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ABSTRACT

The purpose of this research was synthesize the zirconium diboride -
mullite composite (ZrB, — mullite) from the reactant system of zirconium silicate (ZrSiOy),
boron oxide (B,Os) and aluminium (Al), which divided into two sections. In the first part
of the research was to study the effect of experiment parameters and characterizations
in order to determine the optimal conditions for combustion synthesis. The effect of
different of reactant system or the source of zirconium silicate (commercial ZrSiO4 and
zircon sand), the synthesis atmosphere (air and inert gas (Ar)), the high-energy milling
durations of zircon sand (120, 240, 360 and 480 minute), and the effect of silicon (Si)
addition (0.01, 0.02, 0.03 and 0.05 mole) were investigated.

In the second part of the research was to prepare composite specimens

from appropriate condition of the first part, by hot pressing at 1,450, 1,550 and 1,650 °C
with the pressure of 25 MPa under argon atmosphere for 60 minute. In addition, the
physical (density and porosity), mechanical (hardness, flexural strength and fracture
toughness), and thermal properties (thermal expansion) were also performed.

The experimental study results indicated that the using zircon sand milled
360 minute with 0.01 mole of silicon and synthesized under inert gas was the optimal
condition for synthesis the zirconium diboride — mullite composite. The chemical
composition of the composite in which compose 76.98 wt% of zirconium diboride and
14.96 wt% of mullite.

The zirconium diboride - mullite composite hot pressed at 1,450, 1,550
and 1,650 °C had a density in the range between 3.38 — 3.42 g/cm?with insignificant
change in porosity. Furthermore, the best mechanical properties including hardness,
flexural strength, fracture toughness and coefficient of thermal expansion in this research

were 153.25 MPa, 1084 HV, 4.23 MPa.m"? and 6.53 x 10°/K, respectively, obtained from
the composite hot pressed at 1,650 °C.
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(Strength) uazilaauAunIuieani1suUasgU (Deformation) Weiin1sivdgunlatgungll
1 @ @ o v & d' o 1Y a a ¥ [ a a1
98193 UNEY (Thermal shock) Mdudunauladmivanunfgidesivoungiigs oy
lunpgaamnssuNanfuaIuATEInINa Falaediulny Tanangd dauududgniid1an

AaUTEIALaEITIAABUT LN

Sanwan 1wy weslaidoulauslse - avafiun (218, - ALO,) Fsdneglungy
yosTanuesfindmaniinuseainuieugenn (Ultra - high temperature ceramics : UHTCs)
Huagignuanuazgnlddmsunuiiferdesiuonmgiigeoglutiagiu wiegidlsAnmumuin
Faquan 1B, - ALO; Faflgadeslunivesdniinisveneduiesainainuieu (Thermal
expansion) @4 @luRuIaNwavetezgiiun (ALOs) FIdedauduiiuianudAgyuaslsiia
LunANLAnAztetasUsEneurindusUszendliunu ALO; dmiutannaniandnn
Galufitinuin dalad (Mullite : 3AL,05.2510,) LBuansUsznaveduvigidsnsinisvenes
esannarudeuminit ALO, fanuuds anuudauss safenisdumusionisesndindu
(Oxidation resistance) hia1931n ALO; Sty TAANANTENING ZrB, 1 Mullite Fagniiran
Anwiluaisoned

dmfunisdanszitanuan 28, - Mullite Tnsnswmnludidy avende
Ug’jﬁ%mﬁnwﬁﬁé’wﬁaLaaﬁqmmﬁqq (Self - propagating high — temperature: SHS) el
sHS iunszurumsiilidudeu Twdsnugaannismenrudeushesiedunsifielngll
AoIn1sNaNUANSauIINABUENdn ibissndandsaulunisdunssiuasdunszuiy
fifudinssodaundon vonmniansieiuuisein wu wesladlon@ang (2Si0,) viiense
woinou dudumans (Mineral tailing) Miluveuvdofisaingnamnssunisiiniiosus
agnihunld dafunmsiientaamieianldlminUssloviuazaimaniiia Wunisde
andunulunsnAnuareaannsatisanmsidnudiutagnanandsssnalddnma
wilesne



1.2 InUszaeAvaslaIeng

fnguszasndnuediasinsided fe ieduasest aradeudnuusiane
sunsneaevantRdanavesiaquay 2rB; — Mullite lnge1duUfizenrmtimenites
figamgiigs 1IuiBnsdunsedt TneAnwidadoiidmadoujisoinisdaniziuas
Snuaianignasnsun1svadevanUAidenasasautioy q fiesdetuansninSaend
Aups1edild fail

1.2.1 navassrUUASRuINUVENiaiy Ao niewesaeudilumus
Lag ZrSiOg n14n15A1 (Commercial grade) AadnIINITANEAININTOU QUNYTVDINIT
AnURATEN kaznsinmavesansnansiue (28, - Mullite)

1.2.2 wavesusssInalumsdauanginuandaiu Tiun usseinaund (Ain
wazusITIMALRaDI$nou (A) somaiasundasiiuiiig shsnsmeaiuiou BRVARREE
N13inUfAzen wasnsiinavasansuansoe ZrB; - Mullite

1.2.3 naveszeztiarlun1sun (Milling duration) N918105ABY MONTT
Wasuwasiiuiiin Shainmsmemiuiou PUMNNVDINIAAUN NN wagnISIAANEUDIENS
W& inua ZrB; - Mullite

1.2.4 wavesdndiudaneuiifuadumsdsiudensiinua 28, uaz Mullite

1.3 YBULUAYDINIFTIVY

miAteidatiulunsfnwmanneniedeulsfivinzaulunsdunsed
Tannauwosialloulavalse - dalad PNENIHITU ZrSi0g-Al-B,05 fedam o lng Tnoas
91U fAsenimihheiesiigamaiigs (SHS) msiaaeudnvarlasiaiisgania figatia
AnvnaznageuanRdanauavantidu o vosTanuaniidansizild



1.4 Uszlewinaininaslasuainauiae

1.4.1 annsaduasendanuay ZrB, - Mullite lngondeufisenininiinae
fiesigumgligals Saduisnsdanseiianfislduyusi nszurumshidudounasdsevin
wdsu aiFeufeuiuisnsdanssiuuudiaiy

1.4.2 lgadaesdauilndlunisduassiuasimunfaauandssinneig o
flondensduaneiviendnlngisnisuuusaiu Wlauthifumeudnsiilildoy

1.4.3 aunsavhienfagumiefisnduuliusylovinaraineyaruiald

1.4.4 WaIluIN T2 UIUNITAALAZAITRAUYNIA8TTNITNIINYIAEARNT/
Tanenans

1.4.5 a$rsesdmnuilmindudsloniionsiannianuialmlusunan

1.4.6 T@ANUALAZMNEUNTNAIUNIITINTIUTEAUTARAL TEAUUIUNYA

1.5 d01UNNIN15798

a wva

1.5.1 #eUUANTST ML. 206 wag 1. 304 @1U1 ¥V TanAIEnT N1ATYY
emansuazmaluladian anIngimans uninedeasaiuasuns

1.5.2 sipsufUiRns3dedmnssuesfinuaz Januay (5408) Audaiuduie
n193ainssudan 81A153987AINTIUUTLENATIUST AMEIAINTTUAIANS
UINGNFYAIVAIUATUNS

1.5.3 guélasesilemenmans uminendoasvaiuaiuns

1.5.4 wrpuinnssuian antuideinermanswazmaluladuisussmnelne



uni 2

%

UNBMNE909 (Related literatures)

2.1 WuguIngNey

wosladenlavelse (Zirconium diboride: ZrB,) dailutnsriinuelsdidl
Amuaiiosgann (esannilgevasuinaigs fussiiudauss §8as1n1suns (Diffusion)
Tusniessuaziinnumuiuiuliunans degnineglunsygavesesiingamaiigs (Ulta -
high temperature ceramic : UHTCs) ZrB, dlassasisndnaiin AIB, Usznaunialaseang
wnwzlnuea (Hexagonal) vaslusou (B) %aé’magiiwdwﬁguL&’Jﬂ%‘[ﬂuaa%alﬁzjaﬁﬂLﬁ&m (Zr)
(Uit 2.1) Tassadrawdnludnuasdvinld 28, faudafifdeslundvesanuuds (Hardness)
n15uIALTeu (Thermal conductivity) wusiamaﬂ%uuﬂaagﬂ (Deformation) 1ilefinns
Wasuulaswesgunaiieg1adundu (Thermal shock) fiuszanamnnsveneiiiosann
ANu38Y (Thermal expansion) i1 waziliafiosnmmiaaiiuardandeugs (Akgun et al.
2011; Sonber et al. 2011)

