 guuumanszfavesisfienduosndniuainldnnditoms Tumeiea
voufunaviinaiiiag Tasldmewnaiiudns alfiio demouivdumis
XRD 13§ 1U: (W) - a-Si)N,; (O) - B-Si)N,; (O) - SiC

40



e o v o e
wavesns Ieanmsomilua w5501

dietins@Audnmi vt I ludhunay wohinm3oudasa i rdnius udnmi
dadmvosdanouTulasd lunle o figan Taskomsinsievdiomsnsz@wesiafions
(xrD) s liiudumuee LifiganeuTulnsd lunla g Hiﬂiﬁﬂuumﬂnﬁ'ﬂmﬁauuﬁlu
HARuTA0 uBNTINTUMT ST 1A0 SEM dauaasTiitudndadusiTudunuiiiiiadi
@ulvathedmnu Tanduleiinnadusimgudnaadng 1 lulnswas uazinaweni

HANMAT HARINMTIIATIEHAIY Thermogravimetric analysis (TGA) faaaalififudmaniusi

i f = iy - - ¥ - e Fx
Tudupuiiniveunnaundeant B’ mlulF e itesnwmaaiuan lAenms 1%

T Ty -oa P, - v qf

Fusal§Asendun wn rdndos daani f Gnpululasd lunde o Aildnuusiuil
e <

aeandeatuFaneululns ATty gnm atnd1hua11 Vapor-solid (VS) deposition 1ay

Pinin 1n IRl e s s e lu TnseuRuSanou

uaurtn:hﬁ; {irmm:si'hr: r .f ﬁ‘{g

amIuduloddneululasang
" »
davuianoeadule [25) Aniuda

ATAIDVINTOUIUITOG AL \g} \E\ "H']1~1‘h'ﬂﬁ"lﬂ'l.lﬁ1‘lﬂﬂu (miu

aums 2.2) 14 edhalsnm -'uu'lﬁumlmnu 3% =N

Viinuweudulomaiidna zﬁﬁﬂﬂmmﬂuaqnmﬁmuﬁu
Hunuenu /i e el mmi’flummqnmm.,nn-nw
msHanFaneunouen 1y

Tuduvendniuail ".. oo ﬂ51uﬂﬁqﬁun1:ﬁ'4mﬂ=ﬂ'lﬁu'l'§
dusalfATndug nanioe dloris SR sy 15080z 1AnaasuainnganeTulnsd
et e .

= o ' a
Tuma |31ué‘ﬁrr1uﬂ i ifundniilivialngjuniu

-
wonuniiu v e Tusnmuaglundnine

rhmh-:ﬁﬁ"m m m

yiait mnn11inum‘mnaﬂgnmmnmn W wu11;1]uuwmnmnnﬂﬂnmm'l-inﬂ

mwmﬁum:sﬁ Ejmmm na1afe KAl
duuiiidng yﬁﬁtmnumnﬁwuuuﬂq Taududanou ulasdriog lume o tios
oA Sy m Mnuumﬁuﬁw
fmu'lﬂ ‘gﬂ]mﬂn‘imwvl Pt NELARCUI
dadauszn i o uasa B lundndustiuiimdoudansiinaoasamsiinljitoduans

Wit lifandvumavessanon i lnsddu

41



bare RHA

50

. 3.0%Y

C1.0%Y

,

0.5%Y

bare RHA

""" :MEI MHH?WEJ’]ﬂﬁ

2-'11th

ammnmmmwmaa

71 421 zﬂimumin:=ﬁwmi’qﬁmnﬂaqr-lﬁnﬁ’mmﬁ'linm}ﬁﬁmmﬁumrfuﬂn
voudunauihina 6 $2TuaTaolWanmioudludas s fase dedoudy
AN XRD 11AT§IU: (M) - o-Si,N,; (O) - B-Si,N,; (O) - SiC

42



)

I- = .

HARduaTd UL HaRAuUMNAIUA

j
1 anmInuluR e iﬂ/gyuﬁﬁrhu 0.5%

‘.r_ whea # o
199 nim3 yimsEse o5 sUfas

g L T e S

WA AT INIY HARA AN TIUAI

WonmTouiiudns it ludadu 3.0%

711422 nwow SEM vesrdaduain ldondfisuimi Tumesueaveudwnavlaoldn

pifouihudas alfisohulfinudies

43



......................

20

a J
! - I
ol el ",
| -
o - -
| # »
1
TS |
| ] It
} 1
I L &
i e
o E ==iBiI= =
I ki
1 4 v
. .."_..“l, e "‘.; fizd Ol -ﬁ' h
¥ i
" § L !

