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Abstract

Tungsten based intermetallic compounds, WSi, and W, B, were successfully
synthesized using self propagating high-temperature synthesis (SHS) reaction from an
aluminothermic mixture precursors. The standard Gibbs energy minimization route was used
to calculate the equilibrium composition of the reacting species. Variety techniques of phase
separation to produce these materials were applied. The materials characteristics and
properties included phase separation, phase composition and microstructure analysis, density
and microhardness test. The results indicated that the best stoichiometric precursor systems
for producing WSi, and W,B intermetallic compound are WO,/Si/Al and WO,/B,0,/Al.
It is proposed that the phase separation between intermetallic and oxide slag depended on
the separation technique, the viscosity and melting time. It is found that the use of sand
mold is the best technique for trapped oxide slag from melt because high surface area and
good solid-solution compatibility. The addition of CaO,-Al heat generator can be extended
long duration of melts facilitated completed phase separation. In addition, pure, dense and
good hardness of intermetallic products can be prepared by application of suitable inert gas
pressure. The final binary WSi,-W,Si, intermetallic compound product with 7.68 g/em’ in
density was prepared under the application of a 0.3 MPa Ar gas pressure and 5%wt.CaO,-
Al heat generator content while, the final binary W,B-W intermetallic compound product
with 11.12 g/cm3 in density was prepared under the application of a 0.5 MPa Ar gas
pressure and 5%wt.CaO,-Al heat generator content. The respective Vickers microhardness
values for these intermetallic compounds were 9.71 and 10.05 GPa. The dominant phase
with high content of W,B, high density (13.53 g/cm”) and hardness value (10.71 GPa)
could be achieved by adding 1%wt. of exceed B,O,. Synthesized intermetallic compound
materials can find their potential application as semiconductor and wear resistance coating,

etc.
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naaadl 996U A¥UAGILUS (Parameter) 7499 1HY STUULAETATIUYBIFISO I
ANAUNITNTIVFIBUSNHMLLANIE (Characterizations) 3U L9 LATIFI9 eAUsEnaULAY
Fosurasansudasamimufidaims

1.3.3 Usznaussuumsadaeneiuazmsvaandunssuiumsideinuau
16789 1na31U319239 (Near net shape) laafinsfivuadiuys wu mMspanuuuusium
(LUUMaaNT WG oM ass weae Sio, waztthnae) szuuMsmenaINiau (Heat
release) TUszWINMIIUHATeNUAZMIVED ANNAULBILAE SINDEITEUANTIMTUNS
aaaé”suamﬁuqmwgﬂwmﬂﬁﬁ’%m (Heat flux) tial¥iinnsuena (Phase separation)
sewinasusznaudlavsiumlan lidaams wu ilaueeanlad Fudy

1.3.4 MIATINTDUINHULLRNIE LHLNMITNOFDUTNUG

1.3.5 mathlunassstszgndlfid aadu

1.3.6 LwaLLw%mamﬂuﬁﬂizquimms wazANuiNINITIMTLIUsEAU
WA

1.3.7 @eweaineniinusuasaauton wdIneninugs
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1.4 ‘1.]581‘[2]%1-! ‘VIﬂ”IGI’J'IQS:’VlGI FIUIIMIIUIINY

1.4.1 167@muﬁﬁyugwuiumié’ﬁmeﬁmiﬂisﬂauL%qiawgwuﬁqaLmuIﬂﬂ
BmsUfsninwhdediesiiaumgil Fannnismavdaiaguindisdy

1.4.2 N1UEIANAFUNUSVRIFINYSIABIAUTZUUTITHIRY uae
nsswumsi Flumsduanzinstsznaudelanglagismsufasensimihdieded
NN

Wugrunlaldlausslamilunsdaasizduazudo

k4

1.4.3 412703

stsznaudalaveriindu q Nlanudrnnludegaamnnssy

¥

1.4.4 a3 upuiladenealiunmegasunssuiisiainaula e

il l5UseTamd ludawn dis
1.4.5 1o ANNWLALLHEUWITNANUIINMTIUSEOUNG LaZTLAUUINIA

1.5 @aunninsiae

1.5.1 AP AINTINLVA 8L eI dn AMEIAINTINAITNT
NMINENFEIUNIUATUNT

1.5.2 ¥l JuamsIgIanssueninuazTaquay a1mMITeIMmnTiu
Uszgnddsuss AuLIANIsNmMans NInenagaNuaIuaIuns

1.5.3 @uzﬁm‘%’mﬁaﬁwmm&m% NVINENABFUIIUATUNS

1.5.4 s uiamsnuiedaumalarenniau wiheieinenmansuas
Amnsanii uin quiinaluladlonsuasTaquisnd dinnuianninmmansuas
walulaiuviema



I 8NLN 811 a4 (Related literatures)
2.1 MIFIAILY IagN13u 148l (Combustion synthesis )

M5§9ANLAlae 5L 198 (Combustion synthesis: CS) (Hunsande
Uf3e1mMsnMImMeaNN3au (Exothermic reaction) 58131810 (Element) 3aa3Usznau
(Compound) #ilF§aaszdisnsusenauidlans (Intermetallic compound) S‘z’;qgmauaﬁwuﬂ%yq
usnlaamans1a158 Merzhanov UntaliEaNdnduasauzannauamnlsien

ﬂﬁﬁ%mmsmﬂwﬂéumnﬁm%i’iwmﬁyumuﬁé’ﬂ Wi (Compact) lUgadn
Uil LﬁaLmemﬂf}ﬁ%m (Combustion front) LABBUKNUENSH G UaTaNTH B U UaE
Qmﬂﬁlﬂmﬂumiwamﬁm% é’fmam”luuumhaaqm'ﬁ@hLﬂuMwmﬂﬁﬁ%ﬂﬂugﬂﬁ 2.1
(Radhakrishnan et al., 1997)

Ignition Coil

DOO O @] OOO_-_’ Product
valelglelgies
30808000
Combustior

Front

———» Reactants

OA0A0A0~0
DEO S0 020 5O
ROnCACA0R0H

3Ufl 2.1 wuuieesmsdaanziaianssuiumsnsen v (Radhakrishnan et al., 1997)

Do

msaateNzdlaaufisenmaenlug ddaforfiu wnufnsel (Reactor) 7

a

i gasengnasnlasligudou TEwasnudann fanuduldlanszardamsdaens

Tildasudansaeinunumeinliuiug lalassadnganmeuazauifondains uasd
a Qf dl' = T v [ d' = 4 4

ANNUFENS gatilatdSauiisununisdaessiiianaafes (Metastable)  Gaany

(Radhakrishnan et al., 1997)



UfAsenmaunndifogansdnunsdeiu da UjAsendnuihdadiesd
geun9ig (Self propagating high-temperature synthesis) ¥38U§3581 SHS uazmsseiin
MNANNTDY (Thermal explosion) d1%3UUHA5EN SHS Lﬁﬂﬁwmﬁ'aﬂﬁﬁ%mLéuawﬂqﬂiﬂau
witeluB unuSaiuLaEAIVITH (Propagate) GeAauWIBUINYB9ANN3BY (Wave front)
Mmaaﬂﬁyﬁyumﬂﬂﬂmsmﬁ'&ﬁyugmmqqmwwamamé’ (Thermodynamic) Tumsitaszv
himsfmihaznied uldvialilusasimsssdomeanudou ¥ unuazgnlianuiau
melwmnaunsesnamsinluitiod uethaiuiivulandaniuned unulasefidwada
dfazenmsnludda anumnuiy  suaduriiugudnansuasd uun3u (Green
compact) wumagmmmmwffqﬁu UM A5 UU USINawadan5@aL@n (Diluent)
WazdasaumuUSnasnsduRus (Stoichiometric ratio) 289815096u Taasaly anuna
agmmmsmmwmuﬂuwaq%yummﬁuﬁyuummmwmLﬁushucg]uﬁﬂmmaq%yumun%u
anas dawalianuiuazguvgizasmsunlniaadiag vilujazeiad uadll
ﬂ&lyiﬂf (Radhakrishnan et al., 1997)

a

2.2 ﬂﬁﬁ%mn"’nwﬁ'"nryi"’mﬁ'amﬁqm‘ngug(SHS reaction)

UFA5en sHS iflunssnumsiigniannd wiadansiiaquniing uge
magnAemnssnfiiy Jagnuln (Refractory) i'aqwamﬁyaﬁymmwﬁﬂ(Ceramic matrix
composites) wazasUsznauBalans (Intermetallic compounds) a9 admeauns
ﬂswé’fﬂwé’muuazﬁunumimam9‘1"1ndmszmumswami’aqé‘;ﬂ%%‘msgqLau waslu
°zlmmﬁmﬁ’uﬁé’hmmsnwﬁmi’aqﬁﬁauﬁm%ﬁ 91 (Varma and Mukasyan, 2004)

Lf‘immﬂﬂﬁﬁ%m SHS L‘ﬂuﬂﬁﬁ%m‘ﬁ'mﬁﬂmsmﬂmm%au (Exothermic
reaction) g4 ¥inlANWAINIUNTZH U (Activation energy) g4 AUFINTOFZTNANNTBUIIN
UgnAsenialvidamsunlndluliinaigeds WaufazenldgniEudud ulasmatlau
WANUNMEUBNBENTIONG? mm%’auﬁgﬂﬂaﬂﬂdaﬂaaﬂmmﬂﬂﬁﬁ%mﬁlﬂmwaﬁﬁw
THiAseRad uathedaiilaalddedie ﬁaﬁwﬂﬁﬁ%ﬁqQﬂﬁﬂﬁ%auﬁwuaﬂwimﬁa
(10°-10° K/s) Méqmwgﬁﬁgqmﬂ (2027-3227°C) Iﬂﬂﬂﬁﬁ%iﬂLﬁﬂﬁyuatiﬁi?m%’iu
L’JmLﬂuiuwﬁs?i'qazuiiuaﬂwasLaﬁauwaqﬂﬁﬁ‘%ﬂumﬁmuaﬂ (Pseudo-adiabatic) uA®
wisnuiaatdasaanannifismemaanuiaugnlilusumeinanuiaulidudeds
Toglufimsgaidagdundon nmsideuszmmasssnuil gumpiieidsiudn
(Adiabatic temperature, T,,) ﬁaqmwgﬁﬁlﬁmﬂmiﬁ’ﬂmﬂam%auwmﬂﬁﬁ%mmﬂmm
Sounanfudrimuacmanmaiigegaasssuumamnlviiy  Feidimnuldh wn T,



fiedasndn 1200°C azldtiomsuennd wazd T, Hd1annndd 1800°C aztiamsLu

Indflasmsusidnadies druguvgiifiagszning 1200-1800°C aduzpamsuinlug

(Combustion front) laignansausisanly Sedasliienudaunds wiunau (Preheat) Ms¥

U§)1 381 (Moore and Feng, 1995 tas Niyomwas, 2009)
UfnsenssurneansnaduuewawdaA wez B fhiad w sansadszinald

[
a

nnUfaseniaunaulalugduuuasanmsi 2.1 (Baras, 2008)

A+B —> AB+Q (2.1)

Tosd Q Ao ANNSaUNNUHAZEN

dmiulfisenaendiadu-3ansu (Oxidation-reduction) 71tAind uzas
\RaufAsen sHS AfimsUsznevaiiananladinuisdes Tsluuusasnnuduiuses
waaelugnmsh 2.2 (Wang et al., 1993)

M+ AO —> MO + A + AH (2.2)
Toad

M fa lavizvisalavicuay

A fa lavievisanlave

MO az AO s aanlue

a

AH Aa anudaungnaied ulaaujise

MWasNUAUFIBINSABLAA (Gibbs energy of formation) aztduwengdunu

a o g \J

Qmwgummmqmm‘[amaﬂgﬂ (Reducing metals) (Al Mg Ca Zr Zn Ti C waz H,) A9
uaaslugui 2.2 n gasasduradlanazliswasnuivduaimsisiiassnladiuay
Tunn 99192evgungil Tavzazvimihnlduasaaguladnitelanzuazivunlinyas
ANNEINIO UNTANLNBYUNANLNNT UCa waz Mg Aslvmwasnuiuduasnmsnaiia
3 ‘:4' a o. = a I g . ‘24'
panlaagengunniid waziigunniinsien (Boiling) waznsssing (Volatile) 01N
AU 1 atm (AU 1090°C uaz 1484°C gmud16u d193u Al uaz Zr 3 leniluarsaagd
nlasuanudian ua Al azlasuanufisnsnnnwnzmdiguaza ligannin (Wang

et al.,, 1993)



0
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E Do | 10— oo,
'§ -U:I‘.'l7‘2
£ 2™
LT A
3 200 ,i?’% 5 mf},o,
E ~Ti /
lg - /l,ChO
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-
300 1 1 1
0 1000 2000 3000
Temperature (K}

Uil 2.2 winufvdeasmsnafindmsuaenlyed (Wang et al., 1993)

Uf)n3en SHS sansouiseanifuduaaunang 16 3 Tuasu aauanlugy
71 2.3 Taun

= mslienufounds uou a Yansgrulagumile

- MmaiaUfizen uazmviineaaILee (Propagated)

- M3tiauAaIY (Relaxation) W3BMILE UAINGUFINMIZENG

Uil 2.3 anvasmsimihaediesauiamsidumnudsuulaianunamesidguas
TiB,-3Al,0,.2S5i0, N&aNsiaenjisen SHS (Chanadee, 2010)

] '
= a

U§ji3en SHS Sudunaamaiiisney T, lagasavauasgnlvanuiay
flfaq

1
=

ElEI'NT)G]Li’)ﬁ]uﬂﬁﬂm%.ﬂuﬂﬁiﬁ]ﬂi”lﬂﬂ T o

Aaaail] AsenlaidpemsnaanuiinGudn

q

U k4
a

aaluudaaumans (Kinetic) waqﬂgﬂsm%twuﬁ willuadainn Iﬂsmaqmwguqqqmm

a9 u o

ﬂﬁﬁ%mquwﬁw%a T,, (a2 umelasnudgrumsiigaydaanaiouseslfnseng

funndan 1nﬂmum’mLﬂmiqmamwﬂumaﬂT AAAINTNAUNYNBLALLUGNLEND

Iﬂﬂﬂnmmsmsﬂumammmsmqmu%mswmmimqmwgﬁﬂmm’nqmwgﬁgqqﬂ ALHO
lugun 2.4



Products | Reaction
- front

Temperature

Time
3UM 2.4 enuduiusseringamaliuazanzeslfnsen SHS (Moore and Feng, 1995)

ANNFNNUSDIgMNN TGN aananfunalagdiuind T, aela
anziatdatudnaninsadinaldnnanuduiusasaumaiiuasmsnagd (Enthalpy of

formation, AH ) ¢auanaluaunsil 2.3 (Moore and Feng, 1995)

Tad
O — —
— AHT = Hrpyq —Hp = [nC,dT (2.3)
T

Toad

I o

n A9 NUINAYDINENN UNNFAULATIZILA

I 1

Cp 1210] mmma‘;mm%au

luugnsenmsangd ansdoungniantdezaaninasgnlslulumaenlngd
AIANGU o T, 2BTEUUNY ) Bonlgduaaziinaransognanillas Al Namn)iigy

(2227°C) aauaaslugui 2.5 UA3ensznin Al nuasasauaanlgdvirldifamayag
ALO, fumgvsassdlsznauiignanglainaanlydusziameng g (Wang et al., 1993)



._ﬂ"-""rlQ

B | L =—S5i0,

—_— | b,
— a0

WO,

:
;
S

gl%

Free energy of reaction  (kcal mol ™ Al
®
\.:<
L

-__——d__-_..—-'—‘"'m

1] 1000 2000 3000
Temperature (K}

3Uf 2.5 winuivdeesmsnaiiadmiusanlydnld Al Wuasangl (Wang et al.,
1993)

4 '3 { 4

dmsuaswdadusinannseardeljisen sHS Tumsdaaszd lagn

u

waaa 3 luesen 2.1

aan

NG 2.1 SsudanaeinddgmansoadaUfnsen SHS Tumsaaaszi (Moore and
Feng, 1995)

Ussonzasarsisenau fadnasUsznauuazaungimsUfasm

2a9u193zuY (°0)

ualsd (Borides) TiB, (3190), ZB, (3310), NbB, (2400), TaB,
(3370), MoB, (1800)

M5lud (Carbides) TiC (3210), B,C (1000), TaC (2700), SiC
(1800), WC (1000), ZrC (3400), NbC
(2800)

mslululase (Carbonitrides) TiC-TiN, NbC-NbN, TaC-TaN

Tulosd (Nitrides) TiN (4900), ZrN (4900), BN (3700), AIN
(2900), Si,N, (4300), TaN (3360)

Balyd (Silicides) MoSi (1900), Ti,Si, (2900), Zr.Si, (2800),

Nb_Si, (3340), WSi, (1500), V.Si, (2260)
lalose (Hydrides) TiH,, ZrH,, NbH,
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3197 2.1 (#1@) (Moore and Feng, 1995)

Ussonvasarsisenau fadnasUsznauuazaungimsUfas;m

2a9u193zuY (°0)

asUsznaudslane (Intermetallics)  NiAl, FeAl, N,Ge, NiTi, CoTi, CuAl

Malad lud (Chalcogenides) MosS,, TaSe,, NbS,, WSe,
Fauudeslud (Cemented carbides)  TiC-Ni, TiC-(Ni, Mo), WC-Co, Cr,C-(Ni, Mo)
YaQHaN (Composites) TiC-TiB,, TiB,-Al,0,, B,C-Al0,, TiN-ALO,

2.2.1 A8msdaanzvuazudnarsusnauidelanslasardaufisen SHS (Yukhvid,
1992)

AN NYBNEINANAUIILANTLLIUNM T UM A TIZHaI8UA5en SHS
sudamahludssgndlfidmdumaeiauia SHulddudndwamnannautidnielud
(Internal properties) 2a4E15UABLFNALTY D9AUSENDU AN UBUILUULBIESHEN Y
NSEUAIUMSAUNIIN (Sintering) AINFNRUSUAZNITNTEAIBAIAUTTNIIEISHIGY
wanaNil anvaystEnsansaeiETlaSusnswannasameuandy anaEuaLS T
T uussenme w59 (Compaction pressure) msmgum""im (Centrifugal action) mm‘ﬁ'
wazanuualng n HuludsgumafiGuduiiansasdulddunnuvdennudausi 9 Hudu

2.2.1.1 SHS blanks and powders

Bmsi thdsnhengelumsduansiasierdeUiisen sHs lagd

gunsaldmsumsdaasziazdsznaulidratarufnsel (Reactor) Nianwaziiy
N59NSEUBNTNSTUUANLAzUsasussaas (Inert gas) 1@ adnau (Ar) Fidan (He)
winlulasiau (N,) szuunaadu (Cooling system) wazszuuyasstiia (Ignition)
ssUsenauaiiun3d (Inorganic) 6N 9 %Qné’ﬁLﬂswsﬁﬁwummsuummé’?ﬁuwammuﬁq
Toglfusadosilostumsunsndunezdvinfisnueussosndauvioudaaiiagudla
FoamsdmsusTUUT I q nsWaRSamidIInMsaLeTERiisasMsauniindaused
#3591 luameiSiBana (Mechanical milling) auledusszasansusznau
dnsumsduanziasusznaudmineenlad nulave Mg uazalans
Foufinanusuwasadsdnslinng wllviiey iiadlestumsiud suezanmsseine

(Volatile) #avahsasdisznau nndadumsiiuanuanysalldnumsilasuulasmaiail
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apsensssulgmsnagunasasudodnd uuniiiBeusenlad (Mgo) Ainegud ulums
HAAA9Izgni1dalasmszzazan (Leaching) ¢iansalalasaassn (HCI)

msdaanziansUsenavudwinlulesd (Nitide) lalasd (Hydride) wag
andululase (Carbonitride) sealiufalalasiuviaudalulasuilanududiag u o
Lﬂuﬂﬁﬂﬁwﬁ’mﬁdmadami@@%’u (Absorption) °z1ENmséigqﬁuauﬁﬂﬂg{'mmauyiﬁﬁwm
UFA3en uannniuanuanysaiues jazendadudnsnannmanauinduagianads
(Homogenous) YDIENTH G UBLANULYBIM TN Lns]

2.2.1.2 SHS sintering

Tunszuaums SHS Hu Maudasasiildnnnmslianudauudase iy
aufamsauniin udmandasasinaiudsfianuudswslsigein Tasfenumnuiuues
anuuisussasansudnfoniged uldlasmsduanslussuuifanudmen sud 10° Pa
9 10° Pa FaZanmadaenssiuuuil 114Gas static version”

1MIUINTEUIUNMTIATBUNNNANIN (Hot isostatic pressing: HIP) 1
Ussendl#iuiase sHS iendamstssnaudlans Tasmahasuaudsduussgasly
wifinnanudvilansiwiy wé’qmﬂﬁgu@mmﬁﬂ (Ignited) TtAaU{AENA1IMN
dheias visnnmaveaxazme Mandasuriidueneilddanumnuiugedeiasas
95 14 99

2.2.1.3 SHS powder compacting

3% SHS sintering sansoduaNzinsATANINLgldudlimanan
irdagwauludl a¥aqlivualuld Falymdsnangaudlasmsldusomenanadauiuiu
¢e AnaeISeany 1Y SHS compaction SHS extrusion SHS with explosion treatment
tas SHS rolling Wudu

2.2.1.3.1 SHS compaction

BMsEuanasasdugnussyasluiinn udnhldneldiunszds

]
=

(Press punch) mavidsnnmaynssiia ¥ uwnuazgnnasanuilaziiamawiudid uluiige
WAINTULTIEAQNUaABEN N52UIUMS SHS compaction  NAINANMITAAULU U
(Compacting medium) 2 WUUAD M3 LFWHUAUIY (Insulator plate) waLNTLHFWNANWLT
(Rigid mold) é’maﬂﬂugﬂﬁ' 2.6(a) waz (b)
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1 - mould punch;
2 - heat insulator;
3 - SHS sintering
mixture;
4 - mould;
5 - Initiating device;
F‘P - pressing force,

a 4

3UM 2.6 N55UIUMS SHS compaction (a) dameluusiunauiy uaz (b) dameluuaiium
w9 (Yukhvid, 1992)

HAAA 9T ldannmIsauaziagdst aslianumnuiugeaa udulve
aa e o o ¢ A4 A A o ¢ ¢ @
BmstRadumsdeenziniasdisnielaanantszinnaanlsd-aslud uazaanlyd-
valsd dmsulglununideinugamgiigs wu gnnd alavns (Rolling metal) udini (Die)

" W . & v
WHUAR (Cutting plate) tUuau

2.2.1.3.2 SHS extrusion

Thidsmsdaansiiaeainda SHS compaction Tagmsliusedusaun
winfoui SHS  lumaiziidaiouuasagiinguifnigunsedie g luszwinamadaia
(Extrusion) S309suazgnnadauasgnisdulildmusunseiidesns maiiail dewlduaa

ssusznauluaudnnddlyd (Mosi,) thalfdudviranuiauguvgiigs vialansuay

ﬁﬁﬂ%ﬂﬂ’l’iﬂﬁ(ﬂﬂ’iz@lﬂﬂ’l (Electric spark alloys)

2.2.1.3.3 SHS with explosion treatment

FBmstisieeiu 2 wu Teswvuusnidudnngmsaudanniiamssade
MNANNFDU (Explosion) HaaAnTiRziiualaga1dewg Anssumsguanasasnannm
waneauaasmsn ndedsuiishuliud wazuuuiasuiudnuaemssanniuda sl
qué’hmﬁ%ﬁgngum%’aumummé’ﬂiﬁuﬂuﬁnsau é’QLLamiugﬂﬁ' 2.7(a) uaz (b)

- electric detonator;

= explosive;

= metal ampoule;

- SHS sintering mixture;
= ignition spiral;

- bulky piston.