[0001]

GOS0
_ ©CCC

OO

© Boron Zirconium
© (1100

gﬂﬁ 2.1 Tassasramaaiivaadnwasiatdeulaualsa (Low et al. 2013)



282 utaneiindugeiiiiluvszgndldlunuiifedostugumagias 1w
medmsultlunisszineans (Evaporation boat) ﬂi‘%lﬁa (Crucible) dwiuldwasuuazinti
lavglunsguiunisnaslang (Metal casting) Fudrudruniusenisdnnse (Wear part)
nsguIun1Inabiiuall (Electrochemical) vesovgiiiloy ('ilh/l 2.2 (n) - (M) wena Nl
718, Saduitauladmivliidutaggeduiinseu (Neutron absorber) luimufnsaliniades
(Nuclear reactor) 8n@q8 (Khanra et al. 2008; Martinez et al. 2002)

AN5199 2.1 andRdsiaAndnaziBanavaawasiaieulaualse (Zimmermann et al. 2008)

auvAldsianduazidena AN
AMUMUILUUNINEGYE (Theoretical Densuty) 6.085 g/cm’
IAvaauial (Melting Point) 2,990 - 3,040 °C
nsvEnefleanInAuSen (Thermal 6.8 x 10°/°C
Expansion)
n1si1AuSeu (Thermal Conductivity) 140 W/m.k
n15u e (Electrical Conductivity) 1x10% S/m
mmagmm%fauaﬁ’%ww (Specific Heat Capacity) 0.422 J/g.k
ANLTsaLnalud (Mohs Hardness) 8

* auUAdnsAsuwlasliuedivisnsdunsien



sUN 2.2 daegranisdrludssendldauigungiigeves 28, (n) a33.da

(www.coleparmer.com) (%) TUdIUATIUNIUAONITANNTD (Wear part)

(http://www.microtools-imc.com) wag (A) WU (Nozzle) (www.vortec.com)

dalad (Mullite: 3AL,05.5i0,) Lfﬂumi‘dizﬂauaﬁ’wmﬂazqﬁiu%ammﬁﬁ
Iassasananuuveslssendn (Orthorhombic) (gﬂﬁ 2.3) IAURLILUY (3.2 g/cm?) TEHTT
nsvenemiileninanudeunindu 4.5x10%/ °C faladdussduszneveglufivan (Clay :
ALO3.2510,.2H,0) wsaEulwA (Silimanite : ALSIOs) wouAglee (Andalusite : ALSIOs) Way
Trelud (Kyanite : ALSIOs) TneUsznouludne ALO; Sovas 71.83 Tnethmiin

gﬂﬁ 2.3 lassasramaaiiveaialas (Anggono 2005)



faladflesldiuegeniwnslugaamnssuiagnula 31mnlasmdinves
wviaau il (Electric - furace roof) aunsaldmiunaulansiau (Hot metal mixers)

gunsallumvaeulansinile1dini1uden (Low frequency induction furnace) laseasia

vosdaildnaouniy wagldidudidmiuauguuia (Drawing) wenaindl deldilutangunils

(Lining) i isnfingaungiias wasiloliuunidaladdiaunsathuiauniuianie
fudmiviaauaunldnuneniesivaungias Jangiu (Substrate) Tudidmfunaietu
(Multilaying packaging) Ratadeutiesiu (Protective coating) sruludisldiJugudrulu

wSesusuawaslug (Gas turbine engine) ﬁﬂgﬂ‘ﬁ' 2.4 (n) - (A) (Schneider et al. 2008)

Y 1

UM 2.4 fegrenisunludszendldaiuvesdalad (n) Iasmdsaivaaninasulin

(http://pnco.co.th) (v) Auadeudiestu (www.digitaljournal.com) way (A) M dududauly

LASBIBUALNDTLUA (Wwww.seals.saint-gobain.com)



1,000 °C wuinwavasialadazisunesy (Formation) Tu nesendjiseinisiindialand

Welviauseunnaisusenausendng Sio, AU ALOs IUTgun

“Mullitization” fsgUfl 2.5 (Callister 2005)

Temperature (*C)

Compaosition (mol % Aly03)
40

2200 T | T — T T T T T 4000
B — 3800
2000 [— Liquid
! Liquid —] 3600
+
| Alumina
1890 £ 10°c [ 3400
1800 — )
Cristobalite Mullite (ss) M;ﬂ;[e — 3260
M +
Liquid o
a Uiquid Alumina
! + —| 3000
1 Mulli
1600 = 1587 + 10°C : : ullite (ss)
1
Mullite (ss) ' ; 2800
| + ]
Cristobalite H
1!
— 2600
1400 L | l | I | | I |
0 20 40 60 80 100
tSiO,J- (A1503)

Composition (wt% Al,04)

5UN 2.5 syuuaeanlaves SiO, — Al,Os (Callister 2005)

Temperature (°F)

a 1

NUEAINT

Y Y

1

1



Tnevly daladiinainnisaaisdinieanuisu (Thermal Decomposition)
NATRWUALANEINT Fallusingmsadieduluvateduneu o gaumgilsng 9 Asanslily

aun1si 2.1 Svaunsfi 2.4 (Anggono 2005)

2AL(OH)4[Si,Os] —> > 550 °C —> 2A1,Si,07+4H, (2.1)
Kaolinite Metakaolin
A 0.375Sig[Air067 O 5.33]03, + SiO; (a) (2.2)
—> 2980 °C
0.188Alg[Ai1333 O 2.66]03, + 4SiO, (b) (2.3)
Spinel Phase Amorphous Silica
- 2> 1,000 °C —> 0.67(3A1,03.Si0,) + 2.67SiO, (2.49)

3.2 Mullite Amorphous Silica

lnefl JUawaew (O) Ae Feedndlulasandn waz (a) fu (b) WWuylinves

aliwanfuegivesdusznauniauniivesansieny Uiisenseninveraiuniudaniminul

v

ANuduusAuguu)iige lnenisilaadiadu (Nucleation) wagnisla (Growth) Ui
dumesina (Interface) seninsaosyla

dlngidaladazgninldldaunneitesivaamgias iesainiainy
AUNTUADAITAU (Creep) wazdna1uudsuwseina (Compressive Strength) g9 Weguugll
o < 1 LY % 13 o 1 a o o w P
WaguwUas AnuLdiussrensuaninuuuilMzvesalaniua sunUasedsiltdedfty Fadl
HANIIINNITTIUAIVDIVBUKAT (Glassy Boundary) fawansliluguil 2.6 vaulunadgwna
Aana1vgyinliiinniseeuda (Softening) 8819535 kazIAnn1suaAnNinsziugania
(Microcracking) #svinlvinnuudsanas iwavawialaduuunaiandn (Polycrystalline) a1y
WBITIFINTIUURENREITaEaY 90 Angumalivesdia 1,500 °C 53uTEANAIUNIUAD

a 1

nsdguLUaUILleln U UMUAIRRUNA TR 1FUNGY WagMIEAUTILENTING

Y
a

wns7isin Faduanmgivinbiialadiiafiosnmiigaumaiias (Anggono 2005)

v oy
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JUN 2.6 Mwa1eIINNGeRansIALLUUdINIUTaTa ladndlAssas L oumnAunniang
(Anggono 2005)

2.2 Ufisensendneansusznauva i

dusunisvianudnlananunandisseniteujiseluaisezansuasly
A0 TUZVIND mmﬁgﬁj@mﬁLﬁmsﬁmﬁwﬁﬁ‘%awaaufﬁq aldnsiansandisemieniny
SoureamanansUsznou A uaz B Ndudaruetauuuainaaeniivisunils faguil 2.7 Tu
nsdiftliifinisvaoumanintuszniteUjiten feduujisenasdonintuiigndudiassming
ansusEnouTsanaduandudu udreuuAssaduiululnensunsidngilonan s

o 1

AU FURASUAY

reg
_____ - .>
A B A C B
<. e
N
<I. ......... - 3 . )
nsunsluiiraIunwesdesuvesasUsenau A uas B FUYDINANUI