"-EI 1 o

rrrrrrr =T

1h

-

= AHEINYPANHINT =
RN TUAAIINYINY

i 423 pluvumsnsz@avesisiondvesndniusii v indisomiTumeduea
voudunauinadieg Taoldanmiomiudus nlfazn dedoudu
ANIMUI XRD 1ATFTU: (W) - o-Si,N,; (O) - B-Si,N,; (O) - SiC



uni 5 agduamanaasy

o L - o : W
Tumsdunszidaneululasadunszuouns Tulasinduvesdanewiu wuhlans
i i d R L A - T ol iy =4 - L] iy oy : i
a1 wiiafAvas ihudaneunoumsinljiin Sanvmusolumadudas nlfisonialued
- ay o i, & Ly | A o i iy o
woamsiumsinlfisoenddanouliidudineululasd nTemsfondiaul§ite (selectivity)
-~ - o & - - o .
WidduadaeuTulnsdlume o uandiaiu wensimiudarns asiumsialfis ol
IndiRvaiumaialfituieodmysaladwnsiugumgivin 1300 Tih 1390 ssmaidon

i3 uazenniaduns iz 1Ame o g

AU 2% Tavianialaumamy

w3 Tumes veaveudwnavuuda

13 51uvy Tdun symedaneulu
u'lufm un.nanwnmu'lunnum..
pulyc:ystalﬁmj'lugﬂ ol yfls TnfaifrnAn s ldazuiudidnus iuans
S thalnathanilsWWetamuysel
111] 1\ , ﬁﬁﬂﬂﬂﬁﬂﬁi’quﬁlurmmz'lﬂﬁ
AAT1 uene Iy ims e

AAsums Tumesuemiu danansznudo

anuioslvesFan il ani Mo figom/aounladty

— - Ld .
dauHavD R 1 s wRal e unamiuwyi Tanzigy

- ' I d - LR A |
maniazezgiilioaEEs 0101 ORTIMSNAIGNE 0 17 auammuwﬁwﬂnﬂ:n'l.-mqunnﬂ

wirr-unwnﬂnu'lu'lnmﬂi‘qgvﬁ‘ﬂ Tunquugyl anzfnumiu fivsdnmsouidanalun

el WEJ ¥ ‘3 WBIN3
QW']ENﬂiﬂJ UA1AINYIAY

45



uni 6 dyrmuazgiassn

g : L ¥ -‘ j el
ﬂmmnﬂzqﬂrrﬂﬂ'mqm‘sﬂﬂmifmmm1ﬂ1ﬁu1m'umﬁnmumqnﬁqmnzﬂiﬂn
el 0 - J Ll H ; ..' iy i,
Pnudsuthnios vindediavesvinamisnljnsaily ilimstugliunudanouiu
- L] J ¥ - i ey -‘... ¥
Tasai @i edalsinugiassail hidwadamsfinnravesdias wWiiioniidens

wmfasouas ludwadansfinunalnmsifiml§ison

AULINENTNEINS
ARIAATUUMINYAE



10,

il

13.

1BNa1391994

Turkdogan, E.T., P.M. Bills, and V.A. Tippett, Silicon Nitrides: Some Physico-Chemical
Properties. Journal of Applied Chemistry, 8(1958): 296-302.

Wang, C.-M., X. Pan, and M. Ruhle, Review Silicon Nitride Crystal Structure and
Observations of Lattice Defects. Journal of Materials Science, 31(1996): 5281-5298.
Segal, D.L., Developments in the Synthesis of Silicon Nitride. Chemistry and Industry,

(16)(1985): 544-545,

Lange, F.F., Fracture Tough i 1, o | iction of the Initial O(-Phase Content,
Journal of the Ameri erainic Sogje ]:428-430.

Li, Y.. L.Q. Liu, aide 3

1 n from rice hull. Journal Inorganic

Arik, H., Synthea St 4 heCarbosThenn Reduigtion and Nitridation of Diatomite.