LTI RY N,

3‘1]“71 2.7 N9gUIUNIT SHS with explosion treatment (a) wuuAleaMsanasralsinag
RINANNWI Uaz (b) UUUMlAEINGULARDUANNBA (Yukhvid, 1992)



13

2.2.1.4 SHS metallurgy

1 ]
=® o

SHS metallurgy {Uudmsniianldduanziiagnuluuaziagd miuindau
70 lunsdifl Tonsuazlansaanladazgruanliindunsaasuldud Al wia Mg vie
alanzldun ¢ B w3 si Wudu Tasssuandsduazarmnsationsenlniladdaile
g NaIm s ndlannningaas e IueIs SHANN a9l %qmsw%mﬁmﬁﬁagﬂuamus
vapummuuuil sansohlulszgndlFlddumedingu 1 Wy maanwdnlmivesurilans
(Crystallization of ingot) M35WARMIEUNNNW (Mold casting) NSLABBURNI (Surfacing)
LH miwémmumum‘%m (Centrifugal casting) U@y (Merzhanov, 1997)

fenuduussnmeussdussuuido answannasianansanagUluanius
ualugUuuvuraalaszing (Vaporized) aanladdas (Sub-oxide) wazASUBUNDY
aanlyd (CO) asuannmsiaInanIfilamanszinnszaty (Splash) wazgadelulu
gmmﬂmgmmwi’iq MSLEANNAUYBILT aiué’qumazmsmgumfjmmmﬁaﬁmsﬁu
msnszdanszneaeansld nnzasiy miéi'qLﬂswzﬁﬁmﬁ%ﬁy%qﬁnnssﬁﬂmmﬂﬁnsd
(Reactor) ‘ﬁlﬁm’]ué’uwamﬁ“ﬂuﬂ%mmgqLLasmﬁ’mﬂ%awyum‘%m’imﬁaﬂ uananil
SHS metallurgy faghaudTaymmsauniinlusanuzyaaunad (Liquid-phase state) figa
nduguu)ivifisengaladnaae

2.2.1.4.1 SHS casting

1 b4 1
9 I~ Qdd{lw =

Fagiduanzilaeeis il Wuiagndiani@amzuradtas (Unique) 1

q

=

THaamgilumsduanzsiaud 3000 89 3500°C FaahuluajihlulFudalavsuauniia
wdq (Hard alloys) i'aqmﬁauﬁaﬂmﬁ'u (Protective coating) 138 ffﬁ@"fl}ﬂ (Abrasive
materials) logianaslonsiifiannniigade Tavslungamin nguuelsd (CrB, VB,
MoB, WB, CoB NiB FeB uaz Cr-Ti-B) nan@alas (MoSi, V,Si NbSi, uaz WSi,)
ssUsznaudalans (NiAl CoAl uaz NiTi) aanladfiiiauinasine (Interface) 5evi
aanlﬁﬁﬁ’u%’aqwamﬁyaﬁyumswﬁﬂ (AL,O,-~WC ALO,-TiC-Fe uaz Al,0,-Cr,C,-TiC)
wasidniiniiieninniigadie ALO, uananil eadslivaannaiagswan Solid-alloys
iial#auiinrie (Facings) Tavzuay (Metallo) w38 LA3aUAIM® Mineral-ceramic 1
Usznaudisavaslansiuniinfiianumnasudassiud uld niaiGeni
Macrouniform

dwdumsuanluszuuild Al Juansaagliiniijasadulonzeonlsd

]
=

#3afl38n) “Aluminothermic mixtures” 1suAaNMIN lannMsdaenziazlaildTagni

WaLfan naABILNAMSUENT Y (Separation) (HBNINANINUANANYDIAMINHUILUUDN
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gaunniigy sendanasnadINiu1wingandd (Heavy phase) finagluazlvassg

q U Y
v '

fhusne dlainiunnh (Light phase) azaag (Floats) ﬁyufg'é"nuuumungwmusﬂﬁudw
(Gravitation forces) Tnelaseadsunenandnmiagd uagiuanuauysafsasmsuanduuos
(W& (Merzhanov, 1997)

Tudaiulasinsihemsduaneiaradjisen sHs lulgaudnums
wda (Casting) 10 ulaslamzAsmavdadenszuumsunlvifigumaiigemeldanu
NAAUVBILA a@iaﬂuaxmﬁaLL'ﬁqm"“jﬂwﬁquﬁnaN (Centrifugal) 315 lumsdaazdiunia
i'aqwamﬁyaﬁyumswﬂﬂ(Cermet ingot) UBNANG elFdwsmsiadauiintilalasiums
AansauLazmUMUMIAanIsannse TugaanunssumsadaurINiamelaqusIin
(Ceramic line pipe)

dielsinuand Lau uazanz (Lau et al., 2002) l@158msvdaludnuas
ilunaaTagdmiunaunud udrunywe (Orthopedic implants) 1dun Tavsuauil ol u
Tauaad (Cobalt-base alloys) Hl#Tugunsaiiienfumsdasnssutgndransegn
nsz@nazlwn (Knee) 48121 (Total tip) uaz angnsz@n (Bone screws) tUuey §1m3u
ﬂf]ﬁ%mmsaﬂgﬂ‘[ﬂﬂmsmﬂm’m%augmﬁaqmﬂmﬂmlwﬂmmsna%mﬂlﬁﬁ’maumsﬁ

2.4

n T k 1

YoM+ TzY > o) + Tmi + q (2.4)
i=1 i=1 =1 =1

Togi Mo, ) #a aanlﬁﬁ%qﬁmﬁﬁ%ﬂ’]ﬁ’ﬂamaﬂgﬂ 2 wu Al Mg Zr
Wz Ti aemaliiaulaaseanlyafiafiesiu (zoy)gs’l) uazlane Mgs’l) T luudn
w\la"umwmmmﬁﬁagﬂﬁyuiuﬂﬁﬁ%mma'ﬂmf(Thermite) ldgaezila (aanloduazlany
NEN) MNAI8NISUENLNE (Phase separation) s?;qLﬂué’hmuqummu%qm%(wmms
HanAwI andiagny lulagdmugnadianszgn a:fivsinawes O uaz Al leies
Zauaz 0.1 waz 0.3 Taeiwmin aanBlaueuaidn g itiad wslundesaeiissinms
wenduiilianysal Tudagiuldfiuundalumailiesnladusslavsuauinmsuand ui
auysnf?;qﬁyuiﬂﬂﬂwsawé’fﬂwé’nmswm WINWENA (Buoyancy force) asanenuuanes
AUBNANNTINWIUSEHINe ladnSanen5u (Slag) nulanenay lagandauselungls
Huuseduednurainszuiums
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Lau uazaazdialavinmsanmifenfumsuandususswiraanladiulane
wanlasendefisamsanglazgilumasindsioulsanuuandsesusaliindouun
Und (1g) wazanmeiiaul3useliinge (Microgravity) 2895z uuasaaguluannmsiaiii
(2.5) 84 (2.7)

3Co0,0, + 8.5Co + 8Al —> 9Co + 4Al,0, + 8.5Co (2.5)
MoO, + 2.5Mo + 2A1 —> Mo + ALO, + 2.5Mo (2.6)
3V,0, + 5V + 10Al —> 6V + 5A1,0, + 5V (2.7)

dmSuszuuYas Co-ALO, luanne 1g wuhiieduilduas ALO, nasu
3 uusnaireuaiind dadasluguii2.8(a) lusmefissuuaas Mo-ALO, iduas
ALO, azUnAgu (Covered) vuuslanzdaudaslusud 2.8(b) waziilavimnaaasly
M2 Microgravity wuhd uilduzas ALO, luszuuwes Co-AlLO, faguilluuurznimnn
3 u uazvea (Droplets) 284 Co 2U1ALEN °IuLWawaqaanlsﬁﬁgnwu1ﬁu1nﬁwu a9zl
USinaunszaslansiidasmsanas wazunngmsaidananniind ulussuuzes Mo-ALO,
ey waziilauselindraiad uiy 2¢ e AL,O, 2238V (Cap) uulavzadly
AALAU

quartz
tube

gﬂﬁ 2.8 wuudassraamsuens unaladeulazasanuuanadrasuseslingls (a)
32UUFIU Co ez (b) 52UUFIU Mo (Lau et al., 2002)
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dmsusruuzes v-ALO, linumsuandutusznitesnladiulans Tag
i v fu ALO, AnM3INeInuaNuly (Aggregated) MUV wazMsAsEAEEITENIN
Tanziusanlodifulusehlianans Lau wazane (2002) wuhmsilanewaniinnm
TaitghAu (Immiscible alloys) Hsmamannanulaideniy (Wettability) 895113120510
%U (Local nucleation rate) WSNGNAI (Surface tension) LL’NQ]G]%JU (Capillary force) Lz
Unngmsaioaaviioad lsiwuile (Ostwald ripening) Usmnasuaslansluzasivainaniion
39 falundniaUFAsen sHs vilissazsvessuianealansidasud wWieiaauasdan
wealanei uarTINGINUBE1IMaIN (Coalescence) NN UMENS (Kinetic) fim
e (1) Toe ¢ Saszana 4(PR*/36)° Taefl G #a anudsin uas R e Safiues
vealavz waraguldd darmzaaussieiaiing u Sagaefimausniaiuldnnd uudlu
n3tirassEuL V-ALO, Feiivsinesluzeamaen é’qi’fummﬂnvalaasgﬂﬂauquiﬂﬂnws
wws (Diffusion) (agmﬂLﬂﬁlau‘ﬁ'lﬂﬁuﬁaﬁ'umgmﬂlﬂﬁlﬁmazm%w 7 Meladndnaes
useliiumne) waztadegaimed La uazeaisldvinmsdnmnia msdlanfsswhaniianuy
faifiuzaamas Fewuh ALO, fimsd@enfiafiinh co v limsusntuzeseuraiod u
laaganysal

Li wazanie (Li et al., 2003) laduaisiiagugnienaununszgn
CoCrMo éﬁﬂﬂﬁﬁ%il'lﬂ'l’im'llﬂﬂﬁﬂ’rmﬁu(ﬁfﬁ (Low pressure combustion synthesis: LPCS)
TagmsAnmansnareIeNuFUIaUsd Ar Gaud 0.1 0.15 0.18 0.2 uaz 0.4 am
MNEITU MNSTUVETH duluFNmsT (2.8) s?;qmsé'ig\‘iﬁuuaxmm%mﬁmsﬁﬁqwaaumm

WY 2073°C dm3U Co waz 2573°C @MU ALO, FdINgunaiiuaInIsen lugl

3173°C wazgagunsallumanasaslauaaslugui 2.9

3C0,0, + 8Al + (xCo, yCr, zMo) —> 4ALO, + (9 + x)Co-alloys (2.8)

S0, top cower

Ignition wire g i
:E iﬂ‘ e Cuartz tube

BRSO holder

3Ui 2.9 NEBDEA2DYAMITNAARY LPCS (Li et al., 2003)
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Li uazaazadnalih anuauaswdd Ar lurausnaasd §aseniiiad u
AN lHANNMINUT LI INENN TN HBENTING aaudaalugUi 2.10

100 9.0
b ht & A
80r §v-- -.;,____T'zea'ﬂea*_ﬂfffﬂ_*!?sf??_ 85 3
£ 60} R i-';i v density =z
L=} A yleld 480 —
[ e
; 0F & E_.:} §'
.".,. i
| I | H 475 2=
ol l, mn
G
0 i | " 1 " 1 7.0
0.1 02 0.3 0.4

Pressure (atm)

3UM 2.10 dndwazasanuurpwA sANY udaaNuMIIKualanzaang U Co (Li
et al., 2003)

iaenudurpi danauwdationnin 0.15 am wdndasiilaaziulans
WNaugIu Co ‘ﬁ'ﬂswﬂmﬂgwgu (Pore-free Co-alloys) LLGiLﬁya"ZIENmi (Yield) 2a9lanienan
Huanaludedesas 40 Tumandusu Waanuduisdu 0.18 am ol senwaslansuay
Lﬁuﬁyugfiq%aaaz 90 udaNumNuuladaEnnuazilnss (Cavity) ?lumiwn,jl,ﬁﬂﬁwu
1uLwi\‘i"’iaqffuﬁmLf‘iaqmﬂmimé’h (Shrinkage) S¢%319NISUI9A7 (Solidification) 138
masfiudagninlilusenitemsanudn (Crystallization) 289 ALO, figamgiig 3
anuduiuslundazdnassanuduudatuanuvnuiuuasznaslduaaslilusud
2.11

0.4atm 0.2atm 0.18atm 0.15atm 0.1atm

f { { f {

SLAG —

INGOT —

e RegionIll —* | = Region I1 — | *+— Region] —

3UN 2.11 dnwauzzaslavenaugiu Co NFUATILWGILIZMILPCS (Li et al., 2003)
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Tughezesanudu 1 waz I wuheznsu (ALO,) ﬁagﬂﬁylﬂ,ué’ﬂwmzms
waniluilgunaaauuiinyasiamesy esenn ALO, uazeasniuasaranazasuis
(Solid solution: Si0,-ALO,) #imsiilanifidniniafiausuiauaslanzinne
ssUsznaunsaasriiaiilassahawuuatiiug (Spinel) @tindrurasianszinsea
(Tetrahedral side) AUAIUYDIDANALEATDA (Octahedral side) SeWieaanladniaoiniia
WHANMIINGEE9INY ¥ limaaualnstuesmsaniSes (Entropy of configuration) W3 u
danalimwaanuiudandias (Mchale et al., 1997) luraeigawesanudud I wuih
ALO, azluasau (Cap) agaruuupaurielanzuay 1H8991nANNULANAITBIA A

WNUWUUIZHIN Co NU ALO, (Pe,= 8.5 g/em’ Uaz P, ,0,= 2.8 g/cm’) Li UazAnis 3
asUldh anudurasudaiminsauiviildmsudafasiidonumnuiugaesaidl a
vaunlalavsnanluySanagedianaglugie 0.15 69 0.18 atm

uananil ManenaasLi wevanzdianinsoteuanlaaniimanlugd
N NgIa N LN aansHanAagiludonuzueaui d wu ui dvadlane (Metal vapor) WA

9 u u

209900196808 (Sub-oxide) wWazfzAIUBUNBURNLYF (CO) FaufansnanIaziiia
USinaid wides 9 WaenudueusanlHiluiunedanding uuazmsldanuduuaiudd
o 61LLazmﬁﬁwmeﬂﬂﬂuiqmum‘%m (Centrifugal force) 3nUssgndld eansozIzanns
n5ELH mf‘immnmsﬂznwamqmm (Splash) finulguas 9szwiamsunlndasldsnma

wily
1ul 2005 Varma (Varma, 2005) lainennalulaginswaniagaanad

1 v

Tuwannuazlaandndiasdelszavg (Patent) Tunianasan lasdsnngmsalniied

De

wanutuguuuudraaalilugui 2.12

| Products

et ALOL(Y)
(Ca+ALOY i

Reactants Gas bubble(g)

[ (Co,0,+AD

(b) ©)

Co-alloy(l)
ALOs()

Residual gas(g)
Co-alloy(l)

uogaaaip Buyededoag
—-——

AL O, (s)

Cast Co-alloy (s) c:“

m S Near-net shape

dense Ca-alloy(s)
(2) ®

U 2.12 Jueaulumsduniziiaglagmssuenid LPCS sufumsvaalagnsa
e lwlownalavienanluz unauden (Varma, 2005)
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Yang waz@az (Yang et al., 2004) duanzviasUsznauiialane Fe,Al-
Fe,AlC, . 15ULA#20U Ding wazaniz (Ding et al., 2008) dutaziansusznautdalans
FeAl-Fe,AIC, . @28N3UIUNT SHS-casting %mmmgﬂmemmi&mﬁgﬂﬂugﬂﬁ 2.13
WAE Ar AifinnuauTAY 5 MPa azgnidndnlumealuenufnsal (Reactor) d1m5unaa
Fpananiiiind ievdmnmsunlud wuhansazed unundninfiseasiitude
agjﬁwuuu%qmmsmmaaﬂwﬁ’mi‘lauJah il lunaaaudemaiinmsid euudesed
ang (XRD) wudnduiwauss ALO, GT’Jslmqwaﬁ"h ALO, fiendulszdns msvenada
iiiaananaau (Coefficient of thermal expansion) Wiy 8-9x10° K @eiietinsn
ssUsznauBlansidaanzdlasauinenn (20x10° K dewalianuiduiinsan
AMN30Y (Thermal stress) AUMEUNDIINE (Interface) T5WINg ALO, nuasUsznay
alavsiiingaann aurili ALO, fumslssnaudlansliaainsodendaiuld

Gauge  Reactor  Gas out Gas in
Reactor ../
vessel &~ . E: &
— AN ~%| |Temperature
Furnace - 3l | controling
~ |I°F "] LSystem
Igniter & .j; N el
] *'
Mod_ o NB —rm i % Reactants
e~ LA
] et ~] ®
. e
@f- 1¥

UM 2.13 wuusaamsfaauaiasiialunseuIums SHS-casting (Ding et al., 2008)

msndauuuny i seNfumsdaansidamanlug (Centrifugal
casting with combustion synthesis) (fuBnsmanilafigninanlFlumsdaansiiagdugs
i Jaqunidn asussnauidelane Taguay waziaguawzilendy (Functional graded
materials) (Wei, 2008) 8% (Andreev, 2011)

msnaameldanzanudurasussissvialogandousunie NNgn
T S aa e Ui Anua (Cermet ingot) RILASBUNGIUMUMSHANTBULEENURD
MSANNIBUAZMLAFBUNBAIELESITN (Ceramic-lined pipe) §115umMsnaamalaany
Fuzasufaluiidnvasaieaisiumsduansidsufisests wwuaadn lusaziins
viaimvﬁ'mmmsﬂmuqumsnszmaé”mmw\laﬁhq 1 lag1den15AIUANNINYBINITUEN
waladn a"m%’umsmgum‘%ﬂﬂuum%’ﬂﬂ (Radial centrifuges) 1ugﬂﬁ' 2.14(a) UaalH



20

iuheaggnialiluwniafinnuaumy daliuswwissluwnmnnuduiiamesas
mMsAMTNMERIee afimuand ae usawdssazldissldmaiamsnsznaasuand
Wussuaanast (Wei, 2008)

mswsauisiafigasia msvasluuuiuny (Axial centrifuges) 39lag
dnilvnjudnhinissandlddwmiuedavivaduluiifionuendsen invaedu ds
LLamiugﬂﬁ' 2.14(b) @ n5UNsEUIUNISH SsHENNBFING (Thermite  mixture)
Aluminothermic mixture (%Y Fe,0,/2Al1 azgnianld (Patil, 1993) %qﬂﬁﬁ%mﬁtﬁmﬁyu
mzﬂuviammsﬂLLﬂﬂﬂG’f@lWﬂNﬂﬁﬁ 2.9 (Andreev, 2011)

v,Fe O, + v,Al + v,D —> v Fe + v,ALO, + D (2.9)

Toedi D Aeansdadiugu Cr,0, Si0, Si0,.ALO, C was Si 1udu

SsuanadudIndnazgnnsanidiluluvaiinyulduasyassiiiolu
mevds maunlwidamaangiazinuihdediedluasaansmsuauil wazusazig
THiAamausniuszuinlavsivaanlsduassniin uasluiige sswdosuriazlinaguuy
Avaduluduandduzudl 2.15 uas 2.16 mudidu nszuaumsdanan@nsariily
axmamaldanudulng wazansaléfurefifimnadushuaudnaraannnii 30 cm

[/

WaLiMINEIIINNI 5.5 m (Wei, 2008)

ARTRNR

AHIAN\

Ay
\hu

Nl (b)

UM 2.14 WUUTNYBINTEUIUNS SHS-centrifugal casting (a) MINAB IUUUITAN Waz
(b) MaviaalukuIuNU: 1. HBIUTIFIDEN 2. NITHANANEY 3. 2905200 4. WNUNYY
waz 5. tnuUfnsal (Wei, 2008)
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3Med + 24] —  AlOy + 3Me + Q (1)

IMe0 + 2A] + 3C —— AlxOg + 3MeC + Q'(2)

sU 2.15 sUuvvgasnszrIuM I ssdmSumsiedauiiviaduludiasniin
(Wei, 2008)

Metal-cermet
laver

Transition zone

Pipe

3UM 2.16 dnwaruasrialaveNiiunsEuIUNMIAURIAIEIT SHS-centrifugal casting
wazansMeMInszNemzaInaluszaugama (Andreev, 2011)

Sanin 4arAME (Sanin et al., 2011) laadaaszrlavevasnanlussuy
Ti-Al Ti-Al-Nb (Ni, Co, Mn)AI_Ni-Cr-Al-Si-C uaz55uUU Co-V-Al-Si-C ¢35
SHS thermit-type Melausslingnguiailuuszandlfiiuiagnuanaiou Tanzuau

WAy (Master alloys) Ltazaﬁié'«?l'uﬁm%’udﬂ{]nsm (Precursors for catalysts) %ﬁﬂf}ﬁ%m
Tossulouaasl3luagunsi 2.9

(0, +0,+0,+..+0_)+R —> Polymetallic alloy + R,0, + Q (2.9)

Toefi 0, #a Tanzuataanladaman Ni Co Ti Cr Nb Mo W V uaz Mn
du R A Tavzaagl (Al vi3a Ti) waz Q Asanudauraslfisen Ugnsenmsiunluiay
anvir A aluudfainslidvsanssuen dwmsumshadaeiasionudelnngmaaluas
madaaneilduaasllugui 2.17 uas 2.18 audidy
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U 2.17 dnvaslogsinveuaisanyuiisanldlumsdaianei 1: wikuinanso

pamdeule 2 unuUnyU (Rotor) Wag 3: et a3 LW (Electric motor) (Sanin et al.,
2011)

Combustion Phase segregation Solidification

in mel!edpn:gducts ancrl cooling

Centrifugal

acceleration

3U 2.18 wuuiaeUsIngmsainsdaaILialgis SHS thermit-type (Sanin et al.,
2011)

Sanin wazanzlauuzid mSuszuuasAveuam e la 9N iaumgiive
s lual (T) 61 sansarirliiiand uldleamsiduueadsmlasasnlyd (Ca0,) LWz

WD Ca0, ¥UHASENAU Al azduwalvianndau (Q,) uaz T,, 293U ATENINNY U AN
Tusnmsin 2.10

Ca0, + Al —> ALO, + CaO + Q, (2.10)

Waguugiizasmsun v u i liiAasusad swassan laddasuas
Al (P U Bedenalizaamaniomalsy (Melt splashing) 3102 ¥ szauMsueniWay g

NIHANAUNID UBHAUAIINLTNYDILTIVYUMIEN(Centrifugal acceleration: a) IR
UM 2.19
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100g 250g

3UN 2.19 W8289ANNLNNYBILTINYUINI BT denadaanyaslATIaIINNNAIA
(Macrostructure) 84§1SNANNMY (Sanin et al., 2011)

Liu uazaaiz (Liu et al., 2012) anwdadaiidanadanmsusnmassvnig
Tavenuaan laduaeasIdn Iﬂamé’fﬂﬂﬁﬁ%mmsmﬂwﬁﬁusﬂﬁudwgq (High-gravity
combustion synthesis) $INAUMSIILT T4 Liv wazaazldiduadauuziii naaesnms
LLEInLWaﬁﬂnmuﬁwuﬁyuﬁyuagjﬁ'mwﬂﬁudmmwﬁm (Viscosity) UazlI®NITHADNLART
oudl ait WlasnwuhiFuensiiuslindnguesraumienuniion asilinmly
msturaarartugmunud u duradansienidaganuuanaew e LiuTd
dwsasmaildanamiiadanandiasldbemsiiingamginas fizndamslimas
duiifidanmamaanuiaugs uenani mslimandugeiuraamal anududananas
Tuanunedngaaenasudafiiaaiomsiinnaiesu (Nucleation) 3 uluaeaval vidly
LLﬁ”agnfi’ﬁﬂaanlﬂasimmL'%ﬁyu Turaidanuanuauazlivannsuaniluseninems
ui s lasnsii amsuUasgduuunwaa@n (Plastic deformation)

2.3 #5Usenaudelane (Intermetallic compounds)

ssUsenaudalane (Intermetallic compounds: IMC) vi3adsUsenauuuu
Wwnsn# (Interstitial compounds) lagdruluaiwineadaunalusauzyasuieiifarulany
Winanasandnadgenlaveuan (Alloys) Feanallumsusznaudiiiad uanlavaoniia
violavsdualonsludonaiuiiaed lamsBadatudemaihujazenfssvinluana
auAailumsusznausiialniiivinaiiduds wesaildsdsuiugasaiaas
d13Usenau A_B_ 13U MstaN (Welding) Msiilaniia (Wetting) F9iawussiugauss
ann ssUsznauiied wisnafduidisdudedisiiodsn Wy msdeniinszwine Cu
fulanstinnd (Solder: Sn) vilAassUsznauiielansaiia Cusn Tudslndneuas uas

tn® Cu,Sn, Tuelalanetinn3 (Westbrook and Fleischer, 2000)
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]
va

Tanzdisianuniiondiaasuluidumsusznaudalanzdnas Saudai
Ws1e (Brittle) IﬂamesLﬁaiaué’aﬁ’umqﬁﬁawammmL§n WU C B HN uaz O
sasznauilansoafiauianaeliannsgesdisznoulasd wds WuH uas O &
anuzfuudafigamgives uddenuduiuloi (1,0) ubhasdomuniuwaunm 8n
fhatanilede Ty (Na) Lﬂumqﬁlmammﬁﬂﬂﬁﬁ%m wazAadIu (CD) Wuuidny
widaumsululadaunaslse (Nacl) nanedlundaunsiulsemuld (Westbrook
and Fleischer, 2000)

Tagimlumsdssnoudelonsiniunzuasiigavasuimaigs audduas
msﬂixﬂauL%ﬂamﬁqmwgﬁgwxmuLﬁ'magiszw.iwmsﬂizﬂaumswﬁﬂﬁ'ﬂam AN
wazanudumMuGeamgiigai ufienudrdaannnhanumile (Toughness) uanainil
d15Usznoutdalanzieflanafiiaunieg uusindn (Magnetic) n151189820
(Superconducting: Sb,Sn) tazaNIANINLAN [ilasniimssadeeizasazaanlundni
Jusziiieudewussfiuiuse (Wuselane wusslaaud wuszlasauiin visaadly
WUBLHEY) ssusznaudelaveifaniafirunasaiion lasumsWwaund u ey
Alnico s?i'uﬂui’aqﬁﬁmﬁﬂssﬂauﬂgugﬂ (Primary compositions) 52%34 Al Ni Co Uazt3a
(Dope) @28 Cu %38 Ti %qﬁﬂﬂﬂszqnm"’lﬁﬁJumsuajmﬁnﬁms (Permanent magnet) %307
Fagauaindnad193uuse (Ferromagnetic) L1849 HA1AINNUA DTUINUNLHED
(Coercivity) g9 Tiuuuainadniiolansiinialalasd (NiMH) dwsusniulalasiau
(Hydrogen storage) Hintfiaazgiilue (Ni,Al) Fafluiauda (Hardening phase) ‘ﬁ'g” ANNUG
Tudaqman Nickel-base superalloys 1%Lﬂu5’amﬁaammmﬂiu (Grain refinement) 1%
Wuasiedaufiuiviialnnilowesgiilud (TiAl) wia dntiaasgiilud (NiAl) dwmsu
TuWauaaaiasaudineslud (Tubine blade) u3audinszieiagdmiuganu (Dental
amalgams) NevlFasusznaudalanzdiwindyn u Ag,Sn  waz  Cu,Sn 1Uudu
(Sauthoff, 1995)

2.4 §15UsenauBalaney aatauBalte (Tungsten silicide)

*?a@.ﬂsmm'[ammm%%’u%ﬁlwﬁ (Transition metal silicide: TMS) A189
S Y - o v ° Y & @ v
Wunlasuanuaulaiiesnniidnaawlumsih WussandlfiluTagnuanuiougs

4
a I I =

NN 1000°C s Iaguiiadl dyenaauwmaigs danuaissluzlasaigamauas

q u

=< a va

fantiddenandosudgungiivesauivaungiujians Teaneddladiaumansunih U1y

u
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Wugunsalirminluwamnaslud (Turbine blade) drudsznauluteim FudiuwasaIme
enuBLe (Acrospace) Wanusinsenaliiuiase (Missile nozzle) Tumanms Wudu

Tumnusdiendu Jagaananfdagninliszandlfidedumsndaaunsol
SIS ULNIINATTINDUIALE N (Sub-micron integrated circuit) wazUszauaNudIsalUuad
TuliAtsuanlunaanalulediaqaedii (Semiconductor) Falanzaaladgnliiiiu
(e (Gate) Uaz F09LHDI6D (Interconnect) 1umsa%wqﬂnifﬁﬁ'q€hﬂ1 diasnndlufinsu
fuirfsgdandnfiauiaenuadesiigunafigauasiidaudmumuluihid Low
electric resistivity) uananil Jaa3aluddadianudumudamaiadoudedidnasou
(Electronmigration resistance)LLatﬁgﬂHmzLaWWSL‘fJuﬁ’Jﬁ UN9uUWa (Diffusion barrier) i
@ Faduinladdd wiumalssandlilugunsoilulasdid nnadin (Microelectronic)
(Chadrasekharaiah et al., 1993) (Murarka, 1995) (Radhakrishnan et al., 1997)
(Callanan, 1997) (Ma et al., 2005) taz (Chen, 2005)

TNFAUFALEA (Tungsten silicide: WSi,) ointuiaglunguaaslans

!
sl Q

Falgandanudraganziioniia lasdiulng wsi, Aldnuludagduazeglusluuuaes

[

Ta@Wanua (Thin film) (Colgan et al., 1996) was (Liang and Chao, 2001) lagUné
aLOuZa lran Ala e NKENwUU(Tetragonal) NUsznaudisdatgaslaseasnda WSi,
< g Ao ¢ a v o R Py P
guduaniidadmanysalonntSinaasduiusuas W si; uanass i w lu
Usmnmuiesaz52-62.5 lagasananfigun)i 2556°C (Murarka, 1995) (Radhakrishnan
et al., 1997) (Tortorici and Dayananda, 1999) W,Si, Wuansusenaudalansninnuuda
$ Taingnih lWduansitllufiredaunianudiumudanisdnnss (Wear) d1m3u
duifvaansaaudalydlowansldlumsed 2.2