=1

JUN 2.7 Usenseninsaesndn (A uay B) Milindudanunilsnendinisisuaunalves

Y
NAMAN C DDBUINN A hae B 92A09in NI LUNANTINUTIUNIUTUYDINARS 9 LiNaND
Wundn sl NRntnsesnaszning A/C waz B/C (Bianuadann s3v 2010)
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Tududuusnuesfisen fle nmsneidnianle (Nuclei) voswdnsfad C 4
fufifavihduiasenineans A wae B Seenanuguassn dvnnneinansvaidl desnisnisdn
suifoulassaindlmiognegs Jenendanszurunisiandiedu (Nucleation) veanansia C
furomAnfurildgniesiu luduneutiomihdudaduduaestums dufle futhiuda
sewinas A fu a5 C uazans B Auans C lunsiagyhufisendiiuseluld nsunsludie
AUN19DIB0BUINGNT A uay B azfesndeuiiiiutuesars C wislugRavhufised

vAmlol

Sleugaserduiiusely duvewdnfusivundu dwaldnisunivesdosuy
9nan3 A fuans B iilevinufiensnntu uasyilisanmaiaufisendias desndues
wanfusiimthfindre dunuadesiu Tunsdedrsiefiuiisengnaiuay Tnsnsunsuuy
wandiy druduszuy (Planar Layer) ndnsn (Rule Law) agagluguvasannisnisiluan

v
Al
dx/dt = kx* (2.5)
lagi x g YSunawesuisen (Qunil As duanununveswdnsdioe)
Gk 1380
k @8 ANAINYRITNIINITANUHATET (Rate Constant)

[ 1

Ingun@deouazgnineglutaniivimunzanuazeinazindeudelug
fumisdu 9 Siieausnsdifigungiguiismenideouasiindsnuiivsnelunisunsaiu
wamiivesudn Inedmiuansuils o gumgiiaeduauvesgavasmar Ailemeinaznssdu
TAAansunsninaazdmaliansarinujisenaaiuzaesudsls (53 2010)

Y 1
aa

=] <
WUNRIVDIVDILUS

NUNHIVDIVIMTITIWNIUNTS YUBEIUIUIAVIBYNIATDIVBILTINY 9 113
Aeg1aeLandlanall 1y farsundngnuiaindvseg 1 cm® Fedsznaulualenn
Yy Aol v o 3a:ldddydlq v 3d‘ud’ﬁldy
P NENUNLULFAaZAUWINAY 1 cm® TuAe INuNRITIAU 6 cm? Wadandnnauilniu
wwrvuukAasiu aslududiun o du wadild fe ndngnuieddiuau 10° gn Jvuia
0.1 x 0.1 x 0.1 cm’ Tuusiazgn il wangnuIARTINIY 10° 9N dxauazUunssiuwiiu
Aundngning winuniilaesiulvdaziianuinndignuiafiauns 10 Wi (10° x 6 x 0.01
cm?)

lunsunanvuinveseunalugImils aunsaanvu1endnan 1 cm’ lug

1%
=

auN1ALNYIIVUIA 10 um A Gy q eun1mdundngnuiel NUNRITINYDINITL
nanewdu 6 x 10° cm”® (0.6 m?)
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LLﬁdwﬁuﬁﬁwawaaLﬁq%Lfﬂuéhﬂ'mﬂufhuimy}umﬁuﬁé’uﬁmaqLﬂiuﬁum
mviufAzevesansway uanldlausingegrsdanulaenssluaunisnnuduiusvesdns
MaAufiEen dauandluaunisii 2.5 wieghdlsimuduiitaldgnldl Nasdon arnnisiiiiua
unfUTe A AL TR IAIMLITITURANS LT () waziuTivesnisduda dregraru e
BUAIAYNUIAN YUIA 10 pm @8N ﬁﬂﬂﬁﬁ%mamdmﬁ’u %umawﬁmﬁwﬁﬁlﬁmmnms
L‘UaauLLUmiaaau 50 Mg AUV 10 um Luammmaﬂma@aqmu L pm fuifnveswdnd
vy asfiutuisduin Lmm’mmuwawuwamﬂmwnﬁLﬂaﬂuiﬂﬁaaav 50 31fn
Fies 1 pm Femuennuduiusluaumsd 2.5 waildasiliAndiiseniiu

TumnsUuR nsiaegviliindudavesansisiuveandsdudaiueg19iynaiu
I~ 2 Qdy aAa o o | g.J/ 2 a v 1 dy Aa gj dy aa [ YY)
Jululaenn IngunAnNuNRI&usase1mIN9d@sAInuazilAtegnINNUARINIALA NUNRIAUNE
ouIulealaenisldusinasnnananasaanulmdudia (Pellet) agslsiny wiiasldminy
augelumsdn uafdsliannsariiliiadudaasanld Adudasewitsansanmnsadinduld
a ¥ Y 14 a Y ! aa v é{ b . 1
anlnenisldusenuazanuioulunanfeaiu wu I5ns8aTuguiou (Hot pressing; HP) us
Adunszurunisiiazeradesldnairatedilussanszuiunis (559 2010)

aaa 1'% Y v o a a
2.3 ﬂﬂﬂiﬂqﬂqiﬂq?ﬂU’]ﬂ’JEWI’Z)LENVIQOJWQNQQ

a

UANTe1nI1TN1I%UINIEAILDINYUUYUAN (Self propagating high

temperature synthesis: SHS) 1Junszuaun1sdauasienianieuiisenseninevesudaiy
yosufsguuuumila (Solid - solid reaction) TnserdufAse1nnsimnlnst (Combustion: CS)
fitof fo anunsouszudandanuuazyssvdndunulunisdauasest lnegnitauntuiie
Hupreitangsniindugemadiuimnsay wu Yaqnul (Refractory) YaniBsusznauiile
Nuwsniin (Ceramic matrix composites : CMC) waga1sUsznoultslane (Intermetallics

compounds) (53% 2015)



13

fagasuanduaiminuelsn astud tulesa lalase wazansudnsdioue
B 9 Nausadanszilalagufizen SHS wandfanisnem 2.2

o

M19197 2.2 MegevedansUseneulayiannduneilameuiise SHS (53v 2015)

YUAYDIER)

Aag9asUsTnaULaY

guNATLBLALIURANUNSEUY (°C)

valsa (Boride)

A15Lun (Carbide)
Aslululase (Carbonitrides)
Tulase (Nitrides)

Falua (Silicides)

2aillud (Aluminides)

lalasa (Hydrides)
ansusznaulelans
(Intermatallics)

w1ala3lun (Chalcogenides)
ponlandatou (Complex oxides)
\wosiumn (Cermets)

MAX phases

anna (Composites)

TaB; (3,370), TiB; (3,190), ZrB, (3,310), NbB; (2,400)
ZrC (3,400), TiC (3,210), SiC (1,800), WC (1,000)
TiC-TiN, NbC-NbN, TaC-TaN

TiN (4,900), SisN4 (4,300), BN (3,700), AN (2,900)
TisSis (2,900), ZrsSis (2,800), MoSi (1,900), WSi,
(1,500)

NizAl, NiAL, NizAl, TiAl, CuAl, FeAl

TiHy, ZrH,, NbH;

NiAL, FeAl, CuAl, NiTi

NbS,, MoS,, WSe,, TaSe,

Ferrite (BaFe,Q4), Aluminates (MgAl,Oq)
TiC-Ni-Cr, TiC-Fe-Cr, TiC-Co

TisAlC,, TiALC, TisSIiC,

MoSi,-AlLOs (3,300), TiC-AlL,O5 (2,300)

UAA3e1 SHS Wunsduasizidanlaoniswilul 1Wulfiserfiendunsans

AUTeU (Exothermic reaction) g4 vilvilAnndeaunseAu (Activation reaction) g9 waz

aunsoaeauseuanUisetuuTununawiy WeUfazensusiutu lnensiiundsanu

NNBUBNBEINTIAGT ANuTeufignUanddeseanu1anyjisen Jileawefiaevinl

Uafsenintuegwialliadlamesiaes fvhufisendgniivseutiuegresimss (10° - 10°

K/s) lUdgaumaningeunn (2,573 - 3,773 °C) Uiz intuegesinsilusesauimi ((agui

2.8) Aegluanizialouveufiseteiiiuiuin (Pseudo - adiabatic) 11889 WU

UanUdegeaninuizermeninuseugnliliunsvienuseuliivansidiegslagliliinig

gaydelvnudsndey
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INNITITENUI QaunniletAelufn (Adiabatic temperature, Taq) f8
gaumginlaiannisinaianudeuvesujiseimeninuiou uasdudamnunmgumngiiagn
Y93z UUNM TR 9 vilinsaui

01 Tag < 1,200 °C aglaiiianiswualusl
Taq > 1,800 °C 98 AAN15LRN MLAENSHEAI8F2LD
Tag 9781319 1,200 - 1,800 °C maum s lnslilanansausoeanly Sedes
Trfenuseufuiununourhuiisen