Material, 6(1
Journal of the Euy 23(2003):" 00 -2014,
James, J. and | - \ e nal decomposition.
Thermochimica \
Chakraverty, A., P4 ation of thermal decomposition of

rice husk. Thermachin

Hunt, L.P., 1.P. Dismukes _.; [2# m - and K. Larsen, Rice Hulls as a Raw

Material I"ur :: iety: Solid-State Science and
Technology, s V_—— £ ‘

Liou, T.H. and :i V. Chang, etics of rl olyzed rice husk. Jndustrial &
Engineering Chembtgi Research, 35(10)41996): 3375-3383.

b} B GFIA G T E TR Tk st e

Formatidh of Silicon Nitride and .ﬁlilmn Cari:nd: from Rice Husk. H;gh Temperature

l;armﬂskay |I [J P'.;Eug a !F imofeeza, [3 LugoEJaya, a@lTﬂﬁmlapﬁva

Thermodynamic Calculations for the Assessment of Possible Ways of Formatin of Silicon
Nitride. Sovier Powder Metallic Materials, 22(1983): 523.

Siddigi, S.A. and A. Hendry, The Influence of Iron on the Preparation of Silicon Nitride from
Silica. Journal of Materials Science, 20(1985): 3230.

47



14.

15.

16.

18.

19.

20.

2L

22.

23

24,

25:

'-ll'l

Rahman, L.A. and F.L. Riley, The Control of Morphology in Silicon Nitride Powder Prepared
from Rice Husk. Journal of the European Ceramic Society, 5(1989): 11,

Jovanovic, Z. and S. Kimura, Use of Two-Phase Standards of Unknown Compositions to
Determine Calibration Constants for Powder XRD by Linear Regression. Journal of the
American Ceramic Society, 77(8)(1994): 2226-2228.

Real, C., M.D. Alcala, and J.M, Criado, Preparation of silica from rice husks. Journal of the
American Ceramic Society, 798} 1996): 2012-2016.

Yalcin, N. and V. Sevinc, Studies op Silica Obtained from Rice Husk. Ceramics

International, 27(2001): 21
Zhang, 8.C. and W_F itride from Silica. Journal of the
American Ceramic SOcieluhil.

Chaiyapuck, P., Sintg mit e gir furnace, in Department of Material
Science, Faculty of 8 sity: Bangkok.
D'Addato, 5., L. F tronic states of Yb silicide ultrathin
films studied wifh'] 514 grxcyla pectroscopye Journal of Electron Spectroscopy
and Refated Phe |
Clarke, D.R., High~ Degradation of a Hot-Pressed
Silicon Nitride: An Exg€rime : of the American Ceramic Society,
66(2)(1983): 156-158. :
Silva, P.C. andyl. iredo, Produicti i3Ndwhiskers in C+Si02 solid

mixtures. Malevf £904-331.
vanDijen, F.K. E. Maver, ermg of silicon carbide. Journal of the

¥
European Ceramic ‘Sac.‘ety. 16(4)X1996): 4I3-42|]

Camp ﬁqm mwmﬂq of the Ol- and B -Phases of
Silicon ournal of Marerials Science, g)

LU ek 0E )

48



MAHUIN

4 s
wamImalszygulumaauenaauluinlszgpinms
The Forth Thailand Materials Science and Technology Conference
e i 31 T - 1o 2549

AULINENINEINS
ARIAATAUNINGIAY



Catalytic Effects of Metals in the Carbothermal Reduction and Nitridation of Rice Husk Ash
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Abstract
Silicon nitride could be synthesized by carbothermal
reduction and nitridation of rice husk ash (RHA}, In this
work, catalytic effects of various metals, i.e. aluminug
magnesium, yitrium, copper and iron were investigaie
was found that magnesium enhanced the for
silicon nitride, while yttrium enhanced the
a-silicon nitride. Beside the catalytic aciiu
formation of silicon nitride, some o
metal also enhanced the formation of sili

1. Introduction
Silicon nitride (SiyN.)} is one af the
structural materials for high-te

.
&

mechanical stress applications because gff m,

to the following overall reaction]’

38i0; () + 6C (5) + 2Nz (g) — mn. (5) +6CO (g

Since rice husk ash (RH

ioe) *
. dd \ .\ 600°

Yt 2 \‘\

reaction time, heating rate and reactant gas composition
[2,3]. Addition of metals to RHA, for their catalytic
effects, is also an effective approach to regulate the

. subsequent reaction of silica in RHA [4,5]. In this study,

talytic effect of various metals such as iron,
copper, yitrium  and magnesium on  the
reduction and nitridation process of RHA is

| i this work was jasmine rice husk from
‘.\ . a province in Thailand. The husk was

\,\\ ~, d in distilled water at 90°C for 3 h,
.“\ \ 'ad in an oven at 110°C for 24 h and
under argon flow rate of 10 ml/sec
rm RHA. Metal was added 10 RHA by
. About 2 g of RHA was immersed in 10 m|
solution  of  metal-nitrate
9H,0, Cu(NO,}2.5H;0, Mg(NO;)-6H,0,

) Y(NO;);-6H:0, all of which had

compound  (e.g.