193197 2.2 anufnaeansUsena U avienagausa lue

d3U® (Properties) @ (Values) 814994 (Reference)
WSi,

ANNRUILUY 9.86 g/cm’ Zmii et al., 2003
SV GREGe 2165°C Murarka et al., 2003
Lattice parameter a= 3.12 A, c=7.88 A Callanan et al., 1997
anueulwih 30-70 UQ.cm Murarka, 1995

AH® -26.2 kJ/(g.atom) Guo et al., 2009

f
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M519% 2.2 (ad)

d3U® (Properties) @ (Values) 81994 (Reference)
WS,

ANV 14.3 g/cm’ Zmii et al., 2003
01DNLVIAT 2370°C Murarka, 1995
Lattice parameter a= 9.65 A ILBY c=4.97 A Callanan et al., 1997
AH® -17.2 kJ/(g.atom) Guo et al., 2009

f

2.4.1 Mm3guanzvEsisenaudalans Wsi,

Togaaiiu Wsi, dansamssulaannuarsIsnsenfiviu msvindjasen
sewinlavgiaaau (W) dulansdaneu (si) figamnifigs MIuaLdana (Mechanical
alloying) M53eiwelaLAiuusIn (Co-evaporation) sewilazes W wazlazas Si M5¥in
dUnLm39590 (Co-sputtering) 5eWINTEWIN W AU Si Msadataassantth (Sputtering
target) #1%1970 WSi, nswanaalaail (Chemical vapor deposition: CVD) a3
Fuaszilaslddilonau (on beam) (Hudu usnanil 35msangudrsasuau
(Carbothermal reduction) 1 ehansminlalumssuaseing Wsi, lauideny

Fei wazany (Fei et al., 1995) l@¥1n38aazWHe WS, fiflaune 43

Lim MM IHERERIAIGUTEIINEG W AU Si ludadiu 1:2 udruaidenadeiaies
ummm""jﬂwﬂ@us‘fﬂmq (Planetary ball mill) ARANNEITOU 220 B9 240 rpm (HuIm
300 #lae WulFeIfufuAaLuas Feng (Feng et al, 2008) flalihadanarilums
Fuaneing wsi, losfina W iy si szgauawlidiuluussenmeund wénillua
[FanagieLssauawuUdY (Vibratory milling) Tu Glove box meldussenmeuasuda Ar
draanuEisau 1000 mpm unen 3 $lus wdantmihlususeu (Anneal) mely
szuugnanMAfgamnil 1000°C Wunm 1 9l

Pluchery Wazaez (Pluchery et al., 1997) daLATIZANaNUN2DI WS, e
1%L‘1:Ju€mﬁuﬂss@uuumm°§u (Multilayer capacitor) 1ag38n58UnL003991N0L MDY

NINNAU W FaUNUDLABNYBY Si UUWHY Si (Si wafer) Namnqil 846°C anela

UsIENMAYBLAaTuaY (Xe) Aadiamsausauiamn)i 1246°C (Uuia 30 il 39
Wan wsi, filgfianumn 240 A
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Glebovsky uazamie (Glebovsky et al., 1998) t@3anasusznautdalans
wsi, e lUl# dudaeuh (Taget materials) dwiutedauilduuwnmaiiaalamasa
ToemMsuwiten1ineI8811usinan (Magnetron sputtering) 1A8N5HILBIHIYBY Si ALK

a = ' = a a &
W U3gns lshunszuumsesuniinlugayanmafigamgli 1100°C Wuna 3 Falas

NN hnauInvas nalum gy MALdIaILuUZUIN 20x15x5 mm® UMDY WS,
azgnidsnaanuuanvaslugn (Mosaic) maluthnewuasasudadluzuii 2.20

sUi 2.20 gUuvumIEsauisasUsznaudelans wsi, luanuucluan (Glebovsky et

u

al., 1998)

L4

Sato (Sato, 2001) waa gt WSi, lagNZ unaumMINENINNNUANEN
9 W (15 Wm) AU Si TiEnnudae Ball mill [Wunm 48 g2l malaussenmevag

wid Ar ieHENzgnauNiinaudsgunnll 1300°C lugyana ¥avany uiinen i
ANBLNNBUNTN (Semi-sintered) MUABNATUTUNI 72 Frluaila I ladndriunas W

fu si madidesms wdnhndulilienudaudnedsiigamnii1250°C flunan 4 #alas
lugayymea (107 Torr) mﬁ'\iauwﬁﬂﬁlﬁ%gﬂé’mﬁuﬁammé’m 50 kg/cm” (5 MPa) 1%
fowadusiugudnas 280 mm uazwn 40 mm wdnhlUsad usudau (Hot isostatic
pressing: HIP) 9iaaannil 1380°C 92843980 300 kg/cm” (30 MPa) Aausasaul3
o 1 Hlusluganme (107 Torr) Tavsdhiiudaldfimnarnugudnais 280 mm
waziaNNWaNaUNE 14 mm gavnatlU Machining auldanumun 10 mm wazludl
2003 Ivanov (Ivanov 2003) lewdaiaguihanaisusznauidelans Wsi, aae33 HIP ¢

L5989 20000 f4 40000 psi (137-275 MPa) NamnAszwing 1100 9 1350°C 1Tlu
v 1 89 4 il Meldussenmeavauda N, laaiaanlafiasdUsznauyas W-Si-N,
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Tanziihasnangnlalumsiadeviiaramaiiasieniinadnina3a (Reactive sputtering)
maldussenmereasudd N, d1m5undniaedaunwuudsann (Superhard)
Liang 182 Chao (Ling and Chao, 2001) §4tA91z¥# WSi, 628350195609

U529 (Ion implantation) 284 W aquUuHY Si Ngamnil 100°C mealdussemeaveuds
Ar {Uua 30 il Wannlafianunnuszanm 30-40 nm anwaslanadudnuag

WSi, flmsl,ﬂﬁ'ﬂuLLﬂammqmﬂ{]ﬁmsaudau Iﬂﬂﬁqmwgﬁmiaudauqqniw 800°C
WSi, filassadendnuuutanszlnuaa azildanudumuLsiy (Sheet resistance) Tag
i

Roh uwazAmz (Roh et al, 2001) @Anwimstadauiiiaiiiulsey

(Capacitor) U@ Metal-Oxide-Semiconductor (MOS) TagAsmsannanalelassine il
WUUANINAUAT (LPCVD) avuuuny Si loglduds SiH, uazuisd WF, (uasaadueie

anundl 850°C maldussenmedvasudad N, utia) 60 il dadranisausauil

q u

gauvgi 800°C Wunar 3 Wil nasnntwih l@nwlasead19n1aaasa1e (Cross
section) $IENFBIaNIIAUBLENATBULUUTDENY (TEM) wuildn WSi, Nlaiianu
U 800 A

Zmii WasAte (Zmii et al., 2003) AnEaUMFnI289MUNS (Kinetic of

diffusion) 28493¥UU WSi,-W U WSi, filianudaulumegumgii 1500-2000°C Tu
ussnmeaUnd aadtenuhiaedau Wsi, uuiilnes W iifwdesnmmmeanudoutiy
gnAIUANMEMIUNS UTantheuduteasine (Interphase) 289 W-W,Si; W, Si;~WSi,
uaz WSi,-Si0, 34 Sio, asimihifuilduilastuduuangadmiuildudaladiagsuly
wazdawudnd (efiawes Wsi, § i dndud w Fuwessio, azdanumnd u s’z’hﬁﬂﬂgj
anueumudaaNSauiged u

Kyung uazatuz (Kyung et al., 2004) §9tA912H WSi,/W waz@nennis
uwszas W,si, lasandanaiia CVD damsugnlawaiizes SiCl, AU H, squudgggiu W

]
=

gl 1200°C Wuna 1 7l Wanwas Wsi, Ndaeneiladinnumin 62 Um was
NP uUeY W, Si, NUWIaNNNGUID WSi, Tadianuminissanas 0.3 Um 1ag Kyung uae

aoiz wuhiiioihildulaudeuiigamail 1300-1500°C tamas Wi, ATdnvoiz e
#17 (Columnar) 3sAajUpgUSNIMENYBY WSI, wazusnMssninmazas WSi, nu W lag
mssaaasUSinawas si fiiamsasmadiienudounna WSi, %qgnmuquiﬂﬂ
nalnapINIsUns
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Jianhua wazAniz (Jianhua et al., 2005) §9LATIZHHI WS, Tuszauinly
wes legardeIsmamssanaaiinenuiausInaumsaajU (Thermal decomposition co-
reduction) luaazrindfnzenszuinlavslnunaden (K) Aulgdaungoaalsdame
(Na,SiF,) waziaauiangzaaslsn (WCl,) malunioanla (Autoclave) ‘ﬁ'qmwgﬁ

650°C Tagayma WSi, iduanzilatuilassaneuvuianyzlnuaa (Hexagonal) &

snadushugugnaunis 50 nm uazlienuadeslummeaiigamgiidini 600°C
Alam wazAtiz (Alam et al., 2011) §LATANTNUIN WS, Liladnen
aNumMuMuaansaandegunuutiuiginsluamaalaisniseaiingie Si (Pack
siliconizing) Tagms1aurs W u3qns aslungdida (Crucible) ‘ﬁ'ms@mmswamm Si
(Si $oua 25 NaF 388z 5 uaz ALO, Spzas 70) naenntulianudeuluusseime

Undingangfl 1100°C Wunian 6 wilas meldussenmeavaanda Ar dmsuilan wsi, 7

lafienuvindszana 50 Um

Gorshkov uazAae (Gorshkov et al., 2011) daaNevasusznaudlany
wsi, feufasamaenluimeluuiiniess (Quartz glasses) Afznadusuguina
mMalutnu 22 mm mMalaanueusesund Ar USuas 5 MPa Lﬁaﬁwﬁ’ﬂmsﬂsmm
wmmmuamammﬁuqmwgﬁwmﬂﬁﬁ%m (Heat generating) CaO,-Al a3luluszuuas
Gagunanluanmsi 2.11 LLamawmmimaaqlé’uamlfﬂugﬂﬁ 2.21

WO, + 2Si + 2A1 —> WSi, + ALO, (2.11)

Si W Phase

I 2604 739 WS,
2 2653 7347 WS
300979 9021 WS-
4 1032 8968 WS

40 pm

3UM 2.21 dnvazlanaingamauazdayamsnssngmiasangzesasusenaudalave
Wwsi, fiduanzienaufisenmsenlul (Gorshkov et al., 2011)



30

23Ul 2.20 Gorshkov uazamswuILl ot urBIMIHAN A QU7 FaLATI9¥
Teusznaudis W uas si dudussdisznavzes wsi, iidnsasndnuuunassinuaa
(Tetragonal) ﬁm%’uw\laa’m“‘f{tmsﬂagﬂuLﬁyaﬁyu(Bright inclusion) @8 W fu Si daflu
avAlsznaupae W Si,

fmadesnulivesiidaiensiansisznaudalons wsi, lugluuuzes
TaauaneINBu NUITEYDI George (George, 1993) ﬁﬁ'«mwxﬁ%’aqNaugm%mmﬁﬁﬂ%
Wuremenumsesandiagusmeujidemaiw Ind Fanilaluiudl WSi, :I88g078 Togi
George wazaniz Miansasduluszuulanzaassanlad WO,/Si0,/Al wasiingaaasiia
anudsinldunudnadueadaiieldiiansuanie (Separate) 1MINN3AlaLASN
(Oleic acid) %38 NSAFLHESN (Stearic acid) UAKaNLBINaLTUIA 20 W LLﬁaé’ﬂﬁyugﬂ
ndsntuE unuazgnaadismnn Ildmeluwifisina lwdlasglfurdanaumslud
(SiC) (Wuenasudiameldussenmeneaudd Ar

Shon UazAMe (Shon et al., 2000) FUATILATIQHTN WSi,-Nb Ay
witlen (Ductility) g9 NNEITNTHIGU W Si uaz Nb wazluil 2001 Shon uazams (Shon
et al., 2001) AsldFuansiaauan wsi,-zr0, felfasen sHs fendamsliusedu
994028 (Pressure-assisted field-activated combustion) 1ag/l% 710, Wuasain

Oh wazAne (Oh et al., 2005 Uz Oh et al., 2006) FILATILHIFQHTN
WSi,-SiC Aifiufiswazamamilengs MNeEIA9dU WC uas Si draUFasennisinlud
Iﬂﬂmsmﬁmﬁwmm%auqq (High-frequency induction heated combustion synthesis)
Tunasiliusaeusazue 60 MPa Tunwdaufy wWuliis iy Hambardzumyan uazanie
(Hambardzumyan et al., 2010) loaatazireTaguan WSi,-SiC NNMIHANTITHIGU
353N W Si was C anaufisen SHS lasandanisiin Mg nulwanasswgaslseniay
(C,F,) Wlumsiiingamgii (AH®,,.=-1123.2 kI/mol, T,=3237°C)

wananil wsi, dsgmirlUlFduamsdudnlumssznaudslansaiiadu
nfi lunuBseuad Gorshkov WazAmy (Gorshkov et al., 2011) 7l# wsi, 1luaaiu
dmumsduansiasssnauidelans Mosi, tiaufulssantifidenadmiulfiiuin
tadauilasn (Protective coating) Meldmsnssvilganauasanisaamiigs loanmsnau
K9E1569 MoO, WO, Al ua Si Thdhnudlilad3nagns 20 n3u é’ﬂﬁwugﬂuﬁaﬁw
U7ifi3en SHS Tamfumswas (SHS casting) meldussenmezesuda N, viaudd Ar 71f
Ay 5 MPa meluiininadfivinanaasy (Quartz) ‘ﬁ'ﬁﬂmmﬁumu@uﬁﬂan 20 mm
anvgfinasmsunlviiiiiied uaaiidannnhaumgfinasgavesumainesasnsdiuas
aawdadion (MO, uar ALO,)  waAadasinasmsunluidiidagluanuszaavan



31

unauiimIUsnegnszinnszng udlasduluaazgnuianade (Squeezed) 1RSI
WoNG (Separated) Tasadadranuwinwivasnuasiduie surelansuaztuan
20056 SeaUrdINISHEnNE a9AUsenaunawil avdUsenavz e warlaseaia
qamazasduiliiulansgnauaulasasdilsznauaasm suaun sduuamiiulsas
A21IUMS Gorshkov UazAREWUI MeurafalustuuLasdndIuaIanshadudina
ASENUBANABNTLUIUMSMTLEN LK

2.5 §15UsznauBelaneatauualse (Tungsten boride)

Tavznudduualsd (Transition metal boride) gnlduszlamiluiia

3 4

mamuuazidueiagnninenuiissnnianiinuaannuiaugs Fanudege wasny

] [
a

' Py = v 9 o Ao A o P
Glaﬂ’liaﬂ‘l/iial,l,azuﬂ’.]’lNm’lu‘mulWWWlqmﬂguaﬂﬂﬂLEIEIN IﬂﬁlLQW’lsVlQﬂLmuUE}liﬂ Lﬂu

u

a ]

Sagifianudumudenisildsunlasgumnio g Sundu (Thermal  shock) wazdl
anuansalumsihenudoulad Taagmi lulfiduasdidandauiinidimiva
mﬁm‘[amﬁwmﬁﬁmmsmmamﬁﬂﬂgq (Stadler et al., 2005)

Tuszuusaanaaas W-B Usznauldeae 5 Taseade e W,B uss WB
(Iﬂiqa%wﬁgﬂﬁmLLﬂaq) WB, uaz W,B, (Aaguain W,B,) uaz WB, ud W,B 1Ju
ssUsznaudalansualsdiiieeniioden i faudaudingsene (Superconducting)
(Kayhan et al., 2012)

auidaanvaauualselaugaaldluamsnn 2.3

193191 2.3 anvdfzasasusznaudlavieneaeouualse

a3U'R (Properties) @1 (Values) 81984 (Reference)

w.B

ANNVIUILLUY 16.72 g/cm3 Blinder and Bolgar, 1991
01BDULNN 2347°C Blinder and Bolgar, 1991
Lattice parameter a= 5.56 A, c=4.70 A Stadler et al., 2000
Shear modulus 343 GPa Liang and Chao, 2001
Young’s modulus 167 GPa Liang and Chao, 2001
Hardness 14.2 GPa Liang and Chao, 2001

AH® -35 J/mol Liang et al, 2013

f
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2.5.1 M3guazvEsisznaudelans W,B

Peshrv uazAne (Peshry et al., 1967) datasieiarsusenauidelane WB

Mnszuv@InIdu wo,/B lagligumginassdlugie 1000 & 1800°C (Hunan 1
Filas FawuhilgamgiiagdinstagUesuna WB fianysel Tasiiosdusznauas w lu
USinau3eeas 94.44 uazil B Jaeaz 5.56

Alfintseva wasAtie (Alfintseva et al., 1979) &INISOLARBURIUDNNAD
e W,B, fifianuude 90 HRA iiedssgndlFlunudumunmsdnnse (Wear

Ja a v

resistance) tJUNAENTAAI8NTZUIUMS Electrospark 1BULAENAUTIUTEAEFandUnT209

a9

Sue (Sue, 1999) fiTNINTONANENLAZDUVAN BT UYDY TiC/W,CoB, UWIFQFIUHANNE)
1n3e AIST 1018 titel#lunudumumsinnsadunadialasdizmsnundaudie
dzDINIFNY (Plasma spray)

Ttoh wazAtue (Itoh et al., 1987) FUATLHEANITAUUD LIA lraN8TZUU

(W,B WB W,B, uaz WB,) lagardansvinufisenadoruzuaudie (Solid state reaction)
SEWTNEE W (0.5 Lm) UK Si admgIu (0.9 Um) laeldgamaiiszning 800 &9

1550°C gnaraa 0 84 120 Wi Malaussenmauauid Ar Itoh WazAMENUT W,B

a

wEuAazUdesandu B/W uhdy 0.4 figamgiivszann 1000°C Tasdi W iluiail
LHUN

Sukiyama W@ Taimatsu (Sukiyama and Taimatsu, 2002) gﬁLﬂ’i'lzﬁffﬁq
Kay WC-WB-W,B mnesansasduluszuy B,c-w-we Tasadeisnssnd usudou
(Hot isostatic preesing) laawuwauas W,B ﬁagﬂﬁyuﬁé’mwdme[uaﬂm WC inu
0.854

Khor uazate (Khor et al., 2005) w’ﬁm%ﬁmaﬁaqifz WB (WB electrode
materials) g5 sauniinlagnsUasslssy (SPS) 3INAUMIARIITOTIU (U1NYDI
w u%qw%g) @28 B (Pack boriding) lagldlusaumslud (B,C) Wuunasrniiaiidy
TuggamafimeifAzen 1000 84 1400°C Wiunm 30 Wil FaldHdumn 35

112 Wm 15uLiigniuny Usta uazaniz (Usta et al., 2006) landailan WB laaanda3s

' N o a . | ® .
(Boronizing) 1agn193196¥ W u3gn3 a9luajBida (Crucible) NU59WI Ekabor  (SiC
Samaz 90 B,C 3988z 5 waz KBF, 5088z 5) nasaniulianuiauluussenmeaun@n

gauvndl 940°C Wuna 2 G 8 Falas Wanw WB Ailadanuvu 10 &9 42 tm wasi

q u

ANMNUTN 2500 HV
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Gromilov wazAme (Gromilov et al., 2010) SANTOLARDUHILHULIA NN

wazusiulnnidlande W,B uaz B-WB dalagmanansasosdu W uas B,C i
W9 B adgI1U (Amorphous B) lagand@a35n15t@8a Ul Uy Shaped charge explosion il
UssgndlFlugaamunssuadoviudsdmiudadudawssniiu fsfedaviildianu
LLﬁQ@aﬂ’lﬂ (Microhardness) ¥10n3 42 GPa

Yeh wae Wang (Yeh and Wang, 2011) laasunalin mswnlusilasase
sewinlavenu B ﬁ?uLﬂuvlﬂlﬁ@iauﬁmnmﬁmmnmm%auiumiﬁagﬂ (Heat of
formation) Aausad i laasnMsaeanudau (Exothermicity) anenlugas Ufjnsen
SHS ‘ﬁ'ﬂszﬂauﬁmﬂﬁﬁ%mmsaﬂgﬂ‘[ﬁmaamlwﬁé’aaiuaau (Borothermic reduction) 928
Al (Aluminothermic  reduction) w3aUjnse1nsangulanzeanlyddlrs Mg
(Magnesiothermic reduction) F9gninanlglumsdaansiarsussnauidlanslussuuans
(Wa2ps W uaz B (W-B binary) 15U W,B WB W,B, uaz W,_B, 1Tudu Yeh uaz Wang
1@e3aums WB waz W,B, :nmsdaenzvicauinsenmsinludmaldussennmauag
uie Ar Wurad1isa nnansasduluszuuwo,/ w/B IﬂﬂmsumNammmtﬁqé’mﬁyugmﬁu
93 unuiianwensnszuanisienamnuiniesas 55 PNANNHNUUUNNN B WD
wuh dafimsiiudadumadlon: w asllussuumsasduasdenaligamgioasmsun
Tusiuazanuswesmsunlviianas luvaisd Yazici was Derin (Yazici and Derin, 2011)
Tadaaned WB uas W,B, 1N52UU289a15096U CaWO, (Calcium tungstate)/B,0, /Mg
aaUfisen SHS maldussenmeauasuid Ar auaenszuIUNIzaza (Leaching)
shemsazanszainsalalasaaasn (HCI) iard13a Mgo Fuilunawasals (By product)

damntuinliusiaiaumafi s0°C funa 1 #lue wasdmdumnaudo Sl lad
UL 1 B9 30 Lim weananil 1uil2013 Yazici waz Derin (Yazici and Derin,
2013) faldd@nwuiianduisiudnswones B,0, nan uazgampiinaamsdauanzide
managlzasnansaauualsddnaas



N13AILHUNI3I8 (Research methodology)

dwsumseaiiumsvasndseil smusawiteanusasdunang Tos
druwsnifumamidaulaidigalumsdauensiuasnsnumaeieumslssnaudlons
WALAUTH 56 (Tungsten silicide: WSi,) wasadlouualsd (Tungsten boride: W,B)
3’;uﬁqmsm’maauﬁﬂwmmawwmaﬁaqﬁqamﬁﬁmé’qnén

d’su’ﬁ'amLﬂumsﬁnmmsﬂixﬂam%ﬂamﬁqaawﬁﬂMmamﬂszqn@ﬂ%
{Wuiagdmsuadaui (Coating materials) il aedunaanIuMIITIRFRUS BRI
dranaiedauiieioale

3.1 draal

Farmuamamadia (Specification) 2avahstaiifilalumsvimsnasasld
waasllumsed 3.1 sudnwamadagiine (Morphology) 2a3rsnshaduldusns
Tluzuit 3.1 auddy

M5 1N 3.1 TN IVUANNINALAYDIFISAN

o

GRRTLGEY ANNUTENT  2WI0BYMA  MIEEEY CAS K KWAG
(%) (Hm)

WNST3

Tungsten trioxide: 99.9 <20 1314-35-8  Fluka analytical,

WO, USA

Silicon (lump): Si ~ 98.5 37 7440-21-3  Sigma-aldrich,
USA

Boron trioxide: 99 ~44-50 1303-86-2  Sigma-aldrich,

B,0, USA

Aluminium: 93 40.5 7429-90-5 Himedia laboratories,

Al India

Calcium peroxide: 75 ~5-10 78403-22-2 Sigma-aldrich,

CaO, USA

Silocon dioxide: 98 ~45-50 AF503/83 Ajax finechem,

SiO,, Australia

34



35

3197 3.1(ca)

ARG ANNINTY (%) WNIEEY CAS  KKEA

d139s978

Sodium silicate: Na,SiO, - $/6340/17 Fisher scientific,
UK

Hydrofluoric acid: 50 UN.no. 1790 Ajax finechem,

HF Australia

10um 0 PSU 1085

10um x1,500

gﬂﬁ 3.1 ANYUNNAUFIUINEYBRNEN I UN IFlunMMaans (a) WO, (b) Si (lump)
(c) B,O, (d) Al (e) CaO, uaz (f) Sio,



3.2 qﬂmtﬂ’uazmi’sma‘ia
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qﬂnszﬁuasm%mﬁazim%’uﬁwmswﬂam ASIVFDUINHUSLANIE LS

NaFDUENUATNNG loudaaldluamsn 3.2

#1597 3.2 dayarnanalinzaaniasiiauasgunsnl

\n3aviia/aungal o Ju/5ila
SmTur U UGN

Laaedaluih AND GF-300
9L Memmert UNE400
s amsuuulansadn: Herzog TP 20 P
Hydraulic press

Lﬂ‘%'mwaumsﬁfmgnuaa: Uszhuglag -

Ball mill 36.09.3582 NN

udfaiva nnanl3alindmsuanas  Uszhuglon SKD11
(25.4 mm §) 56.09.§5550 Haund

nfnsal SHS Uszduglos -

56.09.§5550 Hannd
LOILNIENT Nabertherm LT15
LASENAIYINALUUAZLN IS DY Retsch AS200
wula ALO, ISOLITE 1260 blanket
viamasy (26 mm §) W leguSEnd unanum -

Q.1 Tes v
gunsalnuedaumemenuiau: METCO III MB 40kW
Thermal splay coater
WHULWE NNENASUBURT 2100 Pmhelagusenuanla -
76.39x9.48x3.12 mm 2.9
LA3ENA AT LNUTINaLE K.V K.V cut 20
Specimen cutting machine
Lﬂ%"mﬁ ﬂ%ym’ml,mumumgu Pace Technologies NANO
Polishing machine 2000T
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MYNN 3.2(5a)

\n3aviia/aungal ivi U

T UNTIVTDUS NHAUSLAN:

NaBqaNTIAlBLa nasaULUUHDS JEOL uag FEI JSM-5800

171@: Scanning electron microscope, LV uas

SEM QUANTA
400

niadienziasusznaulaaod@@ms  Philips X’ Pert MPD

@ gundeSadiand X-ray

diffractometer, XRD

Le3avienzimsasuulaadieny  Perkin Elmer DTA 7

Sau: Differential thermal analyzer,

DTA

wIaddenzinalagademsnszas  Oxford ISIS 300

AW Energy dispersive x-ray

spectrometer, EDX

LA3aeIARINALATMINTENBEILD Beckman Coulter LS 230

YNIA: Laser particle size analyser,

LPSA

SMTUMINAFIUFNUGLINND

LASBNNAFIUANINUS 9QAMALUY High Wood HWDM-3

AnLNas: Vicker micro-hardness

3.3 ¥ aANEHILADINTNADY

3.3.1 mIdaanziRi awdudmsersdsznaudilansgmiado

widail WuAnnlud ssduiderfumsaansdmsusznaudalansgu
maey loun wsi, waz W,B luwdzasansazmsnagl (Formation) dnsazianiy
(Character) wastil pans (Yield) figeaszfld Tagilssuumsnsdudmiumsinmnans
szUU laun