%

JUM 2.8 dnwaznsimtmediesedwuiuiserdunaivesianuas TiB, - Mullite -

ALO; NduATIEviFIBURRATe SHS (53 2010)
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UAT8193mI19a 509 uvevoInds A wag B Miindu @unsauszunale
nURATERUNaULS fdaaunisi 2.6 (53w 2010)

A+ B —> AB + Amnusau (2.6)

dwsuufiseneendiadu - Sandu (Oxidation - reduction) MARTY vaue
AnUAzen SHS nlansuseneusiineanlendiuiieites IsUkuumuduius dawandly
aun1si 2.7

M+ AO = MO + A + AH (2.7)
Tneil
M Ao lavgviselavenay
A Ao lavieviseslany
MO uag AO  fe  eanlan
AH fo eudoufignatrstulanufiten

UfA3e1 SHS uusduduneunan 16 3 duneu laun

= nshieudeunnauanu a Yanesulasmunils
" msinadfnsen
" nsHeunaevEeldusINaugan1ITENRL

IngUfATeSTUAUIINAIUNTIY0FUUNTARYIY (Compact) kazgnaiy
Amtmedeluddnaunils Weuwiveslisen (Reaction front) LAGoUNIUAIHAY
o § v S v O a I3 a v ¢ o ° a aaa Y =i
ilvansasiutudsuduansndndun dwanduiuudiaanisiinuisen SHS faguin
2.9

Ignitor

Products

Reactants

Propagating direction

}-— Reaction front

Pseudo-adiabatic environment

5UN 2.9 Luuiaein1snnImtalgfieaiIuiisenvainuiisen SHS (Tawat 2012)
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[y

AmdsnuAvdvansneliin (Gibbs energy of formation) avtfuiesduiu

a o o 1

gaumgildmiunguvadlanzaniy (Reducing metals) (AL Mg Ca Zr Zn Ti C wag Hy) 9n

Y
¥
v Y

arsnssuretlanzagliamdsnuivdvesniseineenlamiuaulunn o Yrsvesgung
Tangagsihmihiiduarsanguldnitelans uasiuunliuvosauannsalunisanasile
paunfidiutu Inefl Ca uay Mg aliimmdssuivdvasnsnainoonladgeiigumaiduas
figaumaiinisidien (Boiling) uazn s3I (Volatile) AiMusu 1 atm indu 1,090 °C uas
1,484 °C udhdiu dmiu Al uay zr daldinduansanguildsunnudonnnnndi esan

ey llgannidn (Wang et al. 1993)

i
X

a

mﬂgﬂﬁ 2.10 n5¥UIUN1T SHS L‘%Né}'uﬁqmwﬂm (Original temperature : To)

Y
a

ansmaruazgnlimudousgrmngaauigamgiinagassdn (gnition temperature : Ty)
e?faf’ﬁﬁa'g@‘ﬁﬂizmumshiéfaqmiwa”mul,ﬁmLaﬂuﬂﬁﬁwﬁﬁ%mLwiﬂalﬂsuaaﬂﬁﬁ%m%
dnduiuegnann lnsguvninimguigagavesfisemiedoniguugiieifeiuin
Anduneliauyigiuligydeanufeuresfiselugauanden vililuaudusiee
gaumniinsienlniigean (Combustion temperature : T.) agdiArAnitgamgiiieifioiudn
ane TngunAimawsunsdavesanssaiy axnssvhaeldgaungiifidnnitgamniaaei

Y

_Tc

Tig

Temperature

To

Time

JUN 2.10 Anuduiusseninseamniiuasiaivesufjisen SHS (53w 2015)
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1%
)=

Jadeidanananisninglunszuiunis SHS duaneusenis sadl
YUINBUNIAVBIATAIAY (Reactant particle size)

summmawé?néfudmaﬁiaﬂﬁﬁ%m SHS Liesannalnuesujiseluaniug
voufs FuagfunisnszneresuiakaruIniduiaty (Contact area) sewrinsayniafy
3Ry eynafiflauiadnazinisideaniuseninseynia (nterparticle friction) waed
azwwuﬁauaymﬂ (Particle bridging) 31u3uuN

AUNLILUUNUYINUNSEN (Green density)

< 1% A o g v & a a

aunrvwImdnIglimurukdunsuigs sibianudululalunisiiviim
Mudareunadulaiuiianniy Feenaderenisanseilauaznisagydsainuseulianuug
nsiuisendesas dawalvinisuniseninvasasiuidnsamaainiinauseuduly
U

< o oA o A a a

PUNUTTAMUILIRIUNTUAY WeNIUNTEUIUNT SHS Fzfiansiudeuuyad
Y09UUALAENISEAGUL druTunundauuILtunIugs Alasinseadudu Wewin
Annswnluduunyguu dawanddugun 2.11

Reaction - front surface

UM 2.11 wuudnaeansinfiounvasn st ludimantiimediesuungy (53 2015)

v

' '
S a

ATUNUILUUYDIT U U AUV UE

QJ

ﬂmmwmiwmwmLmaamaa

& '

Lll@ﬂ’ﬂilLi'JLLa N15VEIEANTIUTUIUVD AN "?J'UEJEJ‘U‘IJ@‘LmWﬂﬂJ@Qﬁ?iGNGIULWlIﬁQ‘U‘u

‘U Y
[

Lmamﬂﬂasflusuaﬁvm'maumﬂ (Interstics) g WEJWEJ’]@JG]U?M’]EJUE]ﬂ VI’WIVF]'D’]EJG]UJY]EJGLU
“UUQTL!LWQJGQGUU uaﬂmﬂummammummm L1Un ’J%ﬂ’]i‘\]ﬂi ziin EJiUMﬂ?J?JENﬂ'ﬁLNWI’M&J
dadrumaaivazUsunansdunus LLﬁuﬁQL"UE)‘U‘L! {j’ﬂ‘ﬂ‘EJL‘Viaquﬁ’m’]iﬂﬁﬁNﬁﬁ]@ﬂ’]iﬂ\‘imi’]uﬂ

Taen1sunluglle
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HARAIIAINNTEUIUNS SHS anunsathldssgnaldiumnulusueng 9 wu

= Jansn Un Lagnsdniudn Ly TiC

" Janauniuauiou wu MoSi,

" Yan 13U LY TiNi

. mi'ﬂivﬂauL%ﬂawmmﬁmaum \u NiAT

" PBiannsalddusuanumunisinnsau

3

N

" YAnLAAUR

q

ap s

" fduuns 1w MoSi; kag TiB,
= Jaenas 1w TiC + AlLOs
" Yanuilvian 1w BaTiOs (5% 2010)

2.4 M39augu¥ou (Hot pressing)

nsdatugUnarilumn dWolfdunuiinnuuius (Densification) udu
NNMsSALuneTan desinsninseynaungeguarlsifianuudeuse ieisuldanusy
W Lﬂﬂﬂ’]iﬁ]@LiENWﬂﬂiJ‘UENEJUﬂ’Iﬂ Tngayniadnsidaslugniuvuinlngneu aamaiuawuau
miamaﬂuaummaumaawu msmmmmmmym‘l‘mmiamL'immaumﬂmsuu ilesann
Arumuanandiosuunsduiauasiuiiiduiatureseymadiusnndy Ayeduiaia 4
Buiinsdsunlassuuuuangu Tnsanudugeilieumusiuiisiulasnisvene
Uinadudaiunsudeusuiuunanadin (uians 2005)

[ ¥
IS) =

Tusndded Bonld3Bn138atugudou osandesnsliiuauianuui
frge warlinetaniouiniu tenuantidfvesduanu lunnilunageudnaseld ns
5@%‘14@%@14 (Hot pressing; HP) 3ai38n8nd0d1 Hot isostatic pressing (HIP) a1u15al48n
ailavgniowwsiin Tnensugildlansansiuagsunanlaveiifgavaommaigs waglu
nszuaumsagldnguuiaoiinoufuusesiulunisdn dsdunuiiiunisdniuguiou axd
AruAMUINITUANNINAN LU UM ugULUUUNG

ForvoenszuIunst fe ﬁ]xlﬁ%umuﬁﬁmwwmwugd flassadiansud
aviawe osmnilussdanniians waransadatusuiunuiiiaududousarSatuaud
foweluglld wazdidedidn fe wissdefismunwazldinaruiuniinssuiunissndu 9
(alvsharaInTI)
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2.5 MITINBNATUATIUIFBNITRY

NuITeieItes Alddunuaniddunisdunsiziiannan ZB, - mullite
meUfiserinmihmeiiesigangiias Fansduasganiunisniuteuludie q agula
il