L ‘ re used as received) in methanol,
mount of metal-nitrate compound used was adjusted

nccm‘dmg to the desired level of metal impregnation.

i turally evaporated, the samples
and carbon which are ﬁl wﬁ m Erﬁ'oﬂ S 110°C for 24 h to ensure the

considered to be a good l:hdal: for the carboth mal

r:hmmaum of all pOSSIbI}' remaining methanol and

:::::?:;:amammﬂmu N8N8

a,gncu!mral However, despite the extensive
studies, the production of silicon nitride from RHA has
not been commercially implemented because of the
problem associated with impurities as well as the very

long reaction time required [1].

Many parameters contribute to the extent of the
nitridation process, such as temperature, particle size,

Silicon nitride was synthesized via the carbothermal
reduction and nitridation of RHA. The RHA was put into
an alumina tray (25 mm * 15 mm = 5 mm deep), which
was placed in the uniform temperature zone of a
horizontal wbular flow reactor. The reactor was
continuously purged with argon and heated up to the
reaction temperature (1450°C) at constant heating rate of
10°C/min. Then, the nitridation was iniliated by
50



swilching the supplying gas 1o a gas mixtere of 90%
nitrogen and 10% hydrogen. The Mow rate of the gas was
maintained at 50 I'h (measured at room temperature). The
reaction was maintained at constant temperature for 6 h,
The product was characterized by wvarious technigues,
such as powder X-ray diffraction (XRD), Scanning
clectron microscopy (SEM), Fourier transform infrared
spectrometry (FTIR), Thermogravimetric analysis (TGA)
and X-ray photoelectron spectroscopy (XPS).

3. Results and Discussion
The product obtained from the carbothermal red
and nitridation of undoped RHA was similar toolh

reported earlier in our previous work [2 Jilagt
product residing in the sample hnld:rﬂ?i

into two portions, i.e. dark gray pow
the holder and thin layer white fi
top, all of which were confirmed b
have silicon nitride as the major crystallj
experiments, mass fraction of the dag
product was much higher than the top I3

SEM image for each portion of the

Figure 1.

According to Figure 1, the dark gray powder consists of
irregular shape aggregates, while the top layer of white
fibrous material is rod-like grains. This observation is in
agreement with the report in our previous work [2].
However, when metal was present in the system, grains in
top layer were much bigger than that of bare RHA.

Figure 2 shows the XRD patterns of products from the
nitridation of RHA impregnated with various metals
(0.5% wi.). It is clearly indicated that metal has catalytic

effect toward the phase formation of silicon nitride.

/l:w.'all v in the 1op portion of the product. On the
of &rium enhanced the formation of a-Si;N,.

+ Fe-RHA
- Cu-RHA
+ AlRHA
Mg-RHA
¥-RHA
RHA

() |

Figure |. SEM micrographs of products from the
carbothermal reduction and nitridation of RHA
impregnated with 0.5% aluminum: (a) bottom
portion, (b) top portion; comparing with
products from non-impregnated RHA: (c)
bottom portion, (d) top portion.

Bk

Fe-RHA
Cu-RHA
Al-RHA

Mg-RHA
Y-RHA

- L]

2 |

4 T A et

(*) - o-8i3Ng; (#) - P-SigNy; (0) - SiC

Figure 2. XRD patterns of producis from carbothermal
reduction and nitridation of RHA impregnated
with wvarious metals: (a) bottom portion of
product, (b) top portion of product.
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The results shown in Figure 2 also suggest that metal
impregnated to RHA regulates the reaction for silicon
carbide formation. Many metals, such as magnesium,
aluminum and iron tend to have catalytic effect toward
silicon carbide. Although, it has been generally accepted
that the reaction between silica and carbon to form silicon
carbide takes place at temperature higher than 1500°C
[6], the presence of these metals can result in high
fraction of SiC in the product (as observed from high
XRD peak at 2-theta around 35.5%). It should be noted
that, in case when SiC was detected in the product, Si

The catalytic activity of metal w
amount of impregnated metal was i
Figure 3, for the case of aluminum |
higher the aluminum content, the g
as well as silicon carbide was prodifited
content of B-silicon nitride/silicon carbidef@or
obtained from the carbothermal reductia
of 3% aluminum impregnated RHA,

1% Al

2-theta ¢

Figure 3. XRD pattens of bottom products from
carbothermal reduction and nitridation of
aluminum-impregnated RHA in  various

concentrations.