38

3.3.1.1 92UU WO, +Si+Al

K9 WO, Si uaz Al gnldilusnsasdudmsumssdauanziasisznauis
Taviz WSi, leallulumusumsadin (3.1) uazlidadruauvSinaasdunusasuanalu
MINN 3.3

+ ALO (3.1)

WO 3(s)

+ 2Si, + 2Al,, —> WSi

3(s) 2(s)

5199 3.3 Fadiuresdsaeau IFluagunsn (3.1) §1msumsduansriasusenauds

Taviz WSi,
A5NIR
WO, Si Al
aanaiulaalua 1.00 2.00 2.00
Sasaulagsimin 4.29 1.04 1.00
ihuiinansgns 20 ¢ 13.56 3.29 3.15

3.3.1.2 32uU WO,+B,0,+Al

k4
L kd ]

k9 WO, B,O, uaz Al gnlillumsasaudimsumsdannsdasdsznau
@alavie W,B Taallulumasumsiaiin (3.2) uasiidadiumuiSinamsdunus aauans
Tuensen 3.4

2WO,,+0.5B,0,, + 5Al , —> W,B , + 2.5A1,0 (3.2)

3(s) 3(s) 3(s)

M5199 3.4 Fadiuresdsaeaun IFluagunsn (3.2) §1msumsduansriasusenauds

Taviz W,B
A5NIR
WO, B,O, Al
aanaulaalua 2.00 0.50 5.00
Sasaulagsimin 3.44 0.26 1.00

UIMTNENTANG 20 g 14.64 1.10 4.26
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@ uABUMIR UM

waEsneduudazsiionumssulaanud undnsgnainiminlas
AuadadumuUSna e saNiusangNmsh (3.1) waz (3.2) S‘Z’i'wzﬁifmﬂfﬂqm%
Uszanm 20 g mmsé’?«ﬁu%gnwammuuﬁqﬁmgnuaama%‘[ﬂLfm (210,) ﬁqmwgﬁﬁm
funan 60 il ndsnniumsuandenanazgnand ustluuniuid e (Uniaxia) Tu
aNEMENIINIEUBN (Cylindrical) ﬁﬁwmmﬁumu@uﬁﬂaw 25.4 mm HAANURUILUY
n3U (Green density) 58882 50-60 ijmﬁﬂuﬁ’ummwmuﬂm%wqwﬁ (Theoretical
density) dauaaalfluzud 3.2

3Ui 3.2 anwarresd ununIunauMIIUHANSHS

%Wumué’hashwzgnﬁwL‘ﬁﬂﬂawuuLwiunsﬂvxkifﬁﬂ%’ummgalﬁmﬂimm
Ufinsol sHS Tagfivesd wmiurinlgaseazgnguamasaniitavi liiiugaanmedians
dudszana 0.09 MPa (70 mmHg) (Wunan 5 il waztinmeaudaarsnaululsunns
0.5 MPa lagfinszuaumsdananazgninagutisssassauiieliiulalédhssuuad
aadasdeUiiseniiasiod u

dufuindasiienlflumsduanziaztsznauldreiandinsel sHS 1
ansamuanussnmamealuld weelinamaiisau (W filament) 7iFoudadeszuy
muguuasurasenssudlih Fadudliwdinuanuiaudidasmsd miumsaassde
(Ignition) tiavilWAc{A%en SHS LLatlé'LLﬁﬂﬁlﬂugﬂ‘ﬁ' 3.3
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sUn 3.3 dnwazzaumUniol SHS uaneeasidsnuadin3auaznsinnag uu
MBEN () N05TAANNGU (b) Famuannszud Wihuazunasdng (c) 20aIaTNaLaY
(d) B UNUMBEN (e) wh 915U (f) szuud NgouanmMe waz (g) wiiun b6

ndannqaszidio ¥ unuazldSuanudouiimeseninnnaamarsia
wazuuIesMaLEN sl (Combustion front) asiifAMImMsukizenagnamaINdunil s
5nﬁmwfiwaq%ymmauﬂf]ﬁ%mﬁwLﬁma%augitﬁ

mevdannUiseuasd unududisauiamungives anudunely
wnUnsalazgnidsasanluniannug uaegszuunnd u ussswdndueiazgnineanain
wnufinsal SHS waanniiy waasariazgnil@nmnansasamsiasnagauauiasald

Tagd unaumsduanzdasisznaudlavslosagUlauaaal Tlugui 3.4



Conventional SHS Phase separation

\ /7
-

(h) (&)

JUB4  unuMwuasduaUMITIANzEIsUsENa U lavsMEnsELIUM ST g a@) gl armaadais)
avile | WAz ¢,) NENANSUUULINEIEINUIALAZMINENEER | uaz d,) MIDaUTULAZE LOUVAID aAna 1y fsiel
(f) Mmsyassiide) ¥UGARAS was (h) HEOHWADAIUNMINTINTDUANWULRNIUALNATUINTR
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3.3.2 MIANHIBNENAYBITZUUEIA 90 UAEN IR BI85 UM T BLATzi e sUsznauE
Tanz WSi,

TuhailliumsAnmanswazesszuussaaguiidreiudesnsazmsie
U anvaawe wazil asnwasesndadmed Wsi, idaansilasadaufnsendimih
Fradaiasiiguugiige Feussnavludraszuuarsasduassszuu Tdun szuy
WO,+Si0,+Al Uaz3zuU WO, +Si+Al MNEINU

3.3.2.1 92UU WO, +Si+Al

d1msuszuun lgd@nm lundeiodeaumsieiin (3.1)

3.3.2.2 92UU WO, +S5i0,+Al

o [ (4 L4

K9 WO, Si0, uaz Al gnlfillumsasaudimsumsdunnsdasdsznau

4 L

dalave wsi, Teadulumusunmsiadin (3.3) uasdidadiumuiSnus sdunuses
uaeslua 9N 3.5

WO, + 2Si0,, + 4.667Al ) —> WSi,, + 2.333AL,0,, (3.3)

5199 3.5 FadIureId 59U IFluaunsn (3.3) §1msumsduansriasusenauds
Taviz WSi,

3N 9GU
WO, SiO, Al
aanaulaalua 1.00 2.00 4.667
SasauTlagsimin 1.84 0.95 1.00
ihuiinansgns 20 ¢ 9.70 5.03 5.27

2 UEBUMIMHUMNS

JUNDUNMTWLITAHUMTDU 9 Aznserinmeladauludernunuided
3.3.1.1

3.3.3 M3AnwIandnaveunaiiansannsgadaanusauszninmsiiad]nien
SHS fidananas nuaemmnzyaindng auinsisznaudlane
wihnszviumssaasiasssnaudalansaraUjisen SHS asgn
dufiumsmeldanizaiiouatiisuin (Pseudo-adiabatic) uaagnalshau lugnsi
\Huasuileufnsen sHs A3 u Un3eneananazinsgat@nnian (Heat loss) 8an
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mn%ymmﬂ%whumqLmeaqﬂﬁﬁ%m (Reaction front) 9€195201137 S‘z’;qmsgmlﬁﬂmm
fauagnimiaadanandinadaujiseni liauysel wiadntouiled damsidudails
duld aurinlimsudesassine Lidisawedamstaguiiaysal wazBnwansenuwiled
A M3Usy (Splash) ﬁ'Lﬁﬂmﬂmiﬂamﬂéaﬂmmé’umsﬂuﬁyumwmmﬁmﬂﬁﬁ%m A e
dawalviiil ensudafuriidaenzvldivnatosnulude

3 UPAUMIANTUNS

dwsuszuvansesguiihinld@nmlushied e szuuluaumss (3.1)
dmsumsdienziasdsznaudelans Wsi, uas szuvlusumsi (3.2) dmsums
Fuanzdmsusznauidelon: W Fuduszuuishumsinmanaudululdlums
Fuansiudluidod 3.3.1 uas 3.3.2 wondussuuiiaslimasadlunn  Wdadaani
a8

TaeAsmadie maiendule ALO, ¥ad wnuniudaadlusuil 3.5 du

FUNDUMSWILITATUMIDY 9 aznsevinmeldtauludendunwings 3.3.1.1

(a)
(b)

3UN 3.5 dnuauzeeen sy ud ununumeduleAl,o, naumsvitu{nsen SHS (a) wule
ALO, uaz (b) ¥ UNUSINNAY

3.3.4 NSANYIANSNAVAUNANANIINTINZNI UaaN LlEe d1usunsuantlaaanann
WanN v sUsznaudlans

aannmMsanw luiiden 3.3.1-3.3.3 wa? wudamluwisunseves

t4

IS ' o' =< a Q( a v & = a
¥ wnu anavnulei NulUiennuIgng vesansuaaduri tude esUssnauidelave

]
[

ndeneila deasgnidatudienaiiu (Impurity) 2e3nzniuaanlsd (Oxide slag)
PAMsAUANNUITENNeTee Tlduurfaneasnsaraundym
aananale fa MsterulviiamsuendseninasusenavlagadeaNNLANAIY DY
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AnurInulY NNiimsldasieiiviaiaguisiionianuamnsalumseiesnladasn
nF5UsENaU (Compounds) 3alaneudn (Alloys)

3.3.4.1 MmsdAnwMsuanti aszwﬁnmzn%"uaanvlsm"ﬂ“umﬁmﬁ'mﬁmsﬂsznam%ﬂam

TasadamsinUfiisen SHS uasnaaaslunuunaans e

2 UEAUMIMHUMNS

v v
4 a

dvsunuunaans INdN N 1EININe eI N udelanuas ey
= 619/;:4 o

?ﬂwﬁlauﬁq%’awmﬂ 70x70x10 mm‘[mﬂ%yuu,snazgnnaq nianwastdunilas (Taper) ¥n
Y 40° FPAEUEIUAUENNINNAY 25.4 mm 1212 IINANATNANAILLFUNIY
AudNaNIIG 15 mm woy dud uiigansgnizsinanessmedsduhugudnas
2@ 15 mm e ud uusn wasl ugavhelidaanauaaslidid .6

37U 3.6 anvazzasuuuvaans lldilalunmsdnmuasnasss (a) Fufil (b) Fun2
waz (c) uUN3

gunaumsmiiunsasiuguideinuiuiigs 3.3.1.1 udaziinnu
UANANAUATITIY uUIBENAzgNTINVUKHLUN N WA G asFa Ui N umMNEIGY
aauaslugun 3.7(a) uas (b) MNEIGU
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Graphite

~ [ Qy 03} ] Al [ <Y aan
3UN 3.7 (a) AnHAUTMIINTUNUVUT uvoaHunI Ildnoumsduasiziae1fns e

SHS 18z (b) LUUIINDIMANAYIN

3.3.4.2 MmsdAnwmMsuanti aszwﬁnmzﬂs‘”uaanlsﬁﬁﬂ“umﬁmﬁ'mﬁmsﬂsznam%ﬂam

aaa

Taamsldua sio, Wuiannienznsufiandanisinufiser sHS uazndaadluuuy
' 14
naans e

sl

NNMIANNUINN Y 9 danunimslisseisinean ladhn

baid )

b

ANNANUENAULA (Compatibility) waza15aa319NUGse (Bonding) NUALNSUBBN LEAN
Wusaiuwseuaundannujisen (By product) Aa Si0, d98199z6MN509180TAZNTU
panladussusniidaannnasusenaudalavcla

¥ URBUMIANHUNT
wiinlWdauiiianngs 70 mm asgninziiudesinglifvwedueiu
Audna1e 35.4 mm ANNEN 40 mm navdugIulEdanwastuinlas (Taper) vy

40° NHPNAFUENUAUENANNAY 25.4 mm 13 IVinaNaTINaNMmEEUEnUaUINaN

20 15 mm e ldreunariuinserudrlvassgaiuais deuaasuuuiness
maaaanalilugun 3.8

15 mm
<«

gﬂﬁ 3.8 ANHUMAA ANV UVaN INeN LFlumsannmMsuanigszrnINnznsu
sanlaanundnnasisnsusznaudslan: Taamsld sio, Wlumsaseaznsu
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FUNBUMIALTUMAD ABUYIUHATEN SHS & HNUNTIALONINIUULEDY
miasindaeld uaziw Sio, nsanlddayinszinnlWdnud oy uardalaasau
Thwiusau asuaasluguin 3.9 vasnnudniumadudenunuiges 3.3.1.1

5UT 3.9 dn¥AIIBIMTINE UNWBMITDAN Si0, 135U 9 B ununoumsduninzyia g

e

1 9 Y
U1301 SHS Fau0391na 1muU(a) n31 194 (b) w3 Si0, 11a2 (c) FUNUMIH 93U

3.3.4.3 madnwmMsuanasznieazniuaan lad nunand s asisznauidalany
‘[ﬂslms°l°z?7iama§ﬁﬁ]ui’ﬁqm'§qmzn%’uﬁa‘nﬁ'ﬂmsﬁwﬂﬁﬁ%m SHS uasnaasd luuuy
waans LW

wannnmslinaaiiviiond Nnmsdnmauitediiedeaianda
M9AI85% (Quartz tube) Lﬂuﬁaqﬁnﬁﬁﬂwﬁﬁmmamﬁhuﬂ%l,ﬂui'aqlunﬁm‘%qmﬂ%’u
panladla twzuannaziivsnaees Sio, Wndugs (nniasas 99) udd vie
masdianinsodisaamagadaanuiaunszaamslssnlddnmenilade

Tunssrumsduansigiaufise sus dawudymidsdumsisyua
LﬁyamsuazqiyLﬁsﬂ,ﬂé’uLfimmmﬂmsﬂaﬂﬂéaﬂmmé’uwmﬂﬁﬁ‘%mﬁ@ummﬁﬂummq
deaionadmadeunngmsaidenanisanuduredailfifuussemadmiuusu
ammglimanzanlunufnsel sHS daiumsulsmanuduzada Ar Segniiandnm
Tundeil e

@ UPAUMSEITIUNS

Fumaumsdiiumsia nauyiU)n3eSHS %yumuﬂ%ngnﬁﬂﬂmwu
wiun IWETZee TR uanN T UMNEITU LarATEUT U UGB B B S Hrun A LdusY
gudnanmely 26 mm wasianugs 30 mm é’mamiugﬂﬁ' 3.10 NaIINTUFILTUMS
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RULPEINUNUTNITD 3.3.1.1 TaainsuUsAaNNOUDaILNd Ar @9ue 0.0 0.2 0.3 0.4
ez 0.5 MPa MNSIAU

gﬂﬁ 3.10 SNHULNTING UNUUTUADALUUVIdaMS WA LazMS IEamasEaTaud uu

1 [ 4 ann ] 4 Qy ] J
naumsmmswwﬁ’aﬂﬂgﬂim SHS (a) Non193% (b) FUNUNTY AL (c) weung1 e

3.3.4.4 MmsdAnwMsuanti a‘szw’inmzﬂs"’uaanlsﬁm"ﬂ”umamﬁ'msﬁmsﬂs:mam%a‘[am

Taamsld W mn sl dansenzns unard an19iUAnSan SHS
3

nnmsdnnluidei 3.3.4.2 uar 3.3.4.3 fisun wuihudlal#ismei
Uisen SHS waznaaaslunuunsanslid sndimslivemasansaud unuwaiinss
msusnilasswinasniusanladiuasusznauddanziod wldhwelalussdunile ud
f éhiinznFusanladunduiidiiaieiadaogfunde Sarimssznauiielons uazdn
Uszmanilefida vemadaivinnldiusmmsalildifisinsuier Sedaademliely
duresiamadrideuinug Fadeninimndalszng didddiiauuanuaaly
mamiaaiiansolinaunuuasinssans mwiiisunhiuiamase

uiinnuh veiifedluuvdeee g mussauenii uilasdussnounand
d1A5@a SiO, ;jl,ﬁﬂu?'iqauhﬁmimﬁqndnaszzqn@‘fLLazﬂizaﬂﬁﬁJuLﬁmimLﬁamam
Tdunuunuvinaiasy

o uRBUMSAEINNNS
MIETBNL MINEENI UASInENT Haan L6

T UABULSN NNEFTTNANNR UTNAUA BILNBFINILAT TanTasaTa
azgnaTandlsznaueanladaamaiia XRF wazlausasnaazidanlFlumed 3.6
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A13797 3.6 29AUIZNULEN DN [HAUDINTIUTIINIAN HIUNMINTIIFDUMENATIA XRE

aaAdsznay Usuna (%wt)
Si0, 97.16

Na,O 1.44

Fe,O, 0.53

ALO, 0.21

Trace elements Balance

NNE5ITNHH0NN LUAATUINAAVUIA AL AZUNTITDULALIAAUIN UM A LR

Y q

sneagluzn 200 Um Nntiuhllauieldanud ulugawhegamgi 120°C Wunm
24 #1lue dadsmsuaunMeiuMIarMeElszau Na,sio, lusandulassunas
4:1 nneuaNiThunsHanaiazgnand usuluunudsmeluwifinindnn i
dnwaznaanszuannan Fefitdusugudnanamely 26 mm Iidanumnuiuszwing
$anar 60-70 BpsANNMNUIUEMIB] Wity 1hE ueniuluenluussemea
Unddredanmaiingunaiiondu 5°c/nd audvguund 400°C wazAsgavgd
(Holding) 13ifunan 3 #alag aulﬁ%wumwé’qLwﬁmamiugﬂﬁ' 3.11

a

Ui 3.11 dnvazasthnnenaimsunigamngil 400°C Wuna 3 #ilu

u

FUNDUNSINNLATENNNNBFHUSDEUAD Ao NaUTIIUAZEN SHS ¥ uau
nauazgnih lUnsunusun IWd Sadaunuand umua 19U wazasaus unualatn

e

[

1918 aauaaslugun 3.12 nasnnud UM SuGEINUNUTEe 3.3.1.1
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3Ufl 3.12 anvasm Y wnuuuFureswuuvaamsinduazmsléiinnneasaud wau
AaumsduaNeiaaUfiden SHS (a) whnoa (b) 3 ununiu waz(c) ununning (lu
sUnaaaliiug ununIunaufinzgnasauauiioned i

3.3.5 msﬁnmaw%wmlmﬂ%mmmsLﬁuqmwga‘iwmﬂaﬁ%m SHS fidauada
8 NHURNITYBITVIURON T

TunausiiaUjisen sHS magadaanudouiiiod ufideasdenaliany
Sauil#lumsuasummimansduadeaysolaiisswa suludsnmassmaiiu
spsviudu lasnmad udessunad dwalimsuanaifion uldliauysel

mmﬁummﬁ'uqmwgﬁwmﬂﬁﬁ%m (Heat flux) ungiiaasluluszuuas
aeduazheligamaiitodendn (T,) wief Aegampiivesmanlug (T.) iiaged u
Tasfianudaudananasiisannninanassvauesasudadoed vlfasude sy
é]'qmazﬂuaﬂm%au?;mm (Superheat) wazdina lvauradinna lumsuaninanuoeg
anysol

@ UPAUMSAITIUNS

dwsuszuvansesguiihinlF@nmlushied de stuuluaumsigs.1)
dmsumsdienziasdsznauldelans Wsi, uas szuvluaunsi (3.2) dmsums
ez susznauialan: W B

]
o =

ludhurasansiivngamgiinihindnmluidail fa Ca0,-Al Feiinsuys

u
=® Y

MUSINBaY Ca0,-Al Aaudsasaz 1 audedasas 5 Tagiwiin musidu Tosdasuues
asassunlannmsmnatinassduiug laugasl3Tumaed 3.7 wazdniiums
duiietuiumie 3.3.4.4 usiimswasumenudusasuda Ar fu 0.3 MPa d 3y
mMsdauaNziansUsznaudalans WSi, waz 0.5 MPa §msumsdatanziasusenauds
Taviz W,B
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M3 3.7 dadupes Ca0,-Al NlFdwmSudnmanswazesansiingan)izeslfnsen
SHS dmsumsdaanziansusznaudalanzgiunsanu

CaO,-Al

Sezaslaeihviinidu UM IgNs (g)

dmsuduenzi wsi,  dmsuduanziw,B

1 0.68 0.80
2 1.37 1.61
3 2.05 2.41
4 2.73 3.21
5 3.42 4.01

3.3.6 M3AnwAnswazalSanauas B,0, Hidiuasad neazawzaasasUsznay
(@alavie W,B

NEINMIANNBNENADN CaO,-Al dIMSUMITILANRETUTENBULEN
Toviz W,B wuhwiaaudas: (W) Mllussddsznavagdaivznag Seiundalums
naaasliudadumasssuuasasduialldusina w,B figed u uazanSunamasw
Tdas

@ uABUMIRITHUNS

dmSunsdiil Usnamas B,O, asgnuilsmasuddasas 1 de 3 Tasiwiin
wazinasluszuuansaalugumsi (3.2) Teel#daulumsid Ca0,-Al Tuldinadauaz
5 Tagmin Tesdadiuzes B,0, fldnnmssnnmuiinamsduius lauaaslilu
3T 3.8 wazadanszuIuMsEiuMsmMNTgad 3.3.5

a1 3.8 dadiuwad B,0, nlFlumsdnmdndna dmsunmsdstanzvasisznaulds

Taviz W,B

Sawazlasiviinuas B,O, ihniingns ()
1 1.26

2 2.53

3 3.80
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3.4 maUsegne 14 arsdsznauidalansgunisaeuiila 1InnseuIunSHS
3.4.1 madszane 14 arsusznauidalans Wsi,

3.4.1.1 Mmsdnwmwnmeanmaeisad agdh wsi, dmsuldlumzuiunsiadaving e
weladgUntnadg

dwmsushiail Wumsdnwuwmelumsie3eniaqui(Target materials)
ﬁﬂqmmwmﬂm%qmﬂmw il oe9)  wazuwmn ltuiminzandniumsin lu1#ly
NSEUIUMSLARBURIMEATadUntna39 (Sputtering) LOELTUNSANINGYBIAUINY D

wuuviaans) Llwe

3 upauMIAITIUMS
ssuussaaguinihnlFdnunlussedl da ssuuluaumsi(a.1) Teads
Mgl Ca0,-Al Sauaz 5 Tastiwiin Téamnuduuosuda Ar Ay 0.3 MPa uay
THihnneduisgeieanlyd wazdiumsudenunuigs 3.3.1.1
1ud’m°ﬂm°ﬂumwaﬁaqLi’]msuﬂsmmlmmlmunumiaﬂiﬂmi'%yuﬁ 3 (9

UM 3.5(c) war 3.6(b) WAV RFURIUGUENINENAY asuaaslugUn 3.13

(a)

13 l

sUN 3.13 anvazeILuuraans INGE Ui 3 NIFlumsanuacnaaas (a) tducu

e

AudnNa 38.1 mm waz (c) WURIUFUENAN 25.4 mm

u
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3.4.2 madszane 14 asisznaudalans w,B

3.4.2.1 M3tAdaUEIG MMUNIIENWIER 28a19UsznauBilans W, B
dvsundatl (HunsAnIULUINIWEINITZUIUNISLAB D URILAILND

Mumumsanusamemslsznaudelave W,B filaanmssuenzvdaislaulafiange

L]

Twdl avou Tesandanafiamsnuiadaumailainuiay (Thermal spray coating)

P URDUNIIAITHUNS
NANNIBIATLAELS0 (Zine Stearate: Zn(C, H,,0,),) Usimianaz 4 lag

]
¥ v oo o

YIMIENAY W8 W,B Eumsuanuunwasnugeimaedaenanuuuwilizniudiduna 2

Fla v linedimsiva (Flow) ruviaihaaladaed uauaasluguin 3.14

7UN 3.14 dnvazlaseaingamazeseasussnauidalans W,B NEIUMIUALUY
WARIUGN

WEINTUNsBNEINANGInaaslUNSTUBNE NI UGN (Feeder) 1Y B4
Melugnidadisuia Ar INNTEUBNALYNINENMIBUAT Ar GI88AT 28 g/WH HIU
sethaslug iy (Nozzle) Tasusnasiniuaztsenaulidreiualnauszualue au
Tudaviedeufand andanausswing, fu Ar ATsanmsluaunhiu 20 uas 100 scf/uil
MNFIAU

]
= 1

iengnaundiuinaiwuazgnvaenlvegludnyusazanizazeunad

Taudad anadiAennmsasa (Arc) stuindualnauazualuadenszualuih 500
Amp uazaNNENANE 62 Volt avaswawwsunmazgnuliwenlidieaguuinuasiag
Pumdnndrmsusudi fssezienninusingy 4§ duiige dmfumsiedsge
gunsaidmunuedaudsilaanudeuldusadlilugui 5.15



sssssmNozzle and cooling system

Powder, feed line £ - .
+= ‘i-;;’ 1 — ' - . a4 Cathode

&

Sand-blasted specimen attached

by TIG-welding

JUB15  anvazzeweaUnsalinuaiaumemanuiautaznsinn g unuaed
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3.5 MAnzHuaznnadaudnipudndmdasusznauBalansgrunsaiaui

FIATIZH LA INNIZUIUNIISHS

3.5.1 MAANLH TAuBNamanT
Tun1s3tasizd ardenanniswasaiuiudd1fge (Gibb energy
minimization)  TUMIAIUIMUANNANTUANAD (Equilibrium  concentration) YBIHIF
a [ s

WA A EUNIEIIUMS Matwihiiaamgiige (Gokeen and Reddy, 1996)

WM TEBIMInagUzeaans %Qn@i’wmmmﬂmsaﬂamaqmimmﬂ%q
Wuledduludnaamgiszning o &e 3000°C wazlumsdaanndliduannzuia
9aNAG (Ideal gas) WATMINANYDILATRANAG UaztWaAIUUUY (Condense phase) LT
L‘v\lau%q*nﬁf WEINUTINYBIN VT BISTUL AN SoUFas A aeanmsT 3.4

G= Yni(g;+RTIP) + Dni g+ Yon;(g;+RT Inx;+RT Iny,) (3.4)
gas condensed solution

Toadi

G 8 wasnududINTeITEUY

goi Ao lue5nasgIuIsNNaInUA U aIEs i ﬁ@hmmé’uuasqmwgﬂ

n, @9 annuluesssesi

x, f8 dediuluasesasi

Y, Ao Sulszans ueedin vasans

d5u T,, ansadiamlalasmsardail ugrumsarnaanlusunsy

1
=

. ® o Y a ) PR aaa
HSC Chemlstry LaeNIIDIFAINITDNDININITINO DN Lﬂuu’l(ﬂ‘igﬂuﬂ’izqh’nﬂ{]ﬂiil’l‘-}]s

nsaied umeamiediiasnnlisenmeanuiou WaT, 289U A3engendn 1800°C
(Niyomwas, 2009)