28

Tamari wagAny (1993) Anwiannanissfinevaliundvsinanduledalad

Y
[ '
% ]

wuudainesasdisiasar 30 soUsuins gninseuiulaedsdntusuieungungll 1,400 9

Y
= 1

1,600 °C neldusediu 30 MPa Wuian 30 writ suAeildvhmsAnydinusun LS
dn At Tupdanmdangu waganudunusonisuaninvestunuiikiunsdntugd
Yougnnsaaaey Janwauwsinesgiiun - uledaladuuuianesasinnumuiuiugaldan
M3 1,600 °C AuvSinandulegeieiesas 30 sevsunng Yaguauiifumanduledaines
Yowaz 10 AeUSunsuaziuNTIauniinfigumail 1,600 °C uansdsninuudausadad
gauuiIviegegaUsEan 750 MPa ﬁhﬁé’qﬁ’m’j’]mmmﬁqLLiqqaqmaqL%iwﬁﬂazgﬁm?}ﬂﬁ
AUszanal 850 MPa agnslsfiny Sanuanuansisanaudusefigamgiiguazauuddigs
nioggiun lugdanudanguiidanasmunisiviuresUinadulsdaines lfinng
Usudgsle o ganuiiafuanuunsevesergiiunlaenisidandulesfaladuuuianes fins
Doavuressesunnintosuin Tnsidulsdanesuaznisisesnveaduledanesiintuly

eGLIGH

Zhang wazamey (2004) Anwrdaanaudalad - luseululasa (BN) A1y
LL%JLLNQQ lugdannudaneunl LagnusennuaTengs Bagniasendulagiaujisennisen
JuguTou (RHP) lneldorgilifienuaisn (9ALO5.2B,05 kay 2A1,05.8,05) uarddneululased
I~ [ gj % ‘ﬂ' a [ aa LY I 2 [ .«.:4' I [ ‘3 % r-:ll a
Judangadu Weieuiululudanialadiudy Taanauiiniun1ssntusuTeuigamgi 1,800
°C wandliiufanuulausafigandn 1.64 i (540 MPa) Tugaaaudavguiosay 70 (153
GPa) agANUNUNIUABAMUATEATAINTT 2.34 1917 (3.53 x 10°) NTFUNAAIUNGBS
JanssAdkuvdasiiununTaguantuiilassasiganiawuulelelnsUnndiinsuveaiile
-’-&J C% 3 v 1 1 ‘:id
Wudlaladvuiatiesnin 1 um wazkiuengglnuea BN (h - BN) aunauilu AA11e17
Uszanas 200 nm waziladumuuszaiad 60 — 80 nm ALLIIITIgeliuaaINTuInNTy
YOI LONUNANAILALHATDINISIALAMULNTIENTDEA Y h — BN
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Liu Waganuy (2011) AnwiHaveen1siiun ALOs uag Ni sileaduaunsalunis
wauRiln lassasianiauazandRdinagndnwesindussuu nanismnasuansliiuin
Sanuan TiB, - ALO; fovaz 30 THumsdniusuieu SaruvmududuivsUssanuiosas
96.2 \flpsaneyninues TiB, filldnuauzadsusiulaziimsdniosinuudy waginslaves
N5 ALO, daifu egumgfimasnauniingsndn 1,700 °C insu TiB, Alatuausonuls
Fatulddadtodfiunnuudussionisunninveadediu TiB, udvlviauunisanas g
wilouhusnmiiornmsiavennsu audhiBnavesTanuau TiB, - ALOs; tuduagiuau
mnuuduingsnse Snlnieandfdnaszgnimuasiuiuszrinennumunuuudusing
wazauudaussvonioiu TiB, agnslsfinunisifiu AlLOs anunsnanvouinIuLaLril
AuLnIsvasTanRty nsdiu ALOs $evar 30 adlu TiB, vlldmnuudussionisunaniin
WU 529 MPa AaLddinnesviiiu 24.8 GPa wazaAuwNIIVniy 4.56 MPa.m™?

Schneider uazaniy (2015) wuinialamdunildutagiiddnyigndmius
wsfindafunaziesfiniuge faladiduasusznovesgiludann AlAl,Si 2,010, i
psdUsznaundn Ao Faunlud Mwidedanuiefuialadnaniiien Snisesieaouieiu
Tassadendnvesialad Inslaniznisnsivaeuialanfiiilaseadne backbone waz@ne
Rerfvandimemenmiiisadesiunsuszg ndlimanaiiavesialadsudsandfidna
(WU ANNEINITANNNITOAMT AULTILTI AT N1SAL) anTRnneanusou Wy ns
YPRINANNTEU AUIAINTOU NMsunTveterneu NMsiAuTew) audimliiuas
GOIRVENIGN ImaLa‘wqzmmé’mﬁuémmauﬁ’ama‘[mqa%qeﬁM%’Umia‘%msﬁagaﬂ’ﬁmamﬁ
Aendias niewtamsuuugdlitaladfiauTRiag

Popov kagAug (2015) Anw1Ian1HaRTanNaNs1IN TiB, — ALOs AW
univgs InsufAzennisdatusudou TnsufAsenaearusousu Al B,0s C uay TiB; gn
Warun nsldduUsznousuduiivaouivalls (Al uag B,0s) Iu%’jumaumsé’m%ugﬂ%fau
aunsaaiasiniidaumuuiugsiulassauiianuazdendudofofuiioumgd
1,900 °C uagAIuiu 20 MPa (dsanineuniinluuda 8 und) Tngldfinnsunmsansdedu
Tanmay TiB, — ALOs ﬁﬂwumaé’w%ugﬂ%auLLamiﬁLﬁummLmﬁ'ﬂwhﬁ’u 9 MPa.m
g9n1veuwsdn TiB, (6 MPa.m'?) uag ALOs (4 MPa.m'?)

V2 &a3iAn
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Ma wagaaiz (2016) Anwianaiunsdnduesiiin 28, - SIC Afimsidu We
w3e Z1C fignasaaoulassuuanladlnd (RS) wazmadiansideauudiesadiding (XRD)
gumgiifauduEazaNgnAuIn AsiunusemsiUAsuLassUTigamiigevoaen
fin ZrB, - SIC gnAT19aeUlAeN1TNAABUANLTILIINAKUY 4 90 neldnuduyiniu 15,
25 MPa 1Juaan 5 4alus ﬁqm‘wq:ﬁ 1,600 °C kay 1,800 °C HANISIFYNUINAIULAUDAA
#sagluoyna SIC uagileuaenadosfunuidunssisiiieduludefiu 28, Aarudy
ﬂﬂéj’NL‘I/Q\IIJJ%UL{Ju ZSZ (ZrB, - SiC — ZrC) < ZS (ZrB, - SiC) < ZSW (ZrB;, - SiC — WQ)
AUAAY Qmmﬁﬁ’i’aﬂmauLémazauﬂawmLﬁuﬁLﬁmﬁuiué’ﬂwmmﬁmﬁ’u NAYBINGANTIUT

(%
Y

wansnsfiuegruiuldtadunauainveunsuiuanaiusazianwansaiuluigsiing
a Usingnisaltignedunelaglduuudiaes maiildanunsaduuuimslunisesnwuuianid

q

AUUALTINANUNLAULALUIEADANT LTI

Monteiro wag Sabioni (2016) n3esduledaladlagisnmsaaieiimieaiy
Sounnudlnig (Topaz) MasTsuend saiusavduasiiieds La,0, uaz/vie Y,0; fovax
5 Taetimedn Imﬁﬂlﬂlﬁmm%@uﬁqmmﬁ 1,400 °C 1Juan 1 $lus M3 eflaomes
Tuns1 3wy (TG) wazmaiadinsginisiasunlamaniudeuvesian (DSO) wansliifiu
Imwiinsddsundadluidutaladiigamgil 1,315 °C gumgiifianandu 1,298 °C uaz
1,111 °C {uraa191nn19130 Y,05 wae La,05 nudidiu madianeidemeaianindeiiun
$ad18n9 (XRD) wansliifiudanisaansfmisauiouvesiniie ieidefe La,0s I
wanfausigasine Ae daladuazezaiun uaziileidedis Y,0, nanAwdiilld Ao alas
02aiiun uay Y,5,0, nmany SEM figalliifiuin ansiodraiignideddnsdinveadules
anas wazuansliiiufamaiudntesidony eilsurulialaduiqus