4. Conclusion

Catalvtic activity of metal for the carbothermal reduction
and nitridation of RHA was investigated. The crystalline
phase of silicon nitride product was significantly
influenced by the presence of metal in RHA, Moreover,
formation of silicon carbide was also enhanced by metal,

such as magnesium, aluminum and iron.
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Abstract

Catalytic effects of metals, which are often j
investigated. Silicon granules impregnated with',
in a tubular Aow reactor operated at temperature ig ity of a-silicon nitride formation was observed
when calcium, yurum or yuerbium was used : e ol he nitridation temperature from 1300 to 1390 °C
enhanced the conversion of silicon while keeping hig ' pEts-siliconite of eesilicon nitride over 95% was achievable within 3 h of
the reaction from an addition of calcium or ytterbi uii 1o afatcAalil is suggesied thatcharactenistic of the impregnated metal, rather than
the presence of liquid phase formed during thefreac i i a-Silicon nitride formation,

3 2006 Elsevier Ltd and Techna Group S.rl. All gight: \

¢ product, on the direct nitridation of silicon were
m, lutetivm, magnesium or cerium were nitrided

Keywords: A, Powders: chemical preparation; D SiaMNa: Di

1. Introduction pect nitridation of silicon is one of the most commonly
' Suto froduce silicon nitride powder. It is an

Silicon nitride (SiaMN,) is one of the g pralnexpensive—optioe, or silicon nitride production, but the
materials for high-temperature and V ‘ Canidins about 92% of a-silicon nitride [3].
applications because of its excellent p red as moderately low quality powder. It is
strength retention at elevated temperature, thermal shock erefore desi increase the content of a-silicon nitride in

resistance, high-temperature deformation resistance as well as  the product from the direct nitridation of silicon.

high corrosion resistance. Two well-known cryst@hstructures of fLIf has been known that transition metals can regulate kinetics
silicon nitride are designat uﬁ‘gm ﬁ w&tﬂ:ﬂﬁwu as the phase formation [4-8].
respectively, Silicon nitride cera estigated in the past have been
from a-silicon mmdepnwd:rbccamc densification and smt:nng employed in the attempt to understand mechanism of the
of a-silicon nitride powder is much easier than sintering o fB-  nitridatioms Therefore, metalfubed are not common elements

silicon n[gd:{p;“::::Mﬂ &mﬁm mﬂﬁﬂmma’ﬁi:ﬁ rthh:;mnt::nt

of a-phase is used [2]. The fabrication of silicon nitride parts  articles has not been reported. Since sintering additives are
typically starts from silicon nitride powder, predominantly a-  always used in the fabrication of articles from silicon nitride
phase, mixed with sintering additives, shaped into a desired  powder, yet the catalytic effects of the metal species contained
component and finally sintered at high temperatures (1700-  in the additive on the nitridation of silicon have not been
1800 °C). High content of ce-silicon nitride in the starting powder  systematically investigated, it is the objective of this work to
is the very important for making good silicon nitride components.  investigate the enhancement of the direct nitridation of silicon
from elements that have been reported for use as sintering

additives, Le. calcium, yttrium, magnesium, cerium, ytterbium

* Corréspondi ; . . and lutetium [9-11]. It should be noted that, although the
E-mail m"f,m'rf;ﬁﬁm (? mzlzts * effects of calcium and yttrium have already been discussed in

0272-8842/$30.00 ) 2006 Elsevier Ltd and Techna Group S.rl. All rights reserved.
doi: 10,1016 ceramint, 2005, 12,004
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the previous work from one of the current authors [8], they are
included in this study for comparison purpose. In addition,
alumina, which is the most common sintering additive for silicon
nitride, is not considered in this study because alumina has been
reported to enhance the growth of B-silicon nitride [12].

2. Experimental
2.1. Raw material preparation

Raw material used in this study was 300 wm average-sized |
porous silicon granules composed of 2 pm average-siee

should be referred to elsewhere [13].

Impregnation of metals onto the silicon raw
done by immersing about 10 g of silicon gra
methanol solution of metal-nitrate compounds
uous agitation using ultrasonic bath. The ame
nitrate compound dissolved in methanol was 4
desired level of metal impregnation, e.g. 042
2.00% by mass, was achieved after the d
reduction of the nitrate compound at high |
the silicon-nitridation reaction. After methanol
evaporated, the samples were put in an oven g
to ensure the elimination of moisture as
remaining methanol.