3.5.2 mamilanamasasusznaulagdsidenalsana

msmiBnamasansisznaulagdsdeialSn (Semi-quantitative) 8¢
W upum@nnanneilldnndayagUiuumsid suunaeisdiand (XRD pattem) 2
ssUsznauudacaiin Tasdualdanaumsi (3.5)
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AX
R, = ———x100% (3.5)
Ay + Ay + A,
Togi
R, Ao USnawasansussnau x
R, Ao USinaasansdsznau y
R, A USnawasansisznau z
A, e @ uildnnuesansusznaux
A, fa @ willdnsmyasansiusznauy
A da @ willdnsmrasansiusznauz

3.5.3 MIHIAANNRUILUY
MINAFaUANNBUILUY (Density) 2avasUsznouBelansgIunvaou az
FIAUNIIINININTFIU ASTM €373-72 (1977) Fululumundnzasarsaiiae

(Archimedes principle)

2 UEBUNIANHUNT

% unmdafauriauliuisiigumni 150°C whdnhluFahmdnuie (D)
g wuazgndaluhnduliidaafiunm 5 #lu Jesmaduiudaslfihru
%ymmmaaﬂnm) Wauss wnishaei W3luidune 24 $alas

3 unundsnnuai Liifunmza il asgmihludniminueueesy

1 (8) damemszaimindnaluih (M) Teglddhguihdalimmnaudidaindiuiun
fhaan wiganihmin gavheinei la lUdnnamaanuwnuiy nnanmsi (3.6)

ANUNUIUUUYNAIDEN (Bulk density) = D/V (3.6)

Toad

USnasueeniag (V) = M-S
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3.5.4 ﬂ”lS‘VIG’IﬂEIUﬂ’J”INLL%\ﬁ!aﬂ”Iﬂ

@ upaumM AU

3 unudageargaieisniunssumaeisudsgemalangine
(Metallurgical preparation) #4% UUINMISIAZENE a3nsa U3 eswanumzmg
dugruinenaawnaila SEM

Tuda sic azgmihandafianihd unwwunenu Tasdessraunniuss
nenulugauasosdaamuddu Taslfieiasdauuununyudisanausisau 350 rpm

i3 wnuiithumsiianenu asgmiluinasdeauuihdnvnadnasdae
i3asdiauuuIMg U BANNEI8Y 400 mpm TaelFusdamsuriuaasinys (Diamond
suspension) 710 1 Um vt wihanuszaiadisihuazuoanagad iiesdannu
1?133’146738Lﬂémél’uasl,ﬁauﬂé"umm?{gq (Ultrasonic) waniilunagaudaly

dauluuazannzildnasay
vhwiinne = 0.5 kgf (4.905 N)
NANAWY = 10 9
Aasenglumsinseana = 100 1
PUIUIANG = 5 0
ﬁ'mﬂLﬂumegﬂwsﬁLwﬁ'ﬂuﬂmﬁﬂﬂaguﬂmmmau 136°
MIAIUMAIANNLTUUINNDS (HV) 1demMIfInaaInasns

(3.7)
" - . 0.1891F
ANULYINLNDI =TMPa (3.7)
d
Toef

d = tdfunuenyneeeseene gy mm = (d, + d,)/ 2
F = usin l#ne viveniy N



HANITIAYUAENITILAIIEY WA (Results and discussions)
4.1 mamﬁmswﬁmaqmwwamam{

4.1.1 38Uy WO, +Si+Al

NNEEMIAN LB UINAMFASNUTITS UL IANAUAINEIRAY T,

WU 3399.2°C waziien AHC,,, AU -909.23 ki/mol Fuuaasldunuinzend

298

aan 4

Lﬁﬂﬁwmﬂuﬂgﬂimmﬂmwmau wazduaniveNuaInsalumaiaufidenmiwile
AIEGILBN

dmsuaugauesaedlsenay (Equilibrium composition) dmSuansaagu
Tussuu wo,+si+Al meldvdnmewdsnuivddrgaianaiod dusaissiufasen sHs
1GTLL8@01ﬂugﬂﬁ 4.1 Tesmnguwuhasussnaudalave WSi, Léuﬂnwsﬁagﬂﬁqmwgﬁ

Uszanas 2000°C laeds Lﬂ@llﬁﬁ]’lﬂﬂ?ﬁaﬂaﬂﬂBﬁﬂ'li(;llxi(;llu

Mole
1.2 T T

1.1 ¢
1.0
0.9 r
0.8 r
0.7 r
0.6

WSi

2

A1,0,

0.5
0.4
03
0.2 |
0.1 |

0.0 ! ! 1 !
0 500 1000 1500 2000 2500 3000 3500

Si

Temperature (°C)

UM 4.1 auqereIIAUENBUEBITTUUAINNGY WO, +Si+Al meldussenmeaseuid

g . ®
Ar (W ugumsa N [UsUNIWHSC chemistry )

57
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Tusswrhesmsiiauisenmstnihesdies axaoapasansh gy WO,
Si LLaxmsL%yaLwaqaxgﬁiuLwai’ﬁﬂAl 289 uasn3eN (Interaction) szijﬁ’mﬁaﬁagmﬂu
ssUsznaundasaeindiullle Toad§A5en92winanane (Intermediate reaction) fLAed u
NNFNMSLAN (3.1) mmsnuamlﬁé’mumiwmﬂﬁﬁ%mﬁl 4.1 udz 4.2 MUSINU

2A1(1) + 3WO3(S) —> 3W02(S) + Alzog(s) (4.1)
4Si) + WO, ) —> WSy, + 28i0, (4.2)

#a9NMI0seiln o gaunniivasumazed Al (660°C) UfHAsend
a dzw [ & 4 a aaa . o v [
(4.1) WO UuazBNDNUUITMUMEMSINAU)Ne1N(4.2) tnanasliduinauas
ALO, fu WSi, Tugauzasaudie uas Sio Tusouzaswudd loalaudasnamsaiuiums
ngufrasnasnuiud (AG) wevjisendamsildsuwlasgungidmSuanmsn (4.1)
waz (4.2) nuarau 13lugui 4.2

400

200 7(4'2)&

200 S

A
N
LN
-400 A
A

Delta G (kJ/mol)

-600

-800 A

(4.1)

-1000

0 500 1000 1500 2000 2500 3000 3500

Temperature (0(3)

U 4.2 anuduiusszninawdnuivdiugamgiiluansyeuda Ar dmiums
duanziasUsznauialavzlussuuasaeau WO, +Si+Al (W UFIUNIAIUINAIN

®
Tusunsu HSC chemistry )

4.1.2 38Uy WO,+B,0,+Al
Nnuamsdn ludgarnamanswuissuuasasauaInaniia T,,

U 3081.1°C wazdie AH®,,, (AU -1033.76 ki/mol Fauaaalviiunufnsend

298

aan 4

wed wiuljidenemeanuiou uaziiicuanivenuaansaumaiaufisenmuinla
AEEILDY
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dmSuangareasdUsznaud MIusEUUEIIANGY WO+B,0,+Al Mela

wanmswasnuivdirganenaiod wlupaeyiufisesss lauaaalilugui 4.3 Tagan

sUnuhssdsznaudlans W,B Guiimsnagufigamaiivszans 1000°C Tasdanale

PNMTINIVDIEN TN AU

Mole

3.0 ;

ALO

23

25

20 1

15

1.0

05

woO

3

W

Al

3

0.0 ! 1
0 500 1000 1500

Temperature (°C)

2000

2500

3000

3500

3UN 4.3 auQaza9aAUsENBUYBITEUUMIANEY WO+ B,0,+Al Meldussenmeayad

o ‘:‘9/ o . ®
ui e Ar (W ug UM IUIUNINLUSUNIUHSC chemistry )

TusznimstiaUjisen SHS azaanaaeansavdu WO, B0, Wazd)s

% auwdeazgiilumasiin Al MnaumsLadin (3.2) analiduasisnssninnuiianaglily

susznaundanaeindulule euufnsenaiissuiienaned (4.3) (4.4) (4.5) uaz

(4.6) MU INU

2Al,, + 3WO,, —> 3WO

3(s) a2 T ALO

3(s)

2Al, + 1.5WO,, —> 1.5W, + AL,O

2(s) 3(s)

2A1(1) + B203(S) —> 2B, + Alzog(s)

2W, + B, = W,B,

(4.3)

(4.4)

(4.5)

(4.6)
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UL eI UAUSEUUTISAIG Y WO, +Si+Al  d1W5UsEUUaI IR G
WO, +B,0,+Al UfAsenasiiad uesanysaliasiiamandnsadildluiigofaidamsas
dumdtiuagluinadmiunieagluanzinfendatunsumsiiajizen

UfATenGudy o goungiivieauadas Al Feazdhrinljazendulons
aanlgdain wo, uaznaguiluwaszwinenane wo, Tugumsh (4.3) wdanniu g
FENINNANAINANAYIIUHATeENGany Al waaummﬁ'é‘fqmﬁaagﬂuﬂﬁﬁ%m Feazei
UfAsendu B,0, lunwdauiu auldsrg W fu B 8ase uas ALO, auaumai (4.4)
wor (4.5) luduneugaing anudouiignmeaananifasendaunthazdelfinaaas
SEUUYBY W-B (W-B binary) dwsumsnaguiliuansudadoni w,B el u muu§asen
il (4.6) Iﬂsﬂﬁuamwamsﬁwmmmmquﬁwmwé’muﬁuﬁwaqﬂﬁﬁ%mdamiLﬂﬁ'ﬂuLLﬂaq
Qmmﬁﬁm%’uaumsﬁ (4.3) (4.4) (4.5) uaz (4.6) MUSINU 1’3”11;31}*71' 4.4

(4.6)aasdassanasadadasssasssidddiasa

-200 A

-400 -

-600 -

Delta G (kJ/mol)

-800 -

-1000 T T T T T T
0 500 1000 1500 2000 2500 3000 3500

Temperature (°C)

31]‘71 4.4 ANNFNNUSIEVINAINAINUAUEN U UNAN LUFAISVAIUN T Ar dINSUNS

q u

ez siusznauialavzlussuuasasdu WO, +B,0,+Al (W ugIUMIAIUINDIN

®
Tusunsu HSC chemistry )

4.2 wamsanwnMsdauansriil 296 udms uasusznaudalansgun ey

4.2.1 38UU WO, +Si+Al
MEVAINNMITUATZANUD F unuasudadoeildsinsaasgsali
wiauluanwaziaumsduanzild Wasnnialjiseninmihiaaiesiigumn g

JULRIEY T,, AU 3399.2°C Taaiansazvaauvad uaziinsUsynszdanszaetu
s & v ’ v o o
Wadn g lanansaudsuenald dsuaaslugui 4.5
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oo o o

3UN 4.5 GNBUENNMEMNE UWIMRBININANAUTNFILATLWNEUATE) SHS 0
FTUVAITAIOU WO, +Si+Al

é’numzwaq‘[mqa%wagamﬂwaqm‘mamﬁmeﬁﬁmmaauﬁmmﬂﬁﬂ SEM
wudwﬁmaﬁmé’wmNﬁﬂf'fﬁgﬂmLLUULaﬂmIﬂuaa (Hexagonal) fisaushadlusuifiou
é’mamﬂugﬂﬁ' 4.6 LLaszjaﬂﬂﬂ%Lﬂswzﬁm'ﬁﬂixmaé’mmﬁmﬁ’mmﬂﬁﬂ EDX Wuiiseg
Mo (W) ganau (Si) axgiitiiay (Al) uazaandau (0) nsznafludnwazBanEnd
uwiauanAauineenn dauaaslusuil 4.7

A\ B N al

SRR
ﬂ\

/

sl o ¢

3UN 4.6 dnuauzlanainganazeea IHAn AN daa a8 U{A3e) SHS nnssuy
ANINIOU WO, +Si+Al

sl o ¢

3UM 4.7 anvaizmInszedzessIgueNa sHaA AN daA el )i3e) SHS 20

FTUVAITANOU WO, +Si+Al
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4.2.2 55UU WO,+B,0,+Al

mevdinmasuansinuh § unuansudosurilisansoaegueli
wilauludnvasdoumsduansildduidarsussuumsaadu wWo,+Si+Al iilasan
aufazendrviididiesiigungfigedis T, viidu 3081.1°C  Tasfidnumy
waaNm waiiasnnmadudiategenasinaslfise vilmade g liamanse
wiauanl@oseaysal daudaslugui 4.8

oo o ¢

3UN 4.8 ANBUENNMEMNE UWIMRBININANAUTNFILATILWNEUATE) SHS N
FEUVAIINNGUY WO,+B,0,+Al

anwasraelaNgNaMeaNaIHEn AN aIFaUMIEMALA SEM
wuhilanwaeiudl oil uzalavenanasnanaliias (Continuous alloys matrix) HILFAT LY
UM 4.9

sl o

3UN 4.9 dnunzlaNINIaNALBNEITNANAUANFUATIZY
3096 U WO, +B,0,+Al
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]
P

WarhlUienzimansznadinessiacemnain EDX wuihiisianisou

a

(W) wazazgiiiion (A Aagduaznszaalusnvuzidauaniuisuenaauineemn 69

U
]
T

uaelugun 4.10

g

ol

[

3UM 4.10 dnwarmInsznemunIsInIasHInsuiiduaNLisIeU)ise) SHS 0
FEUUANIONAY WO, +B,0 +Al

1 v
o

WIANNTAANINEINTOUBINATA EDX waztilasann B usia R RV

9/
o

Imaqas‘i'wmﬂ AlAaINaNTIe I LINUSI0 B udardansduiigiuanii ugiuma
aavwamaaslud ssdldhuinaii w nssnededludulwgihaniuuin
Wenfuiu B warshuimaahasfuudnawes W A Al innzwdsnuivddmiumsne
HAIEWIN W AU B dfilasnit W AU Al

4.3 UANSANEIANSWAYAITZUUEIIO 96 UNED U WS UNIF ILAEM a13UIZNa UL
Tanz WS,

4.3.1 38Uy WO, +Si+Al

dvsunaraansan luszuull @nsaasunedarudeInunuwIzan
4.2.1

4.3.2 35UY WO,+Si0,+Al
MENAINNMITUATIZANUD F unuasudad e liainsoasguseli
wiauluanwaziaumsdaansile Wasnnifalfiseninminaiediesiiguvgiigs

e

o8 T, NNU 2636.7°C wazaiaa T,, NilasnhiawunUfnsenniied uanszuuas

v
£

il H8aNMEHURINSINNTTUBVO,+Si+Al N0 asHEAN eI Lianansautauenine
19 sauaaslugui 4.11
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[
a

UM 4.11 ANBAUENNMEMNE UNULBIATHANAMINFIUATLEA8U{ATE SHS 0
FEUUFITANGU WO,+Si0,+Al

é’numswaﬂmm%mqamﬂwaqmiwamﬁmeﬁﬁmmaauﬁwmﬂﬁﬂ SEM
wuhiimsGessiasndniifizunselaiuiuey (Iregular) duaadluzuil 4.12 waziile
il nzdmsnszneimuassnaaemnaiin EDX wuhiisig visau (W) 3anau (Si)
wazazgilien (Al) sz dudneas@nadulsuenaausenn G‘i’mamﬂugﬂﬁ 4.13

3UM 4.12 dnvalaseaingamazasansudaduriiidaansinedjisen SHS nnssuu
AI090U WO, +Si0,+Al

o v

waNzhenaUfiden SHS an

=.

35U 4.13 SNBUZMINTENYMYBITINYBIT THANN Y
FEUUFITANGUY WO,+Si0,+Al
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4.4 uanIANNANENATAUNATANTAANTFYLHEANINT BUTENINMSLIAUATEN
SHS Ndauanas nyaanIaadndnn s arsusznauBalan:

k4
=

nnuamATeluhiadnnithuan wuhaswiafasiideneilduud
asddsznaulaiiluluauiideams dedelufimsusnaszuireansusznoudalansiu
sanlyd ialmihdamasnanluiwnzduasnumunudseiifisids@munuiie
Lﬁ'mﬁ’umsdmmmm%auw%amsgﬁyLﬁﬂmm%auwmﬂﬁﬁ%m Fadanaliansusenaud
Tonzusnaananeanladlétioauazs unulinnsaasguhadue 3ld Faldusdymil
el ulaemsléTagnuanudourad uniteurinufisem

4.4.1 32UY WO, +Si+Al

manaansnaaasinljisen sHs lealadule ALO, Ww wuhd ua
fUEINGIUGIN Matznanas udd umdslimansosnmzlhaanlildageauysal &
uaaslusuil 4.14 widunadiuldhEudingdnssumausniaeannndudusasdiu de
wla 1 uas wla 11 ilaennnd unuasasdugnrsanmaniiunannud dasedeanuiau
figninnlinnmaiudaduly ALO, sudmaliinmdmiumsuaniiaaanainiuds
uaaslugUil 4.15

3UN 4.14 dnvazrasasudadariiguisegauaaimsdaunnzioisujnsen SHS

]
4 4

INTEUVATANGU WO, +Si+Al N metdule ALO, (a) B UNUIINAAAMI Wz (b)
wula ALO,
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gﬂﬁ 4.15 anwazassmsusnaussasHanNaeinaINsaLANiaIaU A3e SHS 210
STUUANIOGU WO, +Si+Al fifasnedule ALO,

NaINIATINFBUMENATA SEM wuiilaseaineganinuaana I &
dnvauznsudilasnnmslanldesudaaananuuniufjizen dausaeglil 4.16 waziile
hlAenzdnmsnssngmuessiamemaiin EDX wWuiinsnssnguessnadiad
anwazTuTaguanssnig W Si uaz Al dauaadluguil 4.17

a

3UN 4.16 dnvazlanaingamazesansudadud (wa 1) Adeassviaedjise SHS
NNTLUUTNIAIGU WO, +Si+Al 7Y nenedule ALO,

SHS NSeUUaNIAGUY WO, +Si+Al N nenedule ALO,
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NNMTIANLHBIAUSENDUMENALA XRD WUNEITNENH i busewa T &
asdUsznaulluidguanda Wi, uaz ALO, asudaaluzui 4.18

v ¢ Wsio

¥ AlgO3

20 40 60 80
2 theta (degree)

P P

3UN 4.18 FUYuuumMd eruuzesidionduesarsndndued (e 1) Nduaziae
U§3en SHS MNT=UUETANAY WO, +Si+Al Ny ueaduly ALO,

Tuansiiola 1 Tlasadegamaludnvasaasmsdesdinamdnging
Avdsugnunad (Cubic) dauaaslusuil 4.19 wasiiahltiensinauasmanszansd
YNAMENALA EDX WUNHNNIENT2NMIVBI5IANaN ) d092Hane Al AU O wazdadl
510 Si unsnagszwienan dauansluguil 4.20

3UN 4.19 dnvazlanainganmazasansudadud (W 1) NFueziosUfisen SHS
NNTLUUTNINIGU WO, +Si+Al 7Y nenedule ALO,
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3UM 4.20 dnwarmInssnemEIINaNasHandM (W I NduaNzviceUfnzen
SHS NSeUUaNIAGY WO, +Si+Al N nenedule ALO,

Waih e nziasdusznaumeameiia XRD wuhaswdadaeiluie 11
fioedUsznaunaniu ALO, waziitWauas WSi, finnaeaglulll aues ALO, LHiasaInms
Wumegenadigwaalugui 4.21

v v Y Alp03
* Wwsip
A\ T A\
v |
I v
v ! } i i WI l| ‘| Y. v
SOl e e Uty Ty

20 40 60 80
2 theta (degree)

v
=

3UN 4.21 UuuuMsd eauuzesfidionduesarsudndued (Wa 1) NduaNziiIe
U§3e1 SHS MINT=UUETANAY WO, +Si+Al Ny weaduly ALO,

4.4.2 35UU WO,+B,0,+Al

Manaansnaaavrinlfnzen sHs laaldidula AL0, vy wuimsdsy
aaa anskandueiimsuiuenaantusaus Aa e I (udduf deasgnwandanee
sanlaadawinlviil omnsudasueinledase ) SuiivSinanian ez tia I uad uaudednm
s lTlild dauaadluguil 4.22
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3UM 4.22 dnvazeasmsueniaasansudadarivaimsdaanziagUfise SHS a0
FEUUANINIGU WO, +B,0,+Al N uenaduls ALO,

NaINIIATINFBUMENATA SEM wuiilaseadneganinyeana I &
dnwasdud oft unaslavewavasdaiiionasfisngu Fauaassud 4.23 uasilathly
ANLEMINTENMLITIIEMATA EDX wuhinmsnssngdivaesignanq fa W
wor Al dauaasluzlil 4.24

3UN 4.23 dnvazlanaingamazesansudadud (wa 1) Adeassiaedjise SHS
NNTFUUTIAGU WO, + B,0,+Al N uiaiduly ALO,

3UN 4.24 dnwazmInssngiuaesasHandud (a 1) Adwaseidiedjisen
SHS N35UUaNIANGY WO, + B,O,+Al Ny ueaiduly ALO,
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1 v

[issnniaanuaansazaanaiia EDX waztiiasan B Wusafifiinin
Imaqa&‘i'wmn mailaainaniesalinusig B w1 dE M sFUTFINING ugIUMS
aavwarnaaslud asduldhudnadd w assnededdudulnginaduuing
Wenfuiy B wazduiimanhazfluudnames W fu Al msendsnuiuddmiumsia

asenin W Ay B famaanit W nu Al Zeannsadudulaannguuuumsid eauuann
tAiln XRD

NIMANANLIAUTENDUMENATIA XRD WUNFISHANN U9 Lutwe T
mﬁﬂsxnamﬂu%’ﬂqwamzij W,B W dd5s az WAI s‘z‘mﬁﬂmﬂmigﬂﬁmmlﬂuwmz
L UMIIRENTING T aauaaslugui 4.25

B wpB

A wal
" w

20 40 60 80
2 theta (degree)

3UN 4.25 UuuumMad eruuzesfedienduasansudaadue (Wa 1) NdaNziae
U§i3en SHS MNT=UUETANEY WO, +B,0,+Al Ny udaduly ALO,

NIMIaNIFaUMEWATa SEM uaasliiiuiie 1 ilaseadegane
Tudnwazmudanud I aeszuuas WO, +Si+Al Aaudniianvuzidunsdimasy
anuanaaglul ai u dawandlusuin.2e
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3UN 4.26 dnvazlanaingamazesansudndud (W 1) NFuezieslfisen SHS
NNTFUUTIAGU WO, + B,0,+Al N uiaiduly ALO,

Waih lUiwnzdmsnszngavessigaemaiia EDX wuiiinisnszang
MYBIIANEN 1 Fd W waz O asuaaslugun 4.27

3UN 4.27 dnwarmInssneuIaesasudndud (d 1) Nduanzvicelfisen
SHS N35UUaNIANGY WO, + B,0,+Al Ny uaduly ALO,

NIMALNRIAUzNaUABALIA XRD WUNSISHENA 9 Lutwa 11
Naeddssnaunanda ALO, wasdawuinauas W,B andnsanagluil auedALO, Aauana
lugun 4.28
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v '-\I:( )3

EWE

20 40 60 80
2 theta (degree)

[
=

3UN 4.28 FUYuwUUMSE eauuzasfidiendasansudadued (Wa 1) NduaNziaIe
U§i5en SHS 1NT=UUETANEY WO, +B,0,+Al Ny weaduly ALO,

winawma: lunsdindayaiiwnsilannineiia EDX asalinusig w
waz B uatiaimenziasdiusznaumamaiia XRD wazimsasranuasisznau W,B
Uy ihaziangnannmsfimeiia EDX (Wuwmalianiwnzdlu@ail uiuaziensiiy
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msueanaszyiinasusznauElavienuaan e aadiUszsansmwlaiineaws g9danele
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4.5.1 m‘sﬁnmmmﬂmwaszwinmzns‘"uaanlﬁm"ﬂ”umamﬁ’msﬁmsﬂ‘sgnauﬁn‘[am

TasadamsiUfiisen SHS uasnaaaslunuunaans e

dmSunalnrasuisendumsinjisen sHS wianlunuvaanivan
(Melt) Mslyanlzaswaunal (Fluid) Msuantd (Phase separation ) wazMSUie
(Solidification) lag@1@EANNUANAINYBIANUNUILUY  (Density)  UAZUINBDHG
(Buoyancy  force) %qﬁﬂﬁaaﬂlﬁﬁﬁﬁmmwmLtﬁuﬁaﬂﬂﬁwaaﬂﬁyu’gjé’imuu a1
sstsznaudslansiifionamnuivannnhazanaseue s‘i’%mumhamﬂsm{]nﬁamaz
nalfmmﬂﬁﬁ%muamﬁé’qgﬂﬁ 4.30(a)

4.5.1.1 35UY WO, +Si+Al

wasnMsaaANeinaUfisen SHS wuhiimsuaniaaanilugasdiu
Imﬂmzn%’uaanlﬁﬁaaﬂﬁyugﬁmuuéi'mamiugﬂﬁ' 4.29(a) dhufildussUsznaudalans
anavguinaaiuanuazansaauieldasuuunasud it nuuunas uazdad
panladundiumeinegandiudi g sasuiiasusznaudslans dauaasluzud
4.29(b)

(b)

3UN 4.29 dnvazzasmsueniazasansuandurivaimsdaaNzimeUiizen SHS 10
STUUAINIAU WO, +Si+Al fivaaadlunuunaanalud (a) ezniusanlad uaz (b)
asUsznaudalans

Tasahsgamedildnnmansadaudiamaiia SEM gasanstsznauii
Tovgdhuiianasshuaniidnuas il ail uvuatonswaaidaiilaauddansdignsuunan
aguilannnilasudaninadndsgnini Blusasiiamaiiudainadiduans
Tugudl 4.31 wasiimilinsimanssnadzasmaiemaiia EDX wumanszaad
UDIINAN 1 FD W AU Si dau Al ansindnsagluil audniasduaadluguil 4.32
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7U 4.31 anvazlaseaiiganazesasisznauidalansnduanzvineUiisen SHS
MNIZUVAIIINAU WO, +Si+Al Nvaaasluiuuvaans) lWe

3UN 4.32 danwarmInsznemuasngainsUsznauinlansnduanziaiieUfisen
SHS 9IN352UUa 090U WO, +Si+Al ivaaasluiuuvaans) lwd

NIMFIeNIFUszNaUMBmALia XRD wuhasussnauielansi
ssAUsznaunanda WSi, uazdsasiitlauas ALO, ZegninnlTluaazmsiiiudiatat
1957 Wussdsznavegdnidntios asuaadlugui 4.33

¢ wsig

Y Aly04
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2 theta (degree)

3UM 4.33 sUuuumad ervuzesiidemuasasussnauidelavenduanzvicsufisen
SHS 9IN352UUa 090U WO, +Si+Al ivaaasluiuuvaans) lWe
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dmsunznsusanladiansd ugauuu ilassadgamealuansuzyeins
3892 INANFUNTFMABNgNIAR (Cubic) aaudaalugui 4.34 uaziimhlitenzi
SIUALNINTENYMVBNTINMIENALA EDX WUNHNTENIZNEMYBSINNEN 9 §89%H0