Kumar uazane (2016) Anwniannadalad - woslady nllweslallesee
az 20 (i) Fegninseulaguiserniswnlug Ingldnavesneuiliainnziavieils
dulsukanste Faunlum (Silimanite) upaldeyueeanlen (Ca0) Sevay 4 - 12 (laguniin)
gnihuldiluansifiuues navesasfuwAmanuuILLY 1aseadegania sauvisand
MINALAENIIANNTBUYNANYY N155IUATUVDY Ca0 YIangauninshuumvasianNay
aumde 1,550 °C Wieiilsuiudiegneilaidinisidy CaO llgaumail 1600 °C Ca0 1innsnie
v @ < ¥ = a aa = o 2/ 1 ! v A a
mlumavesvandntes (wnallouevaiiluddng) Jailiiedenisilng Wekiy Cao
ilivwinnsueisvesiagnatanadfieiosas 4 naaINTuINIANTULTUENATY WoLHY
Ca0 an36ieg9Mifiy CaO $away 4 UanIAIAULIIIRAMIAY 225 MPa AMAIILATUVIIY
ABaN1TUANTNWINAY 6 MPa.m™? uazlianuadnudiuniudenisilaguwuasgamgillay
L% v Qlldg o v = a Id dg [ Yal wa d‘dé’
Sundunavu Cao viliwaslatoinduawmastlinues deilvllaudiniananavy
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Kiumars uagaasz (2016) Anwniaauanissniin TiB, - SIC AdUTinuveady
Tedaunes Sic (SiC,) Aumnssruduansifumesdinlumsineunin wistlaenszuiuns
Satugufoufigunad 1,850 °C 1funan 2 4alus nveldarudu 20 MPa d1u¥unis
Wisuiteuesdnluluadin TiB, AgnuAntuneligumai aruduussennia uazailunis
wdeafulaenssuaunsdntuguieu navesnsruiunmsndauaziduleianes sic fidde
lassadnegania Wawinsvewla wazand@danagn@ny) nsiaauudaneglmiuaing
WBasudufisdudmsu TiB, - SIC \lowFeuifleuitu TiB, uenaint msUfuussamunisd
fanmminannavesm siinAunsuaraaudusweaduledaines Sic 1wy madeauy
y93308UnNEN Han1sAnwLandliiiuiAuuLuif T e Yanuasesin TiB, - SIC
Aeannsiiaduledanes SiC uaznisanasesduievusenles anmsviuiisenduidu
ledawnes SiC LLazgﬂﬁﬁmaaﬂmﬂ%guﬁaﬁuaaawmﬂ TiB, Wwneiuiulfsensenineeynin
TiB, waziduledained sic inlugnisnetAnveasa TiC luidloiu Tneitaluaguldin
auaninsalumsinouniinuesanuauoiiu Tis, du léfunsufuuylviftuegienen
e Taemaiduduledanes Sic deiSuiisuiuesiin Ti, iafen

Arish uazAng (2017) §0A312R50N9NULATE1581319 H3BO5 CraHi60,Si
wag CiHzs04Zr 10835013 Solventless NM53ATIENNANUTU (TGA) YanoFLUBSUAAS
nsaatefifiguugdl 900°C indusesar 71 msuandvenweilalululslslaieuly
U358INABISNBURNATIVERUAILLINTFIUNTEUIUnsinlslafnautiegamadl 1,650 °C
fimunmamalasiaiiamaveasiawsin gnaditumnlaemsiinseside wmadayiies
v udnesudunI e, sunuanlnsaln?, wmalaAnsiasiuuaededind wagndes
anssAlBidnaseuluUdeInsIn waillduanimsunndinfigaumai 1,650 °C FeUsznausie
B - SIiC, ZrB, hagA1susudase

Hui wagAne (2017) levinnisdaasieiiasniin ZrB, - SiC lagisn1sdndugy
Founuvaastunau lutigamgil 1,500 - 1,800 °C lngldua ZrB, wauilu wsniin ZrB, -
SiC 71l Trundausesdingaiiiu 1,044 + 79 MPa wagdAusiuniusanIsuaninvini
6.21 +0.25 MPa.m"? wiauveliauvuinduduinsgeuinnitesas 98 Noamgian

Ko a & o a ' .. Ay vaa 1 Y & a
WaNIINUFILANUTINTIAATINTT ZrB, - SIC NEITN58nTusUTaulutunouiien o
gaungin1sIaURInLAe iU
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Xu uazany (2017) duanziiagnaiesiinaodudy - dalad Adanauds
g4 fimsasusuuuunnnse wazlivszdnsniwenusing 4 Afgamniigs Sannauiesifinae
Sudu - dalad gndaasizriainwaunigled waz a - ALO; lngmallANSALATIE AL
AaUfASen navessnsnduseriaiialad/aetudy uargamniininmeunindonisgadunii
AMNNTUAIYUIING AAMUINULTIN ANLLTTIFa AmdiuniuienisiUAunUag
gaungilasdundu wlaasUsznay uarlAsiaiIganIATeItUNLYNATINADY HANISAN
wuinmsdauazidaladanueunigleduagaedududuiuimela Sedreuivuseni
drumusoniaidsuudasgumgilaedundu Tagldfinisunniiiadu ndsainiinig
naaounsiUAsugamgilaedundu 30 seu (1,100 °C fsgamaiivios Uaselbulueinim)
ans Ad (waunngled : Seuay 37.31 a - ALOs : Tesay 62.69 TIO, : Seway 1, dalad :
Aefusy = Sovar 6:4) Wewnouninigamal 1,650 °C JandaudAnimunzan Faldszyly
fadl - mi@@%uﬁﬁaaaz 0.15 AUNgUAIUSINgSouay 0.42 LATAUNUILUUTIWNY
3.21 g/cm® Auudaussiaindu 117.32 MPa wlaensUsznouvestuuiowmIa U LAY
vdamsnaaoumsiUasugnmgilaedundu lun faladuazaodusy msunnvinuendnidy

ANTANTNLUUNATUBALLANANLUUAINYDULNTU

A. Raghdi uagamz (2017) Anwnieatuanaseledieaiise (Algerian) dalu
LIAuAnTumNsssuIAkagnidiluasasiusimgndmsunisndndannaudalad -
woslawlly enaseledgnihufisenlaenisiiuludlus (Boehmite) uaziwaslaily Tuyas
gauuqdl 1,250 - 1,650 °C Wwnan 2 9lus N153AT18RAMLLANAIINIIANSDUTD IS
(DTA) Ms@nwmsiddsuudaniminvesans (TG) msAnwdudsyansnisvenedivesdan
dlelgsupufou nsideaiuusdidng (XRD) igaumgige uwazndosganssmidiinasouwuy
! < a ao Y o a = Y a a a2 ' v
doansn Wumallanvianldiuianmeseuld ansnavesuSunau 2ro, delasasngania

AUVWILLL ANURD LarduUszAnsnisveneduiieaninanueuresfaguangnasivaey

=

graegleduaadisognnuinlutagunzand mwsunsduasiziiannandaladiunuei
) I v & = S a4 a o % &
mograiespulanmuataninsiUdsuwlasnelutufeingamgill 1,550 °C wiounedinis
noinvedluludnndaladludiunauaiaseled - ludlud waviaguaudalad - waslallle
FaguauflaiaiauwdanazArduussdnsnisaenedinisarudoudian Wesudululy
anndalad Jaauauill Zro, fosaz 10 dArAunlgaaawiniu 13.5 GPa Tanuaund Zro,
Foway 30 AA1FUUILANTNITVEI8FINI1IANUTBUAIAAIAY 7.5725 x 10° K Tugaq
9auMNNTENIN 200 £9 1,500 °C
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Hui uazAal (2018) Anwiaguassialad — weslaule (210,) figndansies
JulneIBnsdntuguiou navesgamgiimarneuninuazinarlunismidelassaiigana
peAUsEnaUaLarauUALINAYeI TAANANNATIVEBY NANITNARBINUIIVUIANTUVEY
t - 20, insudsiumuamninazia nsIaunin LarAULTILITIWONITLANTNEIER
WU 674.05 MPa wAZALLNTUNIAY 12.08 MPa.m?? ilogamgilunisiuininegd
1,500 °C fuaalumsiiniu 20 Wil wag 60 unit muddu Blludieauudgnldiie
TATgviRNudNRusTEnITuIansukaraudRdnavesiannal mullite - Zro, Hunds
usn wan1Ifenuheudugeaaiiduweiinlares mullite - ZrO, Wisdumumslavonnsy
t - 210, BufiunisadranarnsAnamtvessesuanuureunsueg1eiitud ey wazanaiy
udaswanIsaninLasAuLNsIveiaguasin mullite - ZrO,

Zhezhen uag Rasit (2018) Anwlastaineganiakazanumdanavedns TiB,
vnadnnitlunsou fkunmssndusudou Aldannitnmsasiiuindeufeafuouiuy
fue ognmgilunisdadusudouriinguain 1,500 °C 18y 1,800 °C vilFarmmuuy
fustvsiiutuuaziognedensd TiB, oaafior e TiB, arunsngniwtaundnlildna
muwuduivduszinaiesay 945 fgamgil 1,800 °C lunfsusnlassadransuiiidnuasy
Wuwiuiiduendnwal Fagnasranuannilaveanaridinsindeufisernismeunin
ualsn dauananugiseuiouniln ﬁqmmﬁ 1,800 °C LONIINT Freg1aNUNTIng
grunndl 1,800 °C flassa¥raganiafiaziden (n5usNIUTEIN 0.3 - 3 pm) uazilaudd
Fanags (Aundesuseann 27.6 2.3 GPa AULTILITIRENITWANHNUTEUI 560 = 49
MPa UagAuunssUseana 6.5 £ 0.2 MPa.m™?)