;ﬂi W .ﬂi

V. Pavarajarm et al./Ceramics International xox { 2006) roc-xoe

of the protective layer, which retarded the progress of the
reaction | 14]. The nitridation was done for 3 h, since it was
shown that the nitridation of silicon granules reached a stage of
very slow progress in about 3 h [13],

2.3, Characterization

The nitridation product was characterized by powder X-ray
diffraction (XRD) using a SIEMENS D5000 diffractometer
with Cu Ka radiation. The mass fractions of silicon as well as
B-silicon nitride in the product were calculated from the
intensity of various peaks of silicon, - and B-silicon
Surface morphology of the products was observed
ning Electron Microscope (SEM).

n@mﬂn
y | ,..‘*,l’ _,

ritridation at constani temperalture
s regarding the effects of different metals on the
'.’; nand selectivity of a-phase from 3 h-
ant temperatures of 1300 and 1390 °C are
'\ 2, respectively. It is clearly indicated that
metal investigated to silicon raw material
gitride product containing higher content of
t obtained from the nitridation of bare silicon.
al investigated affects the extent of reaction

2.2. Silicon nitride synthesis
For the nitridation of silicon, about 0.5 g of impseg 5
silicon granules were put into an alumina ¥ = - Mg
» 15 mm % 5 mm deep) and placed ing oneal tubulay ) ' -0-Ce
flow reactor. The granules were then heal | &G
of argon to the predetermined temperature | ©-Y
min. It has been known that the overall con F sion o | -m=Lu
nitridation at temperature lower than 1300°C is unacceptably 0 - Yh
low and the temperature near 1400 “C would fs&m melting
of the silicon raw materials [i'.l] i , ]
nitridation at temperature in the w %g q I3 2 5 1
roughly constant [8]. Therefore, ugthis st the nitridation ia} etnl content |% by mass]
was conducted only at Iiﬂl.'l and 1390 °C. Aﬂ:r the system had
reached the pmscn
pretreated for 1h wuh _}: ﬁ M&Im
hydrogen to remove any nagi ive oxide layer on the silicona £ —
as to convert metal ml:rau.-.s into reduced metals. Then, the % g
nitridation was initiated by substituting argon feed by nitrogen. £ 52
The reactant gas mixture was supplied to the reactor at the : B
constant rate of 4.28 I/min. Hydrogen was always supplied into . i
the reactor at the concentration of 10% to prevent the formation i Sa
=
Table 1
Specification of silicon raw matenal ge . _ : i ]
et 0 05 i L5 2 25 3
oot ot A by Metal conteat [% by mass|
Fe Al Ca Cc o . i
Fig. 1. Effects of different metals on the nitridation of silicon at 1300 °C: (s}
0.08 0.10 0.02 0.02 0.51

overall conversion, (b) fraction of a-phase in silicon nitride product.
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Fig. 2. Effects of different metals on the nitndation of silicg
overall conversion, (b) fraction of a-phase in silicon nitrid

A fay -

0.125%, 10 achieve effective suppression of B-phase formation.
For yttrium, lutetium and ytterbium, greater amount is required
to attain equivalently high fraction of a-phase in the product.
However, the use of caleium is not practically preferred since
the deterioration in high-temperature strength of sintered
silicon nitride parts from calcium impurities has been reported
[17]. On the contrary, yttrium, lutetium and yuerbium unlikely
cause unfavorable effect on physical properties of sintered
products because they have been a pant of sintering aid for
silicon nitride. Therefore, addition of these metals into silicon
raw material is a promising option for the quality improvement
e silicon nitride produced by the direct nitridation process.
be noted that the results for calcium and yurium
samples in this work are in agreement with the
in the previous work [8].
“Whenthenitridation temperature is increased to 1390 °C,
ie-ach! awerall conversion from bare silicon is improved

l-impregnated silicon (Fig. 2). Only cerium
oresent adverse effects with an increase in the
v\: . The conversion from the reaction at
fior salicon impregnated with either cerium or hatetium
\k r than the conversion achieved at 1300 °C.
slectivity toward a-silicon nitride from the
1390 °C with respect to the amount of metal

edinlo silicon is similar to that observed at 1300 °C.

However, the selectivity from the reaction st 1390°C is

dfamatice proved. Addition of all metals investigated,
xeeph cerilim, results in the product with fraction of a-phase
han the nitrided product from bare silicon. Majority of
silicon nitride products contains over 99% of a-phase,
citis exwraordingrily high for silicon nitride synthesized by
idn, method. On the contrary, cerium is found

covering silicon surface hinders dirg
nitrogen gas and silicon. It is furt
particularly retards the nitridation of silicen. ; )
limited 1o only 50% conversion when 2%y mass of cerium is
present in silicon raw materials, regardlesgo the operating

temperature. On the other ha tierhium i .
investigated that does not a t | ﬁu 1
silicon nitridation, i.e. ytterbiu n th 1 o

silicon nitride without retarding &ffect on the progress ugthe

0 b lig@mwtiide enhancer at high temperature. The

7. derium impregnated silicon yields only 79.6%
5€ (20.4% B-phase). This data was excluded from the

plot in Fig. 2b fer clarity of the plot.