A9 Al iU O wazdsfiong Si unsnagsewinnan #en Aeasdusznauyes WSi, asuaadly
5UM 4.35

[
=

sU 4.35 anwasmInssnemessIguatasniusenladilannmsdaansials
U738 SHS In3zUuasa9au WO, +Si+Al ivaaaslutuunaans) lWe

NMIIeNAsAsznauaIsmaiia XRD wuezniusan lad
avAUsznaunania ALO, uazdaaiitiauas WSi, lussdusznavagdnianiias daudea
lugun 4.36
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2 theta (degree)

37U 4.36 suuuMeE auuzasidien@asnznunlannmsduansiaiedfisen
SHS 9IN352UUa 090U WO, +Si+Al ivaaasluiuuvaans) lWe

4.5.1.2 32uU WO,+B,0,+Al

wdnmsdaansh dreUfasen sus lud sedunuhiinsuena
sanifluaasdiu Tasasniuaanladassd ugduuu lunnsimalsznouddonsanasg
ﬁméwé’maﬂﬂugﬂﬁ 4.37(a) uaz 4.37(b) uiLilannasauaazideausIaEIuR
ozl sansusznaudslans wuihass s]u,ﬁuﬂyaw asansUsznaudlansigdains
ﬂ?u%gn’[auﬁauﬁaﬂaaﬂlwﬁashwmmiu wazdhuilduidl szesansusznauidelansd
mﬁaagiﬁaﬂmﬂLﬁEmnﬂmsﬂsnuazvjﬁyuﬁmuuwa\‘maqmaﬂuwmmﬁﬂﬂﬁﬁ%m%iﬁ
u,amé’ﬂumzahaaﬂﬂugﬂﬁ 4.38

3UN 4.37 dnvazzasmsueniauasansudadurivaimsdaanzimeUiizen SHS a0
STUUAIANGY WO,+B,0,+Al fivaaasluduunaani g (a) aznSusanlsd uaz (b)
assznaudalans
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Oxide Intermetallic

Ul 4.38 wuuihessuassdunivatasissnaudslovsnusenladdmSudunanasg
Muaemglunuunaan W wasmssuanzimeufiden SHS 2105z uuasasau
WO,+B,0,+Al

Tasahgameadildnnmsanadeudamaia SEM zasmstsznauia
Tanzduiianasdudniidnsuziiud ol unelavzwauadudaiiios uazdanaiizngu
unsn ﬁ'ﬂLLaﬂﬂugﬂﬁ 4.39 LLaszjaﬂﬂﬂ%Lﬂswzﬁmsﬂsxmﬂé’awmﬁwﬁaamﬂﬁﬂ EDX Wu
MINTENLTILBIIANEN ) Aa W B was Al daudasluzlil 4.40

7U1 4.39 anvazlaseaigamazasasisznauidalanenduanzvineUiisen SHS
MNIZUVAIIINAU WO, +B,0,+Al finaaasluuuuvaans e

3UN 4.40 dnwazMInsznemuasngaInsUsznauilansnduanziaiiedfisen
SHS 9n352UUa 090U WO,+B,0,+Al fivaaaslunwuuvaans ine



79

ndayaiildnnmeiia XRD auaaslugui 4.41 wuiuenain w,B #
Wuasdlsznaunanuar faviiasdlsznaudu g Uzduag s WAL Auw dase
d00ARINUNAINIATIA EDX Nfneiisnn Al tvdsagluiil aans

B W,B
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A wal
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2 theta (degree)

3UM 4.41 sUuuumad srvuzesiidendasasussnauidelavenduanziceufisen
SHS 9n352UUa 090U WO,+B,0,+Al fivaasslunuuvaans ine

dmsunznsuaanladiassd ugeuuy dlasaRgamaluanyazeains
FeearaIndnjunsadmdsngnuadasuaaslugui 4.42  waziiini i
ssdUsznaudamaila XRD wuhlesdulvaiduwenes ALO, asudaalugui 4.43

3UM 4.42 dnwazlasaingamevasnzniusenlydn lannmsduansiaieUfisen
SHS 9N352UUa3090U WO,+B,0,+Al fivaassluwuuvaans ine
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37U 4.43 suuumeid savuueesidiendeatasniuildnnmsdaanzidiaufisen
SHS 9n52UUaNI090U WO,+B,0,+Al finasaslunuuvaans e

4.5.2 ﬂ"ﬁﬁﬂ?&}"lﬂ"l‘il,l,ﬁlﬂl,wﬁigﬂ'j']\'imgﬂ‘g’uﬂﬂﬂl‘ﬁﬂ(ﬁ’ﬂNamﬁ’msﬁﬂ']‘iﬂ‘igﬂBUL%GIG‘W‘?J

v < [ @ H o o aaa J 1
Taamsldes sio, (uiannianzniu NardansinjassnsHs uasvaaasluuuuvaa
a5 ke

4.5.2.1 35UY WO, +Si+Al

naWiU§ATeN SHS anf o ldasidnwnsduiaquansziraanlad
fuansisznouidalans Tasiionsusenaudelanslifimslnadasguuundadiudn @
Ltaﬂﬂugﬂﬁ' 1.44 dasnnlusswiniliemsvasumm yaunadazlufueaynaues
sio, AihmiinmnnEdasgiuinadunuiiurauma uazw sio, Ginanazliga
anudausannnuauna lafemsiludmsdrnadnaumsueniWaiuadanysol

Intermetallic

Oxide

UM 4.44 dnuyazraean KA MTIVAIMITIANIMEUJATE) SHS 1INTEUUTTANGY
WO,+Si+Al Nl Sio, [Wuigaa3enznduaanladuazvasasluwuuvasna e
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4.5.2.2 38UU WO,+B,0,+Al

ai§ATeN SHS waadausiitlddnlnajasiidnwanluiaguanszuin
sonladuazasissnaudlons Tlasfisaussnaudlansiimsluadiasguuuvadadud
T&laiann dauaaslugid 4.45 asnnmmadudendussuumsadu Wo,+si+Al

(e

~ Oxide

3UN 4.45 dnuyazraeanSHANAMTIVAIMITIANIMEUJATE) SHS 1INTEUUTTANGY
WO,+B,0,+Al filius $i0, uiagasenznsuaanladuaznanaslunuunaanslued

4.5.3 M3AnEINISuanWaIzBINNOZNIUaN 16 N UK AN v dr1sUsznaud lans
Y o < Y Y3 H LY o aaa 1
Taamslivamasdiluianeiensniu iandamaiiujisersHs uaznaaasluuuy
v I'd
waand lwe

dwsunalnaaslfidenilumsinufisensHs wianlununaauains
Twaduawasnar msugnilauasmsuieei lagandaanuuana e aseNurLiLLe:
wseaee Feildeenlyd (ALO) Aflanumnuwiuiasniaasd ugdmuuuLazgnaie
(Trap) o lilaaniiszasiamasy (Si0,) wazsiudmnuiuasavaauasudis (Solid
solution) 5¥%3W AL,0, AU SiO, sumsUsznaudalavzi tanumnudumnniazanas
PIUAN é'i';qLmuﬁwamﬂswﬂ{]msiﬁuaxnalnwmﬂﬁﬁ%muaml’ﬁé’qgﬂﬁ 4.30(b)

4.5.3.1 WO,+Si+Al

naannMIaaLANiceUfisen SHS asuaanusiimsuaniaaanain
Aulauaded dmsunzniusanladazlunaguaglusesvinn Aa usnaiwee
ma%ﬁé’mamlugﬂﬁ 4.46 ﬁ'um\rchulﬂﬂaaml,azﬁﬂaﬂagiﬁ'dauuuﬂamwiq (Ingot)
sstssnaudelans wardmdumstsznauielonsiiy fgusiaamuuuuvdaussd
wnltinfiasdanumnuiuinnnhnsdidnnilifinmsléanieds dwaadlugui 4.47
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Oxide slag

¥ <«—Quartz tube

3UM 4.46 anwazanzniusanladiignuiamasyaiaerlindemsduaszioas
Uf3en SHS nszuuansaeiu Wo,+si+Al filfriamasuduisanienzniusanladuay
waaadluwuuraans ldNimsuUsmanueuzawdd Ar #1499 (a) 0.0 MPa (b) 0.3

MPa ae (¢) 0.5 MPa

Intermetallic

Oxide slag

U7 4.47 dnvazraaunisansusznaudlanendimsduanzidalfisen sHS an
STUUMIR U WO, +Si+Al filiviemasaiiuiagaiinsniusanlyduaswdoatlunuy
waan IWd 7 iinsulsmanudupasudd Ar @199 (a) 0.0 MPa (b) 0.2 MPa (c)
0.3 MPa (d) 0.4 MPa waz (e) 0.5 MPa

duil Wuuiseasansusznaudelanzgnih luihunszuiumsede nini
malanginnuasAnmnlasadgamadameiin SEM Fawuhlasadsgamadisnums
Hhunsu (Grain) Afigwsunnadniinssaneog Toensudasdaunududu g (Layer) uay
QnifunawﬁaﬂﬂmjwsxmwLﬂsué'mﬁmmmﬂmsﬂaﬂﬂéamlamﬁ“asmiwﬂﬁﬁ%m o
uaaslugUil 4.48
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31Jﬁ 4.48 dnvazlaseainganazeawiasUsenauidelansnainsaata ey
UFA3en SHS MnszuUNIadU WO, +Si+Al filiviamasniuianaienzniusanladuas
waoaslunuunsan INaRIMsuUsmaNueuaDILAd Ar 6199 (a) 0.0 MPa (b) 0.2
MPa (c) 0.3 MPa (d) 0.4 MPa waz (e) 0.5 MPa

NANANNOUYBIUAT Ar LHAY 0.0 MPa 0.2 MPa 0.4 MPa Uag 0.5 MPa
FefimanuuananatenuauszwinmeusniiliiduussemeaUnagud unudumelu

3 unu (AP) ﬁgmﬁulﬂ ehNaﬁﬂﬁl,ﬁﬂmsﬂznﬂammmmuasuﬁ"ﬂmnmﬂiu‘?fyuqmgﬂ
Uaavasgeanininniulvaurirlviinsule Heehe warlianauvunuiuiisnana
dmiuiianudurasuds Ar hdy 0.3 MPa wuiilassadeganiazas
Lﬂiuﬁwmmmuﬁqm Li“iaqmﬂLﬂsuméwﬁ?ugnLtﬁaﬁﬁﬂ%mmﬁauqaswiwmsmaﬂLLas
melud wandusae (Squeeze) WatHalidnsINIslavansuanas 3IuBINITUsNY0
yaamaranad i lilal svassnsusznaudilansiannd wLi et al., 2003)
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Waihd wnuliitensisauaznisnssnaaizessigaiamnaila EDX
wuhwiasUsznaudlanzasUsznauludeagluszuu w-si (unan aauanasgui
4.49

sUN 4.49 dnwasmInszemzaIsInreIwiNasUsEnaud lansNdaa ol

U3 SHS Mnszuuansneau WO, +Si+Al fildvamssuduidgedinzniusanlyduas
wasasluuuunaans I

NInaMAeNzRedUsznaudamaiia XRD  wuhaiuiitluuni
ssUsznaudalanziiasdUsznaudu wsi, tiewwadenlunn 9 aanuauzasuds Ar
aaudasluguin 4.50 wazduignesalivdnaiizesiemassitiavnanily ALO, uasil

. p/ [ < Y ] < [~ 4 [ )
wsi, ilaunnen ilueasd udsganald Wusgidnties asuandlugui 4.51

¢ wsi,

(d)

Sl Lt
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2 theta (degree)

3UN 4.50 sUuUUMSE gruuzaeidiendasuransusznaudlansNduanzvioie
U3 SHS Mnszuuasneau WOo,+Si+Al fildiamssuduidgedinzniusanladuas
Waaad lULUUNaan INENNNsuUsAIANINAUIBIULA T Ar @199 (a) 0.0 MPa (b) 0.2

MPa (c) 0.3 MPa (d) 0.4 MPa uaz (e) 0.5 MPa
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4 v .-\|2“3
¢ wsiy

20 40 60 80

2 theta (degree)

3U 4.51 sUuuumsid snvuresiedien@esdiungnaselivinuiilzesrianiassi
Faanzieedjisen SHS nszuuasav6u WO +Si+Al NldvMamaszluiagnia
aznsunenlyduazraaadluwuunaans we

vasniuyasusznaudlavzluma vl U NnanunuN i 44
feunAu 5.16 5.71 5.73 5.68 uar 5.14 g/em’ wazliiiahluiamanuuisgane
Taamanuudamasynu 7.17 7.33 7.80 7.11 waz 7.09 GPa laaulsamuainnuay

DA F Ar LYNAU 0.0 0.2 0.3 0.4 az 0.5 MPa MNSIAU

4.5.3.2 55UU WO,+B,0,+Al

NaNNMIFUANEeU{A%e SHS wuhwaanamiiianyazisutdeinu
Tuided 4.5.1.2 suvadiumisanaduwnsazasumasmsusznoudlanzgniinas
Hamasadaluzluiuazniueenled Tasmunsadunaldnniivarasacudaumzadi
USIUEIMBAIDIENUININ S‘z’;uﬂuwammnf’mﬂfﬂ‘[maqa (Molecular weight) %84
asUsznaudslansluszuuil (W,B) fu ALO, Salndidaeiu Seflenadanuamansaly
MSENNUGLUUAI2BBAIBSE LA U é’qé’aashuﬂulugﬂﬁ 4.52

WaRnsanandnvasmelufanaiwasdiuiiaiainduuinuees
ssUsznaudvlan: nuhasdszneudalansiiduensilafidnvandudouiifiowna
Geud 5 mm @915 mm lesdunalddudeanudumeuds Ar lussuufingsd u
sstsznauidslansaziindl amsfiiiad ude dusadluguie.ss
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. (¢)
X[ Oxide slag

Quartz tube

Uit 4.52 dnvaizapsaznFusenlsdiignuiinieaasaaiualindimsduansidg
UFA3en SHS MNszUUNIOGTU WO, +B,0,+Al Ailiamasniuiagadasniuaanlad
wazvdaaslunuunaanIWaATnsuUsAANNGUDBIULRE Ar 6199 (a) 0.0 MPa (b)
0.3 MPa waz (¢) 0.5 MPa

gﬂﬁ 4.53 anwazaasaslsznauialavenasnsduanziaiaufisen SHS anszuu
MIA9FU WO, +B,0,+Al fildvamasafuianaieasniuaanladuazudaasluwuuvda
A WA N suUsAANNGUBBIURE Ar 6199 (a) 0.0 MPa (b) 0.2 MPa (c) 0.3 MPa
(d) 0.4 MPa waz (e) 0.5 MPa

ahuﬁL?Jul,wiwmm‘sﬂsznauL%ﬂamgﬂﬁﬂﬂvhun'izmum'im%ﬂuﬁmﬁw
malanzinguasAnmlasaineganadiamaiia SEM WUNNAIANINGUYDIUAE Ar
WNNU 0.0 MPa ‘[mﬂa%ﬂamﬂﬁé’nummﬂuw\laﬁwnaiwﬁmmwLﬁﬂmﬂmmﬁqé’aashq

< [] 1 < = [] ' ] 44'” dlw ate dg

Hagnuldsnmnsanaguidulesiudnlelaianysalnszareagludl od udiv Favgena
Wasnnlifienuaureuds Ar lWunedauwanfianumnuivannnihliedsuilinagy
Tuusnanasssiiulussninivauvaiiaanuduthy Nudaieomslsnd usindeas
uwaaalugun 4.54(a)
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flsnasanuduaeILsd Ar AU 0.2 waz 0.3 MPa wuhiimsnasy
YDNKANANEMEAIBWN (Rod-like) f'i'ﬂ'auﬁwqauystﬁﬁyu"luﬁnmtﬁyaﬁyuﬁﬁué’qLLaﬂﬂu
gﬂﬁ' 4.54(b) uaz (c) dUNMANNGLYIILAT Ar 0.4 U8z 0.5 MPa AWUHENS WAL
adauneiinsnasuiiled uuazudnouil ait udfudindrmdatosssaiaiuldda
uaﬂﬂugﬂﬁ' 4.54(d) waz (e)

31Jﬁ 4.54 anvuslanainganmezaawiasUssnaudlanenaimsaaazieog
U{A3en SHS MNszUUNIOTU WO, +B,0,+Al filddamasniuiagainsniuaanlud
uazvanasluwuurdan INdR T suUsA aNNRULBILRE Ar @199 (a) 0.0 MPa (b)
0.2 MPa (¢) 0.3 MPa (d) 0.4 MPa uaz (¢) 0.5 MPa
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wanaivilFAeUnngmaskandnaasinsoesnaldi daiinnudy
gaeudd Ar il Tussuvannd winlilurasddaU§AsensHs  wazszninams
vaauva) ilarasTpaiiaNuIWiugInazgnnadalianasgdudeuasudn
wlafifienumnuiudiniildaest ugduuy Failii uiddfvanswasdemalingn
adeurisiimnelugd ez uilumslamnnd u

ﬁm%’ué’ﬂwmsﬂmﬁmﬁ’mam‘ﬁnﬂﬁwmwiﬂugﬂﬁ 4.54(b) uay (d) i
Snwardeaanll anaflamainnnmsdad unuauasuYEaAUArIINY

dlathlassadramalugUil 4.54¢a) lUAeNzisIguasMInszaEd
ypsmadsmaiia EDX wuhmladimaistudemanssnsdnassnaluszuu W-B uas
wadiudeszuy Al-0 Gauaasluzi 4.55

sUN 4.55 dnwaemInsznedizesaguaswrasissnaudlansiiduaneviais
UfA3eN SHS MNszuuasnisu WO, +B,0,+Al Nldvemasniuisgeiinsniuaanlad
uazraaa luLuUHaaN T IWG fmaNuauzaIusd Ar LAY 0.00 MPa

Lﬁ"a‘ﬁmeﬁmqLLasmsﬂssmaé‘fmaqmqﬁmmﬂﬂﬂ EDX §1%5U
ssuUsenoudslaneiiulsaanueuuasuid Ar 0aud 0.2 89 0.5 MPa wuhiimsnszane
(?h?lmﬁmﬁﬂmmﬂﬁmﬂﬁqﬁ’u AEMAD HANINHULANBUTNABIEUUYY W-B wastnad
flufassunes w-Al dauaadlusuil 4.56
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3UN 4.56 dnwazmInsznedizesaIguetwraslssnaudilansiiduaneviais
UfA3en SHS MNszuuasnisu WO, +B,0,+Al Nlfvemasniuisgaiinsniuaanlad
uazvapasluwuunasn lld NananuauzaLia Ar (AU 0.05 MPa

NnHaMIAANadlsznaufsmaiia XRD wuhduiignaieliuina
fwesviamesafitianandu ALO, wazdsznaudu W,B uwaz W ilauaiee iz
dudednainuddy Fals w,B fivinasnnweaumaiiasnnuasasihuiin
Tuanauas W,B v ALO, ifidlndideeiu dauaalugUi 4.57

v y Al50
v v AlgO3
WoB
v B W
W
v
[ |
\
[ | [ |
LLJ@ u
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2 theta (degree)

3U 4.57 sUuuumsid snvuesiedienduasdiufigneselivsnmivesianiasyd
faanzdaaUfizen SHS Mnssuuasaeay WO, +B,0,+Al Nldiamassiluiagnie
aznsuseanlyduazraaalunuunaans lwe

nnmAenzidiemaiia XRD dmdudiuiiduurasnsisznaud
Tavzaansnfigatiuasiiudunazaunaiin EDX l¢dnmavilviilalufimaduuda Ar h
Tluszuu vinlvafieanandeldiawas ALO, Yufuiauas W,B fu W dassuazliny
W ALO, Bniilefimstinamusuraeudd Ar 3 wilu0.2 0.3 uaz 0.4 MPa udaznuwla
499 WAI fla3udl umduw,B fu W dass
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WalinUSanasyeeudad Ar 3 wu0.5 MPa wudnwa WAL uaz W
Usinaaaasadnann Feirlidioeyes w,B (Wudulvg dauaadlugui 4.58

B WoB
A wal

* W
Y Al045

20 40 60 80
2 theta (degree)

31]‘7{ 4.58 gﬂu:uuﬂwsLﬁwmmuwaﬁqﬁLansﬁwmLwiqm'sﬂssﬂam%ﬂamﬁﬁqLﬂiwzﬁﬁaﬂ
Ufif%en SHS Mnssuuasn s WO, +B,0,+Al iliamasmiuisgeieasniuaanlyd
wazvaaaslunuundans Il insuUsaanueuaeIuda Ar @199 (a) 0.0 MPa (b)
0.2 MPa (c¢) 0.3 MPa (d) 0.4 MPa w8z (e) 0.5 MPa

o od ) o

AANNUAIRFIYDNFSHAN N UNNANNOUVIUA T Ar YA 0.0 MPa

S W

WU 14.45 GPa sl spasansudanaiianwasithnaguay lasfdnfisunse

1
L [

waznszanausnaliu ALO, Jerilvdmenuudage uafnuGuuaudd Ar 0.2 0.3 uaz
0.4 MPa stsenaudslansdisanuuiundswiiy 7.68 9.16 oz 9.41 GPa F9a0a
Lf‘immnaan%mulﬁgnﬁﬁﬂaanmniwumamaqmaﬂmwdwﬂﬁﬁ%maﬂwauysﬁﬁ il
msfuusaaznsznsusinagniiuvtinluiiaess w,B-wal Fsfienuuitiosniay
dlaanuduzeda Ar iiad uly 0.5 MPa mstsznaudslansiimanuuiuadsiad u
1fu 9.60 GPa ﬁaﬂmmqmﬂd’mﬁ%’uLmLLaxﬂizawaLLiQﬂdeuTw@Lﬂumﬁﬂwmﬂiwqum

W,B
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4.5.4 msanwMsuanasznineesnIueanlad nunandaeiansussnaudelans
Taamslduwimneiluiageiacnsueanlas iondan1siufisen SHS uaznaaasly

wuuBaanI e

i mU{A3en SHS wuhaznsusanladiuanaiaanmni s liwanie
DEUUHIYDY WNNIEAFDNAUNEIUM TN AN NVNNINA NN BN SUN UNATUDDN lBd U

a ' < P

FIMamIasy tiaani ui i (Surface area) 2aUTNNNENNNANNEMBSY UanlrLiiU

fdnamwaaam g lunseseaznsuaan laaniUssansnwisunuianasy law
lauaasansasiUSeudisunumsldviemadal lugun 4.59

(a)

Oxide slag

Quartz tube

sU#l 4.59 anvaszatazniueenlydniwenaguuilzesiagaivasniusanlyd

(a) UURNYBMBSY (b) VUENBUTINTIE 1ae (¢) MANAVINYBUTINTIY

4.6 wanIAnwIANIWaraSSIIAUEI s NaMrgNaalAiTe) SHS Nideuada

A NHUIRWISYDIFVINAND U9

agnlsfiona luaisiinUfisen sHS msgadeanudoudiiad ufidaag
dawalianudauilflumsnaasumaradeanysallifisaws uasszaznmmady
sosvmiiuiiaduag NnmsdnnaAsefiimdasuimady cao,-Al asllussuy
saneduazngli T, videlaudaudf de virld T, tiad uiiuies Faanudeudandnasd
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Ageaninganasuarzasansudndud vlisswdoAudiegludannsioudena
(Superheat) Lf‘immnmsmﬂmm%auiué’mwﬁgﬁyudqwaiﬁwmma’sﬁnaﬂumsuﬂﬂw\Ia
aaﬂmﬂﬁ’ulﬁashqauysn@lﬁyu‘[ﬂﬂLLam@mué’uﬁ’uﬁssijﬂ%mmwm Ca0,-Al HU T,
Tluzuil 4.60 LLaxLLam5'mswmsmﬂmm%auwam&iazsznumsﬁqﬁulﬂugﬂﬁ 4.61 uaz
4.61 MNAIOU

4800

4600 - (a)
4400
4200
(b)
4000 -

3800 -

3600 -

Adiabatic temperature (°C)

3400 -+

3200 T T T T

2 3 4

(=]
-
a

fraction ( %wt.)