Xianzhi Wagaug (2019) Anwinaveausunu SiC gaumgiinisiinauninuag
9n318dIUVBY ALO,/SIO; falasiasnsranaLazaudRinaves TannauesIin avgiun -
dalan - waslawlly — Fameumsiun (ALO; — mullite — ZrO, — SiC) ﬁmumié’ﬂﬁugﬁau
gnAsI3aevueg 1nduszuy nan1sidenuinTaanauesfindnissiuduresaudfsiig 9
flveniden leUsua SIC agiifenar 20 FoUsung uazifigamail 1,530 °C Tasiinay
WI9INLNDS AULNTY WALAUAIUNIUADNITHANTNTIAIWINAY 17.5 GPa, 12.3 MPa.m'?
uaz 970 MPa muddu AIMLNTILAzALFUMURBNSUANnTigani s dinluluddn
AlLOs unzYanuaniy ALO; FsfianvmunainlasiainqaniafidnasdonvosTaguaunassa
MeFufiuYeInsiniYesTosAni N3Aseen NMsLANLIL uaznalnnsinAAILNTY
nmaddsunlannaiiinainingu ALOs wuuRsduwLazLAY SIC TLAnTulus1in
safsounia 210, fwuluisniin
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unii 3
N19AL1HUN159398 (Research methodology)
dmfunisandunslunuideiszenoulufearsndilld Tag gunsal

A A A o ¢ . = o o a
Lﬂﬁ@ﬂll@mi"m‘UﬂqﬁaﬂLﬂﬁqg‘W?ﬁﬂN'ﬁﬂJ ZrB, — mullite SAUNIVUADUNIIANUUANNT

3.1 @150l

Yanuuanianaila (Specification) vasasialinlalun1svinnimeass wans
1ilumns199 3.1 wazdnwaensdugiuingn (Morphology) vasnsansasiulanandlilugun
3.1 MUd1AY

A15199 3.1 @15PRNITIUNITNAADY

Da|

. ANUUIGND .
GUHGH] YUIABYNIA (M) HHER
(%)

Zirconium (IV) - <2 Alfa Aesar, USA
silicate (ZrSiOq)

Zircon sand - ~ 177.70 U.AULIEIAT 2.U5154

(AAs1z9RI8 LPSA)

Silicone (lume) (Si) 98.5 37 Sigma - Aldrich,USA
Boron trioxide (B,Os) 98 ~ 44-50 Sigma - Aldrich, USA
Aluminium (Al) 93 45 Himedia Laboratories,

India

Iron oxide (Fe,O3) 99 <5 Sigma — Aldrich, USA
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JUN 3.1 dnwaemeduguing1vesrasasaunldlunismeass (n) ZrSios (v) Zircon sand

(M) Si (3) B,Os5 (3) Al wag () Fe,0s
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3.2 gunsnluasiATasiie

gunsaluaziAdesiladmuinInAaes aTadeUdNYAIONT Uaznndey
autAdena Ianslilumsed 3.2 uazsuiniesilogunsaiflilumsdansed indesilenly
Tunsdauruuasiaiostunuiiennaouaudh iniesflonadevauifidena uasiaesile
dmunsaaeudnuzianzliuanslilusui 3.2 3.3 3.4 3.5 uay 3.6 A

M13199 3.2 gunsaluaziaseileildlunisnaaes

aunsaluazinIaslie gvie Ju/vila

w3estanailoy 4 s Mettler Toledo AL204

Electronic balance

éj’efu: Oven Memmert UNB400
\ATDINANEIMENUDA: Ball mill Uszhiuglag -
NaxATBwI AN

wazdannay, CEME
wRuvimannalSaiu - SKD11
(25.4 mm (1)): Tool steel mould
wUnsal SHS: SHS reactor Ushvglag -

IF.A5.4555U Ueund

AZLNTIARIUIN: Sieve TOKYO SCREEN JIS 78801
CO.,LTD.

\A309AnUUA Nitto ANF - 30

Lﬂ%wmwammwuwé’amuqq Fritsch GMBH Pulverisette 6

(High energy ball mill)

NADIDIANATOULUUEBINTIN: FEI QUANTA 400
Scanning electron microscope,

SEM

i3adinziasuseneulngende PANalytical Empyrean
MSENUUAESEENT: X - ray

diffractometer, XRD

\TediiaTgisInensSoas PANalytical Axios — Max

$98: X - ray fluorescence, XRF




M13199 3.2 (d0) gunsaluaziaIesilenldlunimeass
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gunsaluazinesile Q) Ju/vila
\edinzinIsUasunUamng Jupiter 449F3
ANTOU: Simutaneous thermal
analysis, STA
\TedilaTziisnnlageIfens Oxford X-Max
NILANYAIMNAIU: Energy
dispersive x — ray spectrometer,
EDX
\3BeiANIsNIEEfveILA Beckman Coulter LS 230
auN"A: Laser particle size
analyzer (LPSA)
YAINAUAU LU Sartorius YDKO3
\3esdatugy (Hydraulic press) HUAT SENG 1939
m‘%mé’m%ugﬂ%fau (Hot pressing) FUJI DEMPA KOGYO FVPHP-R-5 FRET-20

CO.,LTD.

Lﬂéa\‘iﬁﬂ%u\‘ﬂu (Precision high ALLIED TechCut 5
speed saw)
\A3InARUBINUTZAR: LLOYD Instruments LF plus
Universal testing machine LTD.
\n3madeuAMNLTILULININGS: KARL FRANK GMBH 38532

Vicker micro — hardness
LASDINAFDUNITVLIEFAINIIAIY

Sau: Dilatometer

NETSCH

DIL 402 Expedis

Classic
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UM 3.2 in3esilouazgunsalildlunisdunsigiiaguan ZB, - mullite (n) 3aadanailey

4 fuvids () gau (A) wuinsal SHS (1) ATewaNaTsIIEgNUa (3) ATesdnlansedn

way (@) wiNuimannanlsatudmsusnans
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1%
=< p 4

UM 3.3 iaseslenldlumsdaniusasiniouguanuiienaasuauda (n) insesdnduguiou

Y

JUT 3.4 in3esdienldlunimeasuantfidana (n) insesdlonaaeuauudausienisalag

way (V) LATsiloneaaumuLlauUINnDS
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5UTl 3.6 insesilefldlunsiinsesidnuaizianis (n) SEM with EDX (¥) XRD wag (m) XRF
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3.3 WITBANWILALITNITNAADY

3.3.1 ANWINAVITZTUUAITAIAUIINBRAINA1INU

1. Anvmaesssuuasiasunuuasiisnetu 1Wud 2rsio, fumas was
ZrSiOs MABIN15A1 (Commercial grade) fognsn1sAIeAUTow aaumniin1siiaUfAzen
uaznsiAnlavesanstaniag lnsufisoinsinmihimemiesigamgiias
2. innsdansnziiaguan 28, - mullite 91nauA157 3.1 vUFAsen
solud
3ZrSiOq + 3B,03 + 10Al = 3ZrB; + 1.5(3A1,03.2510,) + 0.5A1,05 (3.1)
Tad® = 2,035 °C

e

* fugnuanmsdunselusunsy HSC® chemistry V. 5.1
lagdaastegnnisldusseniavauiaorinoy (A) Ndaudumngu
0.5 MPa lngendaujiseninmiisiediesiaangiias wagldunainiisamuluunaali

AMUSIU

A13197 3.3 dndruvesarsasnuildluaunisi (3.1) dwmsunisduaseiiannay ZrB, -

mullite TusguuansRInu ZrSi0g + B,Os5 + Al

o
Zrsio, B,O, Al
onaiulaelua 3.00 3.00 10.00
Sasrarulnethmin 2.04 4.06 1.00
thwiinansans 10 g 5.35 2.03 2.62