¥ comparing SEM micrographs of silicon raw material

V] o ilicon nitride product (Fig. 3b), it is
% t itfidafion of bare silicon is associated with
o1 in because the surface of the mtrided

product is covered by lots of long fibers with diameter in
reaction, It has been i iffusion ofsilice : submic o . The re grown via vaporization-
the ytterbium-cove 5 %j:ﬁﬂ@nﬁ ﬁﬁ:&] ﬁi}u . lﬁﬂﬁl siliceous vapor penerated
treatment at temperatdre  above 700 °C, redul m the Strface gas in the vapor phase and

dilution of ytterbium content at the surface [16]. In the other
words, ytterbium partially penetrates into silicon substrate at
high temperature, allowing nitrogen to directly react with
silicon to form silicon nitride.

For the reaction at 1300 °C, calcium, yttrium, lutetium and
ytterbium demonstrate greater enhancement in the formation of
a-silicon nitride than magnesium and cerium, as shown in
Fig. Ib. The content of a-phase in the products obtained from
the nitridation of silicon impregnated with one of these four
metals is roughly 97%. Over 99% of a-phase is achievable by
using silicon impregnated with 2% ytterbium. Calcium is the
only metal that can be used in small amount, i.e. as low as

redeposit as a-silicon nitride whisker [7]. Nevertheless, since
the amount of observed fibers cannot account for total mass of
the product, it is clear that the direct nitridation process is
associated with more than one reaction pathway. Another
mechanism proposed in literatures involves gas-solid reaction
of nitrogen at the surface of silicon [18]. The formation of
silicon nitride via this pathway has been reporied to be
enhanced by dissociative-chemisorbed nitrogen [7,19].

When metals are impregnated to silicon, morphologies of
the resulting nitrided products are different from one sample
to another, depending on type of metal impregnated. For
lutetium and magnesium impregnated samples (Fig. 3c and d,
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Fig. 3. SEM images of (a) silicon mw material and products from the nitridation at 1390 °C of: (b) bare silicon, (c) Lu-impregnated silicon, (d} Mg-impregnated
silicon, () Ca-impregnated silicon, () Yb-impregnated silicon, (g) Ce-impregnated silicon, (h) Y-impregnated silicon.

respectively), morphologies of the products are generally close to
the preduct from bare silicon, except the fact that less fibers are
observed. On the contrary, samples impregnated with calcium
{Fig. 3¢) do not have sub-micrometered fibers on the surface,
Instead, large non-uniform grains forming bush-like pattern,
which seem to grow from particular spot on the surface, are
observed. The grains resemble silicon nitride grains grown from
liquid silicon, as reported by Shue [20]. Similar observations
are also found on ytterbium- and cerium-impregnated samples

(Fig. 3f and g, respectively), but size and shape of the grains are
different than those observed in calcium-impregnated samples.
For yttrium-impregnated samples (Fig. 3h), well-defined rod-
like grains are formed without the sign of grain sintering.
Therefore, it is suggested that silicon nitride grain grows
individually during the reaction when yttrium is present in the
system. It should be noted that, according to the energy dispersive
X-ray (EDX) analysis, all grains are silicon nitride, regardless of
their different morphologies.
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3.2, Caralytic effects of metals

The results clearly indicate that the nitridation mechanisms
are altered by the presence of metal. Many researchers have
claimed that liquid phase resulting from molten alloys of silicon
and metal impregnated is a major contributor to the change in
reaction mechanism, which, in turn, results in the enhancement
of «- and/or B-phase formation [4,7.21]. Since most of the
previous studies focused on limited choice of metals and
narrow range of metal content, it was inconclusive whether
such enhancement was the result from liquid phase or tl
catalytic characteristic of metal.