3UM 4.60 anuduiusseningungiiadenaniuuTanmees Cao,-Al Ngnianasly
STUUEIAIOY (a) 55UU WO, +Si+Al 1az (b) 52UU WO,+B,0,+Al (W UFIUMIAIUIN

®
nlUsunsa HSC chemistry )

WSi, formation (a) WSi, formation (b)

mp. of CaO

Exo

mp. of Al

At (OC/mg)
Ar (OC/mg)

100 300 500 700 900 1100 1300 100 300 500 700 900 1100 1300

Temperature (Q(I) Temperature (O( )

sUi 4.61 anuduiussErindanmsudsuwlasaungiidemsildsuudasiimin
dmMSUsEUUEIAIGY WO, +Si+Al (a) llLin Ca0,-Al uaz (b) 1Hin CaO,-Al
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(a)
(b)

W,_B formation

Exo
mp. of Al

mp. of CaO,

|

W,B formation

1300 100 300 500

Ar (OC/mg)
)
H
Ar (OC/mg)

1300

700 900 1100

700 900 1100

Temperature (°C) Temperature (°C)

sUi 4.62 anuduussznindannsuldsuwlasaungiidensildsuudaaimin
¢ (b) N Ca0,-Al

WSz UUEIANEY WO,+B,0,+Al (a) ldtiin Ca0,-Al ua

4.6.1 35UU WO, +Si+Al
waaiUinsen SHS wuheanladailnaazgnedaar Buuesiamee J

MINABNLAILBNET A UN aNYTalaseINY waziiamssyiilaaann il asnsznau
dalaned lodinnlianazianuvunuireinan s ununsdidnulasnmsudsaiaie

ANNAUDBIUA T Ar GauandlugUn 4.63

15 mm

3UM 4.63 dnvazzauransUsznauidnlanzNduanziareufasen SHS Mnssuuas
AU WO, +Si+Al NAMILEN Ca0,-Al (a) F UNUNAIUF 38 SHS uaz (b) F U

PAINNTA ALY NIV

nnmsdnmlasaigamamemaiia SEM wuihlassaelaanalui
L@NeIE Ca0,-Al TutSinadasas 1-5 lastwin azlenuuandnannnsaindnsulsan

ANNAUVRILA T Ar loadimnuiuinnnieeadiulase aeluuSoad il w(ol) nuwwa

hfanwaziuioulosdduim (White-gray cellular dendrite: [3) fagud uuamagy

il waalulassseun (Network) Tufige dauaaslugui 4.64(a) 83 (e)
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aaa

7UN 4.64 dnvalasaiganeresuiiasusznauidalansidannezisiedjisen
SHS 2n92UUE3090U WO, +Si+Al NHAMILGN Ca0,-Al TutFanauene ) (a) Saaaz 1 (b)
Samaz 2 (c) Sawa 3 (d) Sauay 4 war (b) Sauaz 5 lagiwin

LNDILANHTINUAZNINTENMVBITINMENALiA EDX WUz adne

B finegud vlual Wude szuudaanasznin W AU Si uasiinienzisiglogmstuais

u
]

35BaNUNaUUURe (Point scan) wuda B aanandi W azanagludinnage a3
waaalugun 4.65 uaz 4.66 MudIaU
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7UN 4.65 anwazMInsENLmYaITIRYRIWiNaTUsEnauB lansNdaATIEiaE
U381 SHS MNIUUEIANAU WO, +Si+Al NAMILEN CaO,-Al

W: 85.82%

W: 79.88%

7UM 4.66 Mnzenglastairamenninaiin SEM/EDX uaaaanuaiauazl3unm

299 W szvinale o waz B assuvisansusznauiilavziidaenziaisujisen SHS a0
FEUUFITANGUY WO,+Si+Al NAMILAN CaO,-Al

Cai w8z Wang (Cai and Wang, 2004) lasaanul¥i wla B Aawnauss
Wi, Fafianuudegeandi wsi, uazdinsannnunumwangauasasdisznauloaade
W ugrum s amgawamanilugun 4.67 Awudwwa W.si, sansadagusiaiu

e WSi, ludegamgiissning 1500-2400°C



96

Mole
1.5

14 |
13 |
12 |
1.1 |
1.0
09
08
0.7 |
0.6 |
05
04
03 |
02 |
0.1 |
0.0

Ca0.6Al1,0,

0 500 1000 1500 2000 2500 3000

Temperature (°C)

3UN 4.67 duQarRINAUTENBUYDITTUUATANAU WO, +Si+Al NHMNTHN CaO,-Al

v o prg ° . ®
malaussenmeuaun d Ar (W ugIumMsaIuIaINLUsUNIUHSC chemistry )

PNNUITEUDI Guo uazAmz (Guo et al., 2009) latduaufisennsuus
HuueaWd  (Invariant reaction) tA#INU WSi, LIiniiazasvarnfiguugivssano

2011°C uaae azimsnagluaana W, SiAu WSi, (L<> W Si,+Wsi,) aaudaslily
wnuMWaNAaLWEuDITEUY W AU Si lugui 4.68

4000 ' :

Kieffer et al. [27]
Maksimow and Shamrai [28]
Kocherzhinskii ef al.[28] B
This work

e P oa

3500 4

3000 —

2500 4

Temperature (K)

2000 5

||I WsSia
—_—

1500 — | L o [
Wiz
151
1000 T T T T
0 0.2 0.4 0.6 0.8 1.0
W Mole fraction S Si

3Ui 4.68 usumwangaad miuszuy W-Si (Guo et al., 2009)
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NIMTIANATNGU Sanseiivduladeuamalnnziasdusznauain
waila XRD dauaadlusuil 4.69 Ainuhassznaviliiiuesdusznavaglumsudo i
flUsanawas Cao,-Al Sawas 1-5 Tazthminty fe wsi, Faduwlandn waziiole w_si,
Faduaiiaes Feusnuzena W, Si, Az uanaUSnamsiiaees Ca0,-Al

]
a =

asnnmsasmeraunaninn uanngamaiizaslfisenngsd u

¢ ¢ ¢ wsi,
® WsSig

L

L

L

20 40 60 80
2 theta (degree)

31]‘71 4.69 3UUUUNISLA ELUUVDITIFLDNTUDIUTNEITUSENa UL lavish datasIziae

U381 SHS Mn32UUa5A9aU WO, +Si+Al NAMILAN Ca0,-Al Tutsanme 9 (a) Sos
az 1 (b) 3p8az 2 (c) Sa8az 3 (d) 5088y 4 waz (b) 5888z 5 laalInin

M50 4.1 USuaesddsenavlu@enauSunaeawmaasussnaudelansnaanscy
aaUfA3en SHS MNIZUUEIAIGY WO, +Si+Al NAMILEN Ca0,-Al TuuFanaeng 7

U1nauae Ca0,-Al USmnauansudad i
(3ouazlaeiivin) (50882)

WSi, WS,
1 99.72 0.28
2 98.40 1.60
3 92.00 8.00
4 87.86 12.14
5 82.54 17.46
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uwisensisznaudsTans gninlumeanumnuiunamdnunuih wuhil
USanauuee Ca0,-Al 3eeas 1 2 3 4 uas 5 lagthuiln fanumnulduaisuhiu 7.68
o/em® Toglieanuud ande 8.83 8.89 9.06 9.37 waz 9.71 GPa MNEIGU

ilaasasaudiamaiin XRD wuhwdadasiignuisauthnianie
o liazdsznaulidraauine fa tWauas CaO-ALO,:CA, (Jerebtsov and Mikhailov,
2001) (ThuWandn uazd wsi, fu w,si, ihuasas Fauaadlflusui 4.70

* CaO(ALO,),
* Wi,
® W.Si,

*

20 40 60 80
2 theta (degree)

Ul 4.70 sUuuuMad suurasidienduanzniueanludnduansicsUjisen SHS
NNITUVAINNAU WO, +Si+Al NHMILAN Ca0,-Al

]
IS o

Wanznsuaanlad lUdnwlasadgamadiamaiia SEM wuinzniy
ppnlgdianiuiiansuzadnaury (Rod-like) Aagulutil ail uaa9szUUCa-0-Al-W-Si
aauaaslugun 4.71

3Uf 4.71 dnvaslassadgamezesasniueanladiduaisiiaufiser SHS an
FEUUFITANGUY WO,+Si+Al NAMILAN Ca0,-Al

4
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4.6.2 33UU WO,+B,0, +Al
naINMITaLANzRa8U A5 SHS wuhd unwnsusznauldelansil
anuannsalumsueniaaananazniusanladlad aanluddilvaazgnadaueliaos

risithmneuasledl saaiad uawwaadlugui 4.72 ualoasInudiil asnsuan N o
laf dldianansaasgusauuuuvasla

15 mm;

S YV

3UN 4.72 dnvazzesuriansusznauidelanzNduanziaraufisen SHS nnssuuas

g v

A90U WO,+ B,0,+Al NAM3ILAN Ca0,-Al

wishsusznaudslans gninlimemumnuiumnamvdnunuiinh wuihi
USanauues Ca0,-Al Jesaz 1-4 Tagihmiln fenamnuiuaisuhiu 10.2 g/em’ Tog
Tiaanuudanis 8.23 GPa waziiUSinmues Cao,-Al Sasas 5 Tasiwiin fianu
WNuLRAIWNA Y 11.12 g/cm’ Tagldmanuuiwnas whiu 10.05 GPa

nnmsdnnlasadrgamadismaia SEM wuhlassaislaslud
managUunindndnvaradneuriedmasy (Rectangular bar) fvagluddl ol Winszasly
dhegwgu dauanslusuil 4.73 TasfiuSanames Cao,-Al Sasas 1-4 Tamiwiin wuh
Tassahdadignguagiludinnumnn udilaiinaues cao,-al viniuiesa: 5 Tas
ihnifn Funaldhsnguasiviinaanas durilimssznauddlansdanumnuid
g9 u
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sUN 4.73 sUuuuMald ertuuzeetdienduesuransussnaudelansndua e

u

UA3en SHS MNIZUUENIANGYU WO, +B,0,+Al NAMILAN Ca0,-Al Tut3anauea 9 (a)
Samaz 1 (b) 5p88r 2 (¢) Sp8az 3 (d) 500¢ 4 waz (b) 5088y 5 L8N

Yy v
o oA

WHIANMEWAtian EDX WUNKANAaaLawaztil o mluAassuuung
Ww-B Tunn 9 USinawes Ca0,-Al asudaidiagalilugui 4.74

JUN 4.74 dnvazmInszngdizesaigueswrasissnaudlansiiduaneviais
U381 SHS MNI=UUEIANNOY WO, +B,0,+Al NHMNILHN Ca0,-Al
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NaMIeNziasdlsznaudiamaia XRD wuihansdsznauiiily
avdUsznavagluwisansusznaudelane dwsunn 9 Usinawes Ca0,-Al #a W,B 1u
wavan waswuatatias w ithuwases asuaaslugy il 4.75 TagUFinamnmsd o
@i aBnalilumnad 4.2 Fsdunaldhiivsinailndidseiulunn 4 dauls

[ | WoB
& W
| |
N i u i * o &
1
_l_.__._.fk W — Y A_A.J}L[;)LA_,
(c)
JL ®
— A JIL AN AN AN
A A AJ/\\‘ A N .\_A_:-FL_('A_)_/;JL
20 40 60 80

2 theta (degree)

sUi 4.75 duuumsd SILUUYDISIFBNTUBIUNFITUEn UL lanie N daLasIzia e
UA3en SHS MNIzUUEINIGU WO,+B,0,+Al NHANMSLAN Ca0,-Al Tul3anaena g (a)
Sauar 1 (b) Sowar 2 (c) Spzay 3 (d) Sp8ay 4 uaz (b) Saeay 5 lagiiwiin

M58 4.2 USinaesddsenaulu@enauSunaeawmaasussnaudelansnaaascy
aaUfi3en SHS MNIZUUEIAIGY WO,+B,0,+Al NAMILGN Ca0,-Al Tut3anae 9

U1nauae Ca0,-Al USmnauansudad i
(3ouazlaeiiviin) (50882)
W,B w

1 55.46 44.54
2 59.46 40.54
3 58.42 41.58
4 59.84 40.16
5 51.83 48.17




102

NOAINENTFDAANDINUNUINLYBY Yeh oz Wang (Yeh and Wang, 2011)
Aldnsnulindlesnaedan: w aﬂ’izlﬂ'NﬁyuLﬁ'E]Qﬁ)']ﬂﬂ‘]iaﬂgﬂLLauﬁﬂﬂﬁﬁ%ﬂ’lﬂﬂﬁl
anudouiiged u szuuesw-B andsunnula w,B Fufulaseahausnuaslaseade
Lﬁmﬁ'mmsnﬁagﬂﬁyuléﬂlmﬂuWa W,B uaztd W iiudiu (W-rich) asudaalilu
unumwangaaszie W Ay B dauaasluzuil 4.76

Wi% B

w 2 4 6 8 10 15200 30580758
1 1 1 1 L1 1l

°C

3800

3400 k 2423°
o
3000 J‘ ‘ -]
Ligud S o
l =
2600y ] ] “
<1
1 1 Liguid
W W8,
W) e 50
2200 ¥ AwE | Lig.
Wi ' N
wea gwe 255 VA
-WB WaB, [dwe, [ we, +

1800
W 10 20 30 40 50 &0 70 80 90 B
o,

%

3Ui 4.76 ukumwanqgaadmiussuy W-B (Usta et al., 2005)

dmugasudefignuiitzasudfininineaiaerld gnirldasivaey
avdUsznaumemaiia XRD wazwuniusznaulumedauns da tWdszwing Ca0-ALO,
Wwanan uasli w,B 1Wuases Feuaaelilugui 4.77

*k

* CaAl 0,

" W.R

20 40 60 80

2theta (degree)

3Uf 4.77 sUuuumsd sneasiidienduasasniusenladndunansyicnad jisen SHS

NNITUVFAINNOU WO,+B,0,+Al NAMILEN CaO,-Al
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]
IS o

Warhnznsuaanlad lUdnmlassaingamadiamnaiia SEM wuinzniy
sanlgdiauiianvuzedreiduly (Fibrous-like) naguluil afi uwesszw Ca-0-Al-
W-B asuaaslugui 4.78

3U7 4.78 dnvaslassadgamezesasniusanladiduanzvidiaufiser SHS an

< Y

FEUVAIIAIGU WO,+B,0,+Al NAMSLHN CaO,-Al

4.7 uam3An¥Iandnarasliuimuas B0, Ndinadad numstanzyasasusznauy
(Balaviz W,B

NN IFILANZAaIaUfAse SHS wulhidlawdn B0, avluszuuas

g v

aedufasas 1 Tashwiin 3 wnnstssnauiilansduanilaaanainaanladladuasd
dnwaradedud wnuluszuudmduduluidaiia.e.2 GuaalugUi 4.79a udiiloiiia
USinawas B0, Wudaza: 2 waz 3 ewaiau wuhd wnlisainsausnlaszuing
astsznaudlavziusenladld vivlvuae SariilldeaninidnwasduuaasTaquan
fifienamgud dauaadlusud 4.790

amgueslnngmsaigandnaadiissnanneanladiiadlulussuy
AN UND aanlﬁﬁtménfu?nlﬂg]ﬂ%’umm%’auﬁ'mﬂaaﬂmmﬂﬂﬁﬁ%ﬂﬂﬁaﬂm danaly
anLl uaaeeENTIaLE7
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~u
(b)

Sand mold
Composite

15 mm

3UN 4.79 dnvazzasuransusznauidnlanzNduanziarsufisen SHS nnssuuas

ANAU WO,+B,0,+Al NiiMatdn B,O, Tuldanuan s (a) 3asaz 1 lasimin waz (b)
Souas 2 uaz 3 logimiin

wivahsUsenauiieTanziida B,0, S08as 1 Toghuiin gnih lumeny
mnuiumananunuiihuaswuhiisanumnuiuaiegeds 13.53 gem’ wasiien
ALl Rdegede 10.71 GPa

uannil wivansusznaudelansiiiu B,0, Sovas 1 Tagrimiin gagn
ihl@nwnlassshgamademaiia SEM waswuhlaseadniinasud uiSnsasdundn

anwaramsuisiiiznelualuazend uUsnawssgngussasaiaiiulade uazdidune

lanfuadzram (€) lunsnaglugasinszuinnsursunadim (O) awaaalugun
4.80

7UN 4.80 dnwvazlasaigamazesuiiasusznaudalavsidaunnsviaisdfisen
SHS 9N32UUa5096U WO,+B,0,+Al 1iMstexn B,O, lul3mna azaz 1 Tazimiin
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WU TILATWTINUASMINTEIBMVITINMEMATA EDX WU € 7

na? werihansuraans O Aessuudaunassningg W nusg B aaudaslugui 4.81

|". 1 K ;I '
= N
\r k A 1\
L \eado0y

sUN 4.81 dnwasnInszgazasIgrewiasUsenaudlansndaun ol
UA3en SHS MNIzUUEINIGY WO, +B,0,+Al NANML@N B,O, Tulsunm Sasaz 1 Tas

v
o £%

TRILY

dmiusng B adusaniivinluanadiann asnsedessiuaziga
tananual (Identify) 1olaan5annseudn laisea1dianasaudInsuimneaila EDX aglvii
AgeFaLiies 1 keV 399ca3N30051370579 B 16 wazlaudasd3nnauessna B ainan
TagdsdaiUSanauuugalilugui 4.82

cps

=]

20—§ B Energy (keV)
E 4 WW

5 10
Energy (keV)

sUN 4.82 anwazanaiuressnglumsUsznauidnlansduanziaieUfisen SHS
PNTTUUANINGU WO,+B,0,+Al NiMsLin B,O, TuuSinm Jazaz 1 Tagimiin

NIMIUUMEITEINUTINUULUUAUAEFUN A THAINGINIY WUV

e € FUsnaaswa W ganhusnas O asuaaalugui 4.83
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3

umu\Tumwfwmu\é:

o

2

Energy (keV)

25

HTHHMH\imhmr\mhm =

s

Energy (keV)

Ui 4.83 mwenganmeiin SEM/EDX uaaaliiuanudninauazailnasueaesne

sznhld € waziid O rasuvisansusznauialanshiduanedaaufisen SHS an
FTUUEITANGU WO, +B,0,+Al ilMstin B,O, Tuilzmna Jagaz 1 Tasiwmiin

PINHAAINENFNITODNDINIUITBYBY Sugiyama UWazAMe (Sugiyama et
al., 2002) fieulin Teemlussdsznau W,B ﬁﬁmmtﬁuﬁmmmq B @1niay
naausne (Migrated) 11Jazuiu%nm°zlamn'iu

NnmMsIenziasdlsznaugrmaiin XRD wuhasusznauiily
asdlsznavagluurivmsussnaudslans iaidn B,0, Sosaz 1 Tasihwiin da W,B @9
Hulandn wazwu W Hulafiadiossasasn uaswdsnnmsmuaudeiaUsinamuh
fusinaoua W,B geiedasas 90.9 lusasiilaas W fivsinaansuniaiiisias
az 9.1 udtilatin B,O, 59882 2 Uas 3 Tagthuinamudrdu wuesddsznaudiladu
Saquandalsznauludieadou #o W,B W ALO, CaO(ALO,), CaB, CaB,0, uas
Cawo, fauaadlusud 4.84
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BWoB ¥ CaD(Al303)g
=W ® Ca-B group: CaBg, CaBy0y4

¥ AlgO3 ¥ CaWOy

20 40 60 80

2 theta (degree)

31]‘71 4.84 UuUUNISLA LU BISIFLDNTUDILYNEITU Sz ULEN laviesn datasziane

UA3en SHS MNIzUUEINIGY WO, +B,0,+Al DAL B,O, Tuldanasie ) (a) Sos
az 1 (b) 3988z 2 uaz (c) 5080y 3 laawinin

4.8 wansAnwwIMIMaeTead agih wsi, dmsuldlunszuumsiadauinn e
malinalnuna3y

WdnTUfATe) SHS  uaznaeadwuunaans L iuuna§usiy
gudnaneeiu wuhidlavdeasluwuuded fmnadushuguanaaniu 25.4 mm 2y
165 unmdaidauinaauysal Taewdl amdienuvnlszana 8 mm udidlondaaslunuy
vdefifnaduruguinmariu 38.1 mm 3 wnuitldaslabaysol waslaidauuuvde
dlasnnzamaniimafudusndsinaumsuinssnadanwuumds dauaaslugui
4.85(a) waz (b) MuSINU
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i |L|Ll !Illllll I|I|ll|1‘l\1!‘\\‘\“ ‘H

AS synthesied

3UM 4.85 dnwauzzasansusznauidalan: WSi, NuaziaI8U{A3e) SHS uaznaaad
Tuwvunasnnvdnfizmnevesdusiuguananeng (a) duriugudnan 25.4 mm
waz () WUEUFUENN 38.1 mm

4.9 HAMIANHIMILATAUEIA IWMUNMIEINIAR 28a1sUsznaulansW,B

ANHAUSNMENINY DT UNUNTININEIUNTZUIUM INULABBUMIELUED
anusaulauanaliluzun 4.86

After thermal spraying

3U 4.86 anvazzasnsUsznauielan: W,B Ngnadauatuuiangiu wasanuu
NIELIUMINULARBUMELAIANNTBY

dlaBunuiliiiedevzesnsussnauidslan: w,B TuAnnTassai
qamademaiin SEM wazwuhinwdeunas w,B Aildianuaslimiawe wandaiiu
il uil Fusndasnnissansmwlumsivadesssiigndshuaannninuin
aaU UBNANG Sanuh Tueiuidudaudn q Fufennmsiiudiveiazeniraurm
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Abstract

Tungsten alloys was synthesized by self propagating high-temperature synthesis (SHS) from two different reactants
systems of FeWO,-Ni-Al and Fe,03-WOs-Ni-Al. The reaction was carried out in a SHS reactor under static argon gas
at the pressure of 0.5 MPa. The standard Gibbs energy minimization method was used to calculate the equilibrium
composition of the reacting species. The reactants mixture was activated by high energy milling for 1 hour. The effect
of the difference of starting materials to the result products were investigated and discussed. The products were
characterized by inductively coupled plasma-optical emission spectroscopy (ICP-OES) and scanning electron
microscope (SEM) with energy dispersive x-ray (EDX) technique.
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1. Introduction

Tungsten alloys or tungsten composite have received considerable attention for both scientific and
military applications such as, core materials of kinetic-energy penetrator, counter weights, radiation
shields and electrical contacts because of their high density, strength and ductility. Tungsten alloys used
to suffer from limit use due to its blunt behavior while penetrating the tough target materials. The blunt
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behavior of tungsten alloy core is induced by the adiabatic shear deformation, which is related to a high
strain rate and local shear deformation [1, 2].

By refining the microstructure, we can improve the mechanical property of tungsten alloy core and so
as to mend the blunt behaviour [3]. Since the self propagating high-temperature synthesis (SHS) process
has been proved as an effective method to refine many kinds of materials. Higher of quenching rate
during SHS reaction has improved the formation of a small crystalline materials [4]. In addition, oxide
dispersed strengthened (ODS) is one choice of the most promising candidates for kinetic energy
penetrator owing to their high strength at elevated temperature and possibility to control the fracture mode
from ductile to brittle fracture according to oxide content [5]. Due to the high melting point of tungsten,
it is difficult to fabricate tungsten alloys by melt process. The conventional tungsten alloys is
manufactured by a powder metallurgical process employing a liquid-phase sintering of the mixed
powders of tungsten (W), nickel (Ni), and iron (Fe) with some combination of cobalt (Co) or copper (Cu)
at a temperature above 1460°C [3, 5].

Recently, self propagating high - temperature synthesis (SHS) method has been developed to produce
ceramics, intermetallics, catalysts, composite and alloys and magnetic materials at low cost. It is based on
the use of highly exothermic reactions which are commonly found when synthesizing such materials.This
method exploits self-sustaining solid-flame combustion, which develops very high temperatures inside
the materials over a short period. A stoichiometric mixture of the reactant powders, carefully mixed, were
pressed to obtain a powder compact are the common steps. The sample is then heated locally, thus
reducing the heat consumption to synthesize the ceramic or alloys. As the reaction is highly exothermic, it
releases a lot of heat which will, in turn, heat the inside of the sample. Where the reaction will be able to
start and progressively, the reaction front will be able to propagate through the sample until the reactants
are completely converted. SHS method therefore offers many advantages over traditional methods, such
as much lower energy loss, lower environmental impact, convenient manufacturing process and unique
properties of the product [6].

Here, we present the tungsten alloys in which resulting from SHS reaction. The effects of the different
of starting materials to the result products were investigated.

2. Experimental

The reactant powders used in this works (see the different reaction systems in the Eq. (2) and (3)) were
ferberite minerals (FeWOy,), Fe,03;, WO;, Ni and Al powder whose properties are listed in Table. 1. The
powders were mechanical activated and dry mixed in the planetary ball milled (Tungsten carbide jar and
ball) (Fritsch GMBH, Pulverisette 6) for 1 hours. The powder mixture was uniaxially pressed (Herzog,
TP20P) without binder at 30 MPa into cylindrical pellets compact of 25.4 mm diameter represented in
Fig. 1(a).

The compact was transferred to SHS reactor and placed on a movable graphite plate. The reaction
chamber was evacuated with a vacuum pressure of 70 mmHg for 5 minutes and filled with argon gas up
to a pressure of 0.5 MPa.
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Table 1. Properties of the reactant powders

Reactant Vendor Purity (%) Particle size (um)  Melting point (°C)
FeWO, Sakorn Minerals CO.,LTD. - - -

WO; Fluka analytical 99.90 45 1472

Fe,O; Riedel-deHaen 97.00 45 1565

Ni Sigma-Aldrich 99.99 148 1455

Al Himedia Laboratories 93.00 45 660

The experimental setup in this work consisted of a SHS reactor with a controlled atmospheric reaction
chamber and tungsten filament connected to a power source through a current controller, which provides
the energy required for the ignition of the reaction [7].

(@ (®)

Fig. 1. Photograph of (a) the green pellet of the precursors and (b) the synthesized product (o = non metal), (B = metal alloys).

This operation was repeated at least twice in order to ensure an inert environment during the reaction
revolution. A combustion front was generated at one sample end by using a heated tungsten filament.
Then, under self - propagating conditions, the reaction travels until it reaches the opposite end of the
sample.

Different phase of the SHS products were identified by inductively coupled plasma - optical emission
spectroscopy (Perkin Elmer, Optima 4300 DV). Microstructure of specimens was investigated using
scanning electron microscope (Quanta 400, FEI and JSM-5800LV, JEOL) included energy dispersive
x-ray (ISIS 300, Oxford).

3. Results and discussion
3.1 Thermodynamic analysis

Thermodynamic calculations for equilibrium concentration of stable species produced by SHS
reaction were performed based on the Gibbs energy minimization method [8]. The evolution of species
was calculated for a reducing atmosphere and as a function of temperature in the temperature range of
0-3500°C. It was assumed that evolved gases are ideal and form ideal gas mixture, and condensed phases
are pure. The total Gibbs energy of the system can be express by the following equation:

G = 2nig,;° + RTInP;) + Jnig;° + Jni(g;° + RTlnx; + RTiny) (1)
gas condensed  solution

where, G is the total Gibbs energy of the system; g; °is the standard molar Gibbs energy of species i at
P and T; n; is the molar number of species i; P; is the partial pressure of species i; x; is the mole fraction of



T. Chanadee et al. / Procedia Engineering 32 (2012) 628 — 634

species 7; and  is the activity coefficient of species i. The exercise is to calculate n; such that G is a
minimized subject to the mass balance constraints.

The equilibrium composition of the FeWO,-Fe,03-WO;-Ni-Al system at different temperatures was
calculated using HSC® program [9] based on Gibbs energy minimization method and the results are
shown in Fig. 4. The overall chemical reactions of the two systems of reactants can be expressed as:

(A): 3FeWO, + Ni + 841 — (3W-Ni-3Fe) + 441,0; , Thy=3093.3C (2)

(B): Fe;Os3 + Ni + 841 + 3WO; — (3W-Ni-2Fe) + 441,0;, T =3406.8C (3)

Fig. 2 reveals that it is thermodynamically feasible to synthesis the composite alloys by heat up the
system of the reaction (2) and (3). Accepting that, the reaction can be a self-sustained manner due to its
exothermic character, when the adiabatic temperature of the reaction is higher than 1800°C [10].
Calculations have shown that the adiabatic temperature of the reaction system is higher than 1800°C thus
the use of SHS is feasible for both systems.
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Fig. 2. (a) Equilibrium composition of FeWO,-Fe,0;-WO;-Ni-Al system in Ar gas atmosphere, and (b) Magnified in the rectangular
projection of (a).

During the SHS process, FeWO,, Ni and Al in the reactants system (A) may have been interacted to
form some possible compounds as following intermediate chemical reactions below:

3FeWO, + Ni + 841 — (3W + Ni + 3Fe) + 441,05, AH, = -1043.68 kJ 4)
1.5FeWO, + 241 — 1.5Fe + 1.5W0, + AL,0; AH, = -775.62 kJ (5)
1.5WO, + 241 — 1.5W + ALO; AH, = -790.75 kJ (6)
3FeWO, + 241 — 3FeO + 3W0, + AL,0; AH, = -677.35 kJ (7)

Fig. 3(a) shows that the reaction of Eq. (4) has the lowest Gibbs energy of all four reactions. If all
reactants were located in the same area, the reaction will complete to the final products. Estimated at
660°C, Al reacted first with FeWOy, (Eq. (5), (7)) to yield Fe, FeO, Al,O; and WO,. The WO, are sudden
continue reacted with a residual molten Al (Eq. (6)) provided which lowest of Gibbs energy and higher of
exothermically final, these character made it to elemental W combined with Fe and Ni at the closed area
to form metal alloys of W-Ni-Fe and separated Al,Os.

For the reactants system (B) Fe,Os;, Al, WO; and Ni may be interacted to form some possible
compounds through the following reactions below:
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Fe,0;+8A41+3W0O;+Ni — (3W+ Ni +2Fe) + 441,05,
241 + 5WO; + 2Ni — 5WO, + 2NiO +AL,0;

WO; + 2Fe;0;3 + 241 - WO, + 4FeO + Al,O;,
3FeO + 241 — 3Fe +A41,0; ,

WO, + NiO + 241 - W + Ni +AL,03,
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Fig. 3. Gibbs energy of the different reactants system (a): system (A) (Eq. 4, 5, 6, and 7, see text) (and (b): reactants system (B)
(Eq. 8,9, 10, 11 and 12, see text) at a temperature range from 0 to 3500°C.

As well as, for the reactants system (B) (see Fig. 3(b)), the reactions was completed to produce the
final products if the reactants were located in the same area or has suitable of the reactions side (Eq. (8)).
The reactions began at the melting point of Al reacts with metal oxide of WO; and Fe,O; together with Ni
to form intermediate phases of WO,, NiO and FeO (Eq. (9) and (10)). Later, these intermediate phases
reacted with the residual molten Al and yield metal element of W, Ni and Fe and AL,O; (Eq. (11) and
(12)). The heat releases from reactions was then help form W alloys of W-Ni-Fe system.

It is found that the phase separation as shown in Fig. 2(b) between Al,0; and W-Ni-Fe alloys takes
place in the combustion wave due to their differences density and surface tension [11].

3.2 Products formations

Table 2. Elements found in SHS products of different reactants system analyzed with ICP-OES.

Elements (Y%ow/w)

Reactants system

F6203-WO3- Ni- Al

FeWO,-Ni- Al
w 82.73
Fe 4.20
Ni 3.08
Al 5.29
Sn and Mn trace elements balance

84.62
1.74
0.38
3.15

Table 2 shows elements found in SHS products of different reactants system analyzed with ICP-OES.
The determination of metal elements in the products on the both reactants system has been identified by

ICP-OES detection.
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The amount of Fe, Ni and Al that found in the products of Fe,O;-WO;-Ni-Al system were less than
that of the reactants system of FeWO,-Ni-Al. It is due to the higher heat release for exothermic reaction
from thermite-oxide agents (Fe,O; and Al) while, the thermal decomposition, partial sublimation and
vaporization of some intermediate phase or elements in-situ SHS reaction can possibly be occurred.

3.3 Microstructure evolution

Morphological observation of all SHS products are shown in Fig. 4 (a and b) and quantitatively
included phase distribution of these products are given in Fig. 5 and 6, respectively. It is observed from
SEM images that the microstructures for the system of FeWO,-Ni-Al have been clearly separated
between metal alloys (W and Fe) and matrix phase shows in Fig. 4(a) and has been verified by elemental
mapping in Fig. 5(a) which, a W-Ni-Fe alloys are coexisting with Al,O3. The formations of W crystal are
hexagonal shape and spherical shape in case of Fe.

On the other hand, the metal alloys phase of W-Ni-Fe in the Fe,03-WO;-Ni-Al system were covered
by melted Al,O;. The melted Al,O; are generated by exothermic heat release due to the thermite reaction
compared to the previous reactants system, which shown in Fig. 4(b) and elemental mapping in Fig. 6(a).

10um

(®)
Fig. 4. SEM micrograph of the SHS products from (a) FeWO,-Ni-Al system and (b) Fe,O5-WO;-Ni-Al system.

The EDX spectrums of FeWO,-Al-Ni and Fe,0;-WO3-Ni-Al system show W peaks along with Ni and
Fe for W-Ni-Fe alloys and Al and O for Al,O; phase. In addition, Sn and Mn trace element was found in
the system of FeWO,4-Ni-Al because of their existent in FeWO, minerals.
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Fig. 5. EDX analysis of FeWO,-Ni-Al system (a) elemental mapping of and (b) quantity spectrum
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Fig. 6. EDX analysis of Fe,0;-WO3-Ni-Al system (a) elemental mapping of and (b) quantity spectrum

4. Conclusions

The novel self propagating high-temperature synthesis (SHS) method has successfully produced

(W-Ni-Fe) alloys with separated Al,O; from the different reactants system of FeWO, (mineral tailing)-Ni
-Al and Fe,05;-WO3-Ni-Al. The morphology and amounts of product phase from the different reactants
system are depending on exothermic degree of the SHS reactions.
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Abstract. The in-situ self propagating high temperature synthesis technique were used to synthesis
tungsten based intermetallic alloys from WO3/SiO,/Al and WO3/B,03/Al reactant mixture system.
The reaction was carries out in a SHS reactor under static argon gas at the pressure of 0.5 MPa. The
standard Gibbs energy minimization method was used to calculate the equilibrium composition of
the reacting species. The microstructure and phase distribution of the SHS reaction products were
characterized by scanning electron microscopy (SEM) and energy dispersive x-ray (EDX), respect-
ively. The results indicate that complete reaction of precursors to yield Al,03;-WSi, and Al,0;-WB
as product composites with clearly separation between Al,0; and WB.

Introduction

Tungsten (W) is an attractive material for high temperature applications because of its high melting
point (3410°C). Hence, tungsten is an obvious choice for structural applications exposed to very
high

temperature. In addition, the silicide and boride of tungsten based intermetallic alloys have a wide
application as materials for modern technical use due to their unique properties such as high
hardness, chemical inertness, thermal shock and corrosion resistance at high temperature, electronic
conductivity, and have potentially industrial applications such as abrasive media, turbine blades, the
nozzle of a gas burner, electrode materials and thin film of electronic components, which are
exposed to exacting environments [1-3]. Furthermore, the boride of tungsten has been a promising
reinforcement for carbon materials and refractory carbides such as B4C and WC while, the silicide
of tungsten are frequently considered as a second phase particularly for zirconia or carbides com-
posite system (e.g. WSi,-ZrO,, WSi,-MoSi,-SiC) [4].

Tungsten based intermetallic alloys are usually produced by solid state reaction between pure elements
powders at high temperatures, which is carried out in multistage process. The synthesis process can
be described base on mechanical mixing of elemental reactant powders followed by high temperat-
ure reaction sintering or hot isostatic pressing process (HIP)[4]. On the other hand, Self propagating
high temperature synthesis (SHS) method has been developed to produce ceramics, intermetallics,
catalysts, and magnetic materials at low cost. This method exploits self-sustaining solid-flame com-
bustion, which develops very high temperatures inside the materials over a short period in a single
step. It therefore offers many advantages over traditional methods, such as much lower energy loss,
lower environmental impact, convenient manufacturing process, and unique properties of the product
[5-8].

In this present study, the attempt was made to demonstrate the synthesis of tungsten based inter-
metallic alloys by self propagating high temperature synthesis method. This will be the preliminary
guide for SHS-casting process of tungsten based intermetallic alloys in the further study.

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of TTP,
www.ttp.net. (ID: 101.109.101.203-19/03/12,18:28:07)
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Experimental

The reactant powders used in this study were tungsten trioxide (WO3), boron trioxide (B,03), silicon
dioxide (Si0,) and aluminum metal (Al) powders which properties are listed in Table 1. First, the
powders were mixed and dry-blended in the planetary ball milled (Tungsten carbide jar and ball)
(Fritsch GMBH, Pulverisette 6) for 30 minute. Then, the powder mixture was uniaxially pressed
without binder with green density in the range of 50-60% of the theoretical value into cylindrical
pellets compact with the diameter 25.4 mm.

Table 1. Properties of the reactant powders.

Reactant Vendor Purity (%) Particle size (um) Melting point (°C)
WO3 Fluka Analytical 99.90 45 1472

B,0s3 Sigma-Aldrich 99.00 1017 450

SiO, Ajax Finechem 98.00 0.018 1410

Al Himedia Laboratories  93.00 45 660

The compact was transferred to SHS reactor and placed on a movable graphite plate. The reaction
chamber was evacuated with a vacuum pressure of 70 mmHg for 5 minutes and filled with argon gas
up to a pressure of 0.5 MPa. This operation was repeated at least twice in order to ensure an inert
environment during the reaction revolution. The experimental setup in this work is consisted of a SHS
reactor with a controlled atmospheric reaction chamber and tungsten filament connected to a power
source through a current controller, which provides the energy required for the ignition of the
reaction. A combustion front was generated at one sample end by using a heated tungsten filament.
Then, under self propagating conditions, the reaction front travels until it reaches the opposite end of
the sample.

The microstructure of the SHS products was investigated using scanning electron microscope
(JSM-5800LV, JEOL) and energy dispersive x-ray spectrometer (ISIS 300, Oxford).

Results and Discussion

Thermodynamic analysis
Thermodynamic calculations were performed for equilibrium concentration of stable species
produced by SHS reactions based on the Gibbs energy minimization method [6]. The evolution of
species was calculated for a reducing atmosphere and as a function of temperature in the temperature
range of 0 - 3000°C. Calculation assume that evolved gases are ideal and from ideal gas mixture and
condensed phases are pure.

The equilibrium composition of the WO3-Si0,-Al and WO;3-B,03-Al system at different
temperatures were calculated using HSC® program [7] based on Gibbs energy minimization method
and the results are shown in Fig. 1. The overall chemical reactions of the two systems of reactants can
be expressed as:

WO3(S) + 2Si02(5) + 4.667A1(5) - WSiz(S) + 2.333A1203(5) (1)

WO3(S) + 0.5B203(S) + 3A1(S) —> WB) + 1.5A1203(S) 2)
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Fig. 1. Equilibrium composition of (a) WO3-S10,-Al systems and (b) WO3-B,0s-Al systems in Ar
gas atmosphere.

The adiabatic temperature (T,q) of the SHS process can be calculated from the enthalpy of the
reaction [6]. This is the maximum theoretical temperature that the reactants can reach, and it is
determined from Eq. (3). This equation applies to a phase change occurring between the initial
temperature and T,q. The calculated results of overall reaction from Egs. 1 and 2 are 2636.7°C and
3081.1°C, respectively.

Tm Tad
AH= [cp piqdT +AH; + | Cp liquid 4T (3)
298 T,

Where, AH is the enthalpy of the reaction, AHr is the enthalpy of transformation, C,, is the specific
heat capacity, Ty, is the melting temperature, and T,q is the adiabatic temperature.

It had been accepting that, the reaction can be a self-sustained manner due to its exothermic
character, when the adiabatic temperature of the reaction is higher than 1800°C [5]. The calculated
adiabatic temperature of the WO;-S10,-Al and WO3-B,03-Al system are higher than 1800°C, thus
the using of SHS is feasible for these systems.

Microstructure and Phase Distributions

The SEM micrographs of WSi, and WB intermetallics alloys were shown in Fig. 2(a) and Fig. 3,
respectively. Fig. 2(a) shows the overall formation of WSi, structure which nucleated and growed
into a hexagonal-like grain coexisting with Al,O3 grain. Phases confirmation was performed by the
EDX spectrum and elemental mapping as viewed in Fig. 2(b).

The microstructure of product from the WO3-B,03-Al system was shown by SEM image in Fig.
3(a) and 3(b). It is clearly seen as two regions of separation phases. Figure 3(a) has shown the
cubic-like crystal of oxide phase and Fig. 3(b) has shown a cracking surface of continuous alloys
matrix phase in the non-oxide region.
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Fig. 2. (a) SEM images of product from the WO;-S10,-Al System. (b) EDX analysis of product from
the WO;-Si0,-Al System.
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Fig. 3. SEM images of product from the WO3-B,03-Al System. (a) oxide region and (b) non-oxide
region.

The EDX spectrums of WO3-B,03-Al system for the oxide region in Fig. 4 shows Al peaks along
with O for clarifying of Al,O; phase and Fig. 5 shows tungsten element as a matrix phase but because
the boron was light element that cannot be detected, therefore, the W-B binary compound or WB
stable phase was expected. In addition, these WB intermetallics regions still contained with a slight
dispersion of Al,Oj; particle.
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Fig. 4. EDX analysis of oxide region of product from the WO3-B,0;-Al system.
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Fig. 5. EDX analysis of non-oxide region of product from the WO3-B,03-Al system.

Summary

The self propagating high-temperature synthesis (SHS) method has successfully produced WSi, and
WB intermetallics with separated Al,O3 from the WO3-Si0,-Al and WO3-B,03-Al reactant system.
The morphology and the degree of phase separation of WO3-B,0s-Al reactant system are better
than WO;-Si0;-Al reactant system because the higher of adiabatic temperature were take place. The
higher adiabatic temperature of reaction resulted in longer time to cool down and so enough time
for oxide and intermetallics phases to completed separation.
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Abstract. Tungsten silicides intermetallic compound (WSi;) was synthesized in-situ by self
propagating high temperature synthesis-casting of WO;-Si-Al system in Ar gas environment. It is
proposed that the extent of phase separation between oxide ceramic and intermetallic compound
depends on the reaction temperature that made a lower viscosity and longer lifetime of the melted.
The effects of inert gas pressure on densification of the intemetallic product were investigated.

Introduction

In contrast to metals and alloys, which are generally produced by casting from melts, polycrystalline
ceramics are mainly fabricated by sintering from fine powders. A major obstruction involved in the
melt-casting of ceramics is the extremely high temperatures (e.g. >2000°C) required for producing
homogeneous ceramic melts. Such high temperatures are usually fulfilled by induction heating or by
laser-induced heating [1, 2].

Self propagating high temperature synthesis (SHS) is potentially an energy-efficient process to
produce in situ refractory ceramics, ceramic composites, and intermetallic compound compared to
other methods such as conventional melt-casting, powder metallurgy and reactive sintering due to
they require long heating time of solid metal in the furnace at high temperatures. SHS also offers
advantages with respect to simplicity, economy and high efficiency process [3, 4]. Recently, a new
approach to the SHS-casting, melt-casting or reactive casting of bulk ceramic materials has been
reported. In this approach, exothermic reactions are utilized to achieve high temperatures for melting
the products. An example, cast Fe;Al-Fe;AlCy s composites, molybdenum, niobium, and tungsten
silicides were prepared using an SHS-casting [5, 6].

This preliminary work makes a systematic investigation on the phase separation of bulk tungsten
silicides intermetallic compound by self propagating high temperature synthesis-casting technique, in
which materials were simultaneously synthesized, melted and solidified in a single step. The effect of
gas pressure on phase separation mechanism during SHS reaction are described, as well as to
characterization, including analysis of microstructure, chemical composition and density.

Experimental

The general chemical reaction formula of target products can be express in Eq. (1). The reactants used
in this study were WO; (Fluka Analytical, 99.90%), Si (lump) (Sigma-Aldrich, 98.50%) and Al
(HiMedia, 99%).

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of TTP,
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WO3(S)+2Si(S) + 2Al(5) - WSiz(S) + A1203(5), AH®208 x = -925.66 kJ/mol (D)

First, the powders were weighed according to a stoicheometry of the reaction (1), mixed and
dry-blended in the planetary ball milled (Tungsten carbide jar and ball) (Fritsch GMBH, Pulverisette
6) for 30 minute. Then, the powder mixture was uniaxially pressed without binder with green density
in the range of 50-60% of the theoretical value into cylindrical pellets compact with the diameter of
25.4 mm.

The compact were inserted in to a 26 mm inner diameter quartz tube and placed on a graphite plate
with 10 mm diameter hole at the center. Then, the compact and graphite plate was transferred into
SHS reactor. The reaction chamber was evacuated with a vacuum pressure of 70 mmHg for 5 minutes
and filled with argon gas up to a required pressure. This operation was repeated at least twice in order
to ensure an inert environment during the reaction revolution. The experimental setup in this work is
consisted of a SHS reactor with a controlled atmospheric reaction chamber and tungsten filament
connected to a power source through a current controller, which provides the energy required for the
ignition of the reaction. A combustion front was generated at one sample end by using a heated
tungsten filament [7]. Then, under self propagating conditions, the reaction front travels until it
reaches the opposite end of the sample. After cooling down to room temperature, the products were
taken out of the reactor. The obtain products were characterized in term of microstructure and phase
compositions was investigated using scanning electron microscope (JSM-5800LV, JEOL) associated
with energy dispersive x-ray spectrometer (ISIS 300, Oxford). The apparent density was measured
according to the Archimedes principle.

Results and Discussion

The phenomena of in-situ SHS-casting process.

Reaction is normally initiated from the compact surface with a heat flux. After initiation, a large
amount of heat energy was created by highly exothermic-aluminothermic reactions and fulfilled the
synthesis of the products proceeds in the mode of self-propagation. Because the reaction temperature
was extremely high, the oxide reactant compact was melted, cast and subsequently solidified and
cooled at the tube wall or inside a graphite substrate cavity where the whole synthesis process lasts
only seconds time. The product were separated to two immiscible phases: relatively heavy
intermetallic compound at the bottom and light oxide ceramic slag on the top, as shown cross-section
sketch in Figure 1.

wave

propagate Qyartz tube

A ignite

.......... g low p
..... fast melt solidified Rt (oxide)
i ] AT high p

cooling

(intermetallic)

graphite casting
Fig. 1. The shortly phenomena in-situ SHS-casting reaction of reactant compact through product.

For system investigated in this work, it was shown that this process is controlled primarily by
non-gravity driven mechanisms, such as surface tension and wetting ability, as well as by buoyancy
force, owing to difference density of the product [8].

Effect of Ar gas pressure on the product character.

It is found that the use of quartz tube helped the phase separation of the oxide and intermetallic
product. This is due to the formation of spinel solid solution formation (Si0,-Al,O3) between quartz
surface and oxide product. The intermetallic phases are completed separated and located at the bottom



Advanced Materials Research Vol. 626 145

as shown in Figure 2. Two types of oxide slag configuration were observed along the quartz tube wall
and cap on top of the intermetallic ingot.

0.0 MPa

—

oxide slag

quartz surface

oxide slag

10 mm

Fig. 2. Product configurations of (a) oxide slag and (b) intermetallic ingot synthesized by SHS-casting
at different appiled Ar gas pressures (overall view after extraction from a mould).

At high reaction temperature, parts of the products are in gas phases (metal vapor and suboxides)
and the intensive gasification causes an increase of gas pressure in the reaction medium. It is clear that
there is a pressure difference between inside and outside of the melted products (AP). These pressure
gradients control the location of oxide slag and the intermetallic compound. Without Ar pressure, it
leads to melted product splashing, the low density (5.16 g/cm’). When applied Ar pressure up to 0.5
MPa, no splash was detected during the process. Solid oxide slag cap forms first on top of the melted
intermetallic compound, leading to the formation of pores in the ingot and thus resulting in lower
density (5.14 g/cm’). Moderate Ar gas pressure (0.3 MPa) lead to the formation of thin oxide slag
tube along the quartz tube wall, which permits continuous gas evolution from the melt. On the other
hand, AP is not high enough to blow out metal alloy, providing the highest density (5.73 g/cm”).

Phase identification and microstructure.

The results of elementals analysis of the product are shown in Figure 3. It can be seen that the
product composition on the wall of quartz tube mainly consists of Al,O3 phase. It was also noticed
that, the partial Si element existed in the Al,O3; phase, which were entrap by shrinkage during fast
cooling. Whereas, the tungsten intermetallic ingot have only a minor residual Al present as Al,O3
inclusions.

(a)

(b)

Fig.3. Distribution of elements of the product synthesized by SHS-casting showing (a) oxide slag on
quartz tube wall and (b) intermetallic ingot.
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The typical microstructures of these materials are given in Figure 4. The microstructure showed a
continuous of tungsten silicides intermetallic compound matrix and orderly arranged faceted Al,O;
free growth crystals.

Fig. 4. Typical microstructures of the product synthesized by SHS-casting.

Summary

The tungsten silicides intermetallic materials were prepared by self propagating high temperature
synthesis-casting process from the WOs-Si-Al reactant system consists of three stages, including
alumino-exothermic reaction and the formation of melts, phase separation, and solidification in a few
second synthesis time.

Application of Ar pressure as optimum and the used of quartz tube as oxide slag wetting substrate
are helpful for the reduced melted splash favor gas evolution and thus, reduction of porosity with
satisfactory on phase separation and density has been achieved.
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Abstract Influence of Ar gas pressure on the SHS reaction products from WO3/B,03/Al system has
been investigated. The pressure of Ar gas has a significant effect on the phase separation and
microstructures of SHS products. Increase in Ar gas pressure has a effect on the phase compositions
of SHS products and results in the increase of the amount of W,B. Furthermore, the crystalize sizes of
W.,B increase with the increase of Ar gas pressure from 0.3 to 0.5 MPa, respectively.

Introduction

Tungsten-based intermetallic are being used as superhard and heat-resistant coating materials,
abrasive, contacts and interconnects materials for integrated circuitry, electrodes for electrospark
alloying of fast wearing parts of machines. Among various hard ceramic or intermetallic, tungsten
boride (W;,B) is potential materials because of their outstanding properties, such as high strength,
great hardness, heat/corrosion/oxidation resistance and electronic conductivity [1-4].

Self-propagating high-temperature synthesis (SHS), also termed combustion synthesis, has been
widely utilized to produce in-situ a variety of materials including refractory ceramics, ceramic
composites, and intermetallic compound [5]. Recently, a new approach to the “SHS-casting” of bulk
ceramic materials has been reported. In this approach, exothermic reactions are utilized to achieve at
high temperatures well above the melting points of reaction products. Normally, in-situ melted
reaction contains an oxide of metal redactant (such as Al,03) and target product (intermetallic and
alloys). After solidification and cooling down, SHS casting product consist of two layers and can be
easily separated into an oxide (lighter) and a “metallic” (heavier) fragment. At a sufficiently long melt
lifetime, a lighter oxide phase and heavier product phase can undergo partial phase segregation in the
field of gravity forces (flotation) [6-7]. It has been reported that pressure of gas environment plays an
important role in many aspects of the SHS product such as melt splashing, phase separation, density,
and product yield [8].

The purpose of the present study is to investigate the effects of Ar pressure on the characteristics of
the Tungsten boride intermetallic product synthesized via SHS reaction in WO3/B,03/Al reactant
system. It is expected that the results could be significant in promoting the understanding of
SHS-casting process in the WO3/B,0s/Al system.

Experimental

The overall reaction schemes can be written in Eq. (1). Laboratory grade tungsten oxide (WO3)
supplied by Fluka Analytical, USA and boron oxide (B,0O3) supplied by Sigma-Aldrich, USA have
been used as starting materials for oxides. Aluminum (Al) fine powder supplied by HiMedia, India
has been used as a reducing agent. The morphology of the reactant powders are viewed in Figure 1.

2WO3(S) + 0.5B203(S) + 5A1(S) e WzB(S) + 2.5A1203(S); AHofzgg =-907.71 kJ/mol, Tad: 3081.1°C (1)

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of TTP,
www.ttp.net. (ID: 202.12.73.65, Department of Mining and Materials Engineering, Hat Yai, Thailand-04/06/13,07:17:57)



Advanced Materials Research Vol. 748 33

50um i

Fig. 1. Morphology of the reactant powders: (a) WOs, (b) B,O; and (c) Al.

The precursor powders have been mixed and dry-blended thoroughly in the desired ratio in a
planetary ball milled at room temperature, using Fritsch GMBH, Pulverisette 6 at a rotation speed of
250 rpm for 30 minute. Then, the powder mixture was uniaxially pressed without binder with green
density in the range of 50-60% of the theoretical value into cylindrical pellets compact with the
diameter of 25.4 mm.

The compact were inserted in to a 26 mm inner diameter quartz tube and placed on a graphite plate
with 15 mm diameter hole at the center. Then, the compact and graphite plate was transferred into
SHS reactor. The reaction chamber was evacuated with a vacuum pressure of 70 mmHg for 5 minutes
and filled with argon gas up to a required pressure. This operation was repeated at least twice in order
to ensure an inert environment during the reaction revolution. The details of experimental setup were
given in a previous study [5]. Then, under self propagating conditions, the reaction once initiated,
goes to completion on its own at a rapid rate without needing any external supply of heat. After the
reactor is cooled to room temperature, a distinctly separated intermetallic bottom is then recovered by
breaking the top slag layer [9]. The intermetallic SHS-cast products were characterized in term of
microstructure and phase compositions was investigated using scanning electron microscope, SEM
(Quanta 400, FEI, Czech Republic) attached with energy dispersive x-ray spectrometer, EDX (ISIS
300, Oxford, England) and X-ray diffraction, XRD (PHILIPS, X’ Pert MPD, Netherlands),
respectively.

Results and Discussion

SEM secondary image of the SHS product with without Ar gas as shown in Figure 2(a) is constituted
by W with B, Al and O, as revealed by EDX microanalysis (Figure 3(a)). These are W;B and Al,O;
with a minor W as confirmed by XRD analysis (Figure 4(a)). These may be considered as the result of
the rapidly cooling down and solidified before completed crystallization.

.;w.‘\:\, \,1\. -
S S 1 () [~

Fig. 2. SEM micrograph of polished SHS products at various Ar gas pressure: (a) 0.0 MPa,
(b) 0.3 MPa and (c) 0.5 MPa.
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Fig. 3. EDX spectrum and elemental mapping of SHS products at various Ar gas pressure:
(a) 0.0 MPa, (b) 0.3 MPa and (c) 0.5 MPa.

Application for 0.3 MPa of Ar gas pressure, the microstructure changes became to a rod-like
crystal appears in the o region (Figure 2(b)). A more detailed view of this case is also reported
together with the corresponding EDX and XRD data. It is apparent that, rod-like crystal is consisting
between W-B binary compounds, while a region is constituted by W-Al binary system (Figure 3(b)).
By performing a XRD analysis, the results indicated that Al,O3; was disappeared and a major W,B
phase was detected with the WAl species (Figure 4(b)).

When Ar gas pressure was applied up to 0.5 MPa, it can be observed that the W,B rod-like crystals
continuously growed up as shown in SEM in Figure 2(c) and EDX in Figure 3(c). The XRD analysis
in Figure 4(c) was found to be W,B as a major phase. The products have very low impurity levels,
with a small residual W and Al present as W-Al inclusions, thus the phase composition of the product
was W;B matrix. As it clearly shown, an increase of Ar gas pressure resulted in an increase in the
intermetallic W,B formations and a decrease in the WAIl4 and W ratio in the SHS product. This Ar
pressure controlled the formation of intermetallic microstructure, as well as the location of Al,O3 slag
by activated gas entrapped by the crystallization of Al,Os at high temperatures.
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Fig. 4. XRD patterns of SHS products at various Ar gas pressure: (a) 0.0 MPa, (b) 0.3 MPa and
(c) 0.5 MPa.

Summary

In this paper, investigations concerning in-situ self propagation high-temperature synthesis-casting of
W,B are presented. The composition and microstructures can vary with the Ar gas pressure. Higher
Ar gas pressure (0.5 MPa) resulted in amount of pure W;,B phase increases significantly with the
decreasing of W-Al.
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