The formation of liquid phase from the molten allo; \\i
silicon surface depends upon the operating i ‘
concentration of metal in the alloy. Ho
distribution of metal on silicon surface, i.l:. S
tion of metal, is not known, the presence of li
can not be confirmed. Nevertheless, accordu
silicon-metal phase diagram (Table 2), it al’ / d
phase is likely present in the system of calciy :
and ytterbium-silicon because the reactioffemp
study (1300 or 1390 °C) is higher than the rz
in phase diagram where liquid phase i&'p
nitridation at 1300 "C of silicon impregnated |
shows less significant enhancement in both
and fraction of a-silicon nitride in the produCt, ¢
results from calcium- or yiterbium-impregn
results imply that the presence of liguid is ,
contributor to the enhancement of a-silicon nitg fi
even though liquid formed may facilitate diffusion ¢
and/or nitrogen during the reaction.

By comparing the results in this warl to
literatures, it is interestingly noticed thal th

+ B

‘Table 3
Standard polential, £, for the respective redox pairs
Redox pair E" (¥} Redox pair E* (V)
El:::.nqn'cl:;u —-287 4"-! r-cuMi i +0.80
CelMu/Celn -2.34 €'y Ci —0.74
Clluhu&n 1] +1.76 Cur Tty .34
wins G el o
Mg taq™E 10y -2.36 Fe'y o ~0.44
‘ru'““..m“;., —2.22 Pd:'dqﬂ'd"m +0.92
b ..}f&"r'}: s -2.80 A A, —1.68
YoY% -237

'/ metal employed contributes to the catalytic effect of
direct nitridation of silicon, Although the actual
n the enhancement of a-silicon nitride formation

it has been reported that bond strength of the
.t g (N3} dunng the dissociative adsorption as

d;ssncialiv: adsorption mechanism of N, are
*;"»- e nce of a potent charge donor on the surface
n; :\i;& with the findings that the gas-solid reaction
‘_ t & silicon nitridation is controlled by N,
| 1.19.24], it is suggested that the presence of
dener metal regulates the reaction pathway of the
ntocess. Nevertheless, further study is needed
tailed mechanism.

& nitridation using stepwise increase in

results in above section confirm the enhancement of the
stlicon nitride formation by the addition of some common
16 silicon raw materials, especially from the reaction at
practical use of these metals is limited by the

silicon nitride is enhanced by an addifie 3
strong charge donor, e.g. calcium, "l
ytterbium and yttrium, while no a-phass en nt,

even enhancement in B-phase, is observedfrom a weak charge
donor or a charge receptor, such as irogy gopper, silver,

chromium, aluminum and pall %
51

electropositivity of metal is ca
that electronic chara?ur-

potential, E° (shown in Table 3
Edwards [22]. This finding sugg

'I‘lhle 2

silicon binary systems [25]

Metal Melting point Range of temperature
of metal (*C) where liquid is present* (*C)

Silicon 1414 -

Calcium 842 T92-1268

Cerium 798 650-1620

Lutetium 1663 12201420

Magnesium 650 637.6-1085

Yuterbium g19 670-1260

Yitrium 1522 12151710

* Formation of liguid also depends on the concentration of metal in the alloy.
In the temperature range reported, liquid is present at certain concentration of
metal in alloy,

.. ARIANN IO HERY

gewafile overall conversion is not high enough,
i promising in term of the content of o-
| . d: product. Furthermore, agglomeration of
the obtained t may occur if the temperature is not well
lled because the nitridation is highly exothermic and

im elting point of silicon raw materials,

me by using a stepwise increase in the

1300 1o 1390 °C, as suggesied

clszwhcm [E} In this work, the reaction was camried out at

e b was raised at the rate of

system was held at this

mixture was maintained

during the increase in lempcraturc Aftersilicon nitride product is

formed as the covering shell on silicon raw material by the

reaction at 1300 °C, agglomeration due to sintering of siicon can

be prevented, even when the temperature is subsequently raised

to 1390 °C, The results of the operation with progammed
temperature are shown in Fig. 4.

According to Fig. 4, it is clearly illustrated that the overall
conversion is significantly improved when the programmed
temperature operation is employed. The fraction of a-phase in
silicon nitride product remains at relatively high level, although
it is not as high as the results from the reaction at 1390 °C. The
nitridation of 1% ytterbium impregnated silicon results in
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oo The overall conversion can be dramatically improved, while

o retaining relatively high fraction of a-phase in the product, by
F T raising the reaction temperature in step-wised fashion, from
o 1 M 1300 to 1390 °C. The effects of the impregnated metal on the
B -0—Ce nitridation are discussed. It is suggested that characteristic of
¥ —&—Ca the impregnated metal, especially electronic characteristic,
E 60 1 0-¥ rather than the presence of liquid phase formed during the
- ”: =Ly reaction, has the dominant effects on the a-silicon nitride
g ] i adl formation.
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