A15197 3.4 dadruvesansasiunldluaunisi (3.1) dmfunisduasizniannay 2B, -

mullite TUsEUUENTHIAUNITODTABU + B,O5 + Al

dnsmaRy
Zircon sand B,O; Al
onsraulaelug 3.00 3.00 10.00
Sasraulagmn 2.04 4.06 1.00

Unidnansgnd 10 g 5.35 2.03 2.62
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Tneluaun1sil 3.1 T,ewosszuuliosndn 2,200 °C virlvnnsdaasizily
fumeutionaiiymifnfugumgiidiligannnefiesvaouazarsarsdaiuld esand
arufoulsiifivsweunsiinalifesnisvdeny vinlvuAzelsiauysal dadu Fe,05 waw Al
Fagmirunlfifuansifinanufeunnujisen (Heat generator) fanansluaunisi 3.2
(Tawat 2017)

F6203 (s) + 2Al (s) —> 2Fe () + ALZO3 (s) 5 Tad = 3,088.4 OC, AH = - 852.69 kJ/mol’l (3.2)

M15999 3.5 dndIuTRIENTHNANTENIN Fe, 05 hag Al ldluaunisi (3.2) dmsuassidauay

dinANNFeunnUAsen Tunsdaaseniannay 2r8, - mullite Nsluszuuansaasy ZrSio,
+ B,05 + Al WagNT18L03A0U + B,05 + Al

Heat generator

Fe,O, Al
onaiulaelua 1 2
Sasraaulaethmin 2.95939 1
thwiinansa’ 5 g 3.7372 1.2628

JUADUNITARUNS : daasiziinieldussenniAwiaansnou

1. weansassiubarylinazgnaisiivinaudadiuusunaa sduiusaui
wanabilunnsned 3.3 way 3.4 audiy Fediumtnans 10 nsu
2. NENIRIRUITQNUARANKUULTIMEgnUaalagldgnuaweslally (210,

Moaumniivies 1uan 60 Wil

[
[

3. pdannduaINaNfIna1IazgndntusUluinufed (Uniaxial) Tidanwae
Junssnszuenfifiduniugudnats 25.4 mm uaziinaunuiuduniu (Green density)
% A o~ @ | a
3088¢ 50 — 60 LUBNYUNUAMUNUILUUNINEG W)

4. FunumegeazgnilunsuuiHun s IAnUsuauadlulaseiuniely

WU nsal SHS wagdlansiiiiauioudnenuuuvesdunuimege Wwandluguin 3.7) lnevies

dwsuihujisenazgnauanmesen wievilineludugeaniaduna 5 wid

(%
o o

5. 1ANAI8LAae13nauUTIng 0.5 MPa lagfinszuiunsainadagnying’
= DY P e I3 ] ¢ = 1
navsseu Leliliulalidnszuuaziiufiaensneudnaguegedisauysel Fadelvliiinns

a
)
gadoanuioulviunaaninde
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YPAIAVIIALGIU

AN NUAINLS DU

LEUNILNA

v

FUINUAIDEYN

5UN 3.7 Funumedaneulnsuiin

w3esllenldlunisduasigiazusenaulidiainiufnsal SHS Na1u1sa
muAuusseINaneluld uazlvaalnvisamunigeusemessuuauaukasLasng i

Judilinnudeudmiunsgaszln deliiinufisen SHS dwandlugui 3.8

Pressure Gauge

Current Controller .
Tungsten wire

NS> [ J

Power Source Sample

Vacuum Pump

aH I L

Movable refractory plates

gﬂﬁ 3.8 uansianisnssunlunsduaseinmeldussernauiaeinou (Faudasan 55
2017)

6. n&a91n9aseidn Furuagldsuanuieunazaisauieusonuiain
YNNINTIAAY UaThUIVBINITMIIMY (Combustion front) gdiFn19IN1TUNTEIEANAINIIN

sunildlugadniuniavestunuy suujisedliuadauysal
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AMendaanufisenaziuaududiaiaunglives anuduniglum
Ufnsalazgniudeseenlunfeududunsgszuuiniu wazaisudndagiazgniioanainen
Ufinsal SHS vadennuundadueiasgninlu@nwdnvazamsiavnagevandiselu Tuneu

nsdunswianNas 2B, - mullite Insasy lowanslilugun 3.9

Dry-mixing

Powder mixture

3 ‘

@y Compaction

Characterization
Testing
Applications

SHS reactor
Parameters

‘ Ignition
2 Product SHS reaction =

- - _:ﬂ: _ @

JUN 3.9 UWNUNMNKARITUABUNNTALATIENTAANEN ZrB, — mullite A8NTEUIUNTAININ

Green part

- ﬁ'\\

'
a s Y (Y

meiaanmvnlgmidlunuided (Fnuvasain siv 2014)

v oY

AsudSunaesasuaniue TnedsiBensusuna (Semi quantitative)

a a o ¢ ° v & e w =
nsmMUSIavesEINandud awnsaralaniualinsvivesiinain
JULUUNS A UUAIE59E8ndG (XRD pattern) vesianuay lnaAuialdainaunisi 3.3
(573 2014)

wlanfaanis

YSunaunla Seeaglaeumiin) = ———— X 100% (3.3)
RIGVNZH
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3.3.2 ANWINAYDIUTTIINIAIUNISTHWATIZUNAINY

NNSANEUITDN 3.3.1 WUIINSIE1TAIAUIUTEUUNT UGB ADU +

v

B,Os + Al @nsaduasienianuan 2B, — mullite laidunaduia deiugidedaimss

Y

e 1w

WOSABULNINISANYINAVDIUTTEINALUATHUATIZANANSAY

nafe dueasizingldussernaund (Air) wazufiaeisneu (Ar) fidawasie
895 IN15AEANTEN RauMiin1sinU Rt waznsiinmavesasnandue lagu)isen
AL Lvagl

Tneldansdasulussuunsemwesnoy, B,0, uag Al mﬂﬂ,ﬁﬁ%m‘ﬁ' (3.1) hay

THdnaIua1TAIAUAINNGTIN 3.4

'
= (%

F9UnDUNTEUATIEALAZITNTATEUNTIUUTTEINALA RS NBU 9

adunsneladeulueniuiuiiten 3.3.1

Junaun1saiiunis : duaszingldussenniaund

1. weansassiubsarylinazgnaisiininaudadiulsunaa sduiusaui
wandlilumsnei 3.4 waransAssunkauLaiumtngnuiniu 10 n3u

2. HeENAIRUATQNRANLUURIIAIEgnuaatagldanuaweslaily (Zr0,)

a

namgiiviediduileendu Wunan 60 undl

Y

(%
1

3. ndwntuasnanazgnantugulunnuiies (Uniaxial) Tafidnvausidu
Ao oy ¢ P | a . v
N3INTTUBNNIAUHIUAUINAIE 25.4 mm wazdiAuvuILLUnTY (Green density) Sogaz
50 - 60 WBEUAUANUNUILUUNNG Y]
4. MRUNUAIUUIAANUINLAZINETRLANUTOUATUUNYBITUIIUFIBE
waanuwUadlnanuiaeenfesiafifuasuuiuauusinayudiulasiunila (Auanduguy

3.10) WaBunuiansynseiiauasisuaulfiseudy Jadndailveenle
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Oxygen hose conection

™ Acetylene hose conection

JUN 3.10 Mwanwaurn1sanszilnansawiumenisidialnnuieunnuiiaesndesiuiauly

21nAUNA (FALkUalRIn 5§39 2017)

3.3.3 AnwNavasszezIan luNIsuUANS L EaIADY (Zircon sand)

nnnsanwluiaded 3.3.2 nuiinisdanseiianuay 28, - mullite
aeldussernaufaennoulduafiniinmsdaaszingldussernmeauni aazuandlily
unil 4)

faifu fideTninsdanmeinglivssonmauiaeinouuldinisdne
wavesTzezaalunIzua (Milling duration) neiesaeu Ndswadednsinsaeanuiou
oumin1siAnUfAsen uaznsinwlavesansndnsust lasufAsensimnihimedied
QIERGE

1. AnwinavesnailunsuanseiwesnuLUUNEInugs ldszeznanluns
UANIIEasABULANGNTY taln 120 240 360 waz 480 Wi

2. Wansdesulussuy Zircon sand B,0; uay Al lnsandeufizend (3.1)
warlddndnansaaduiinisei 3.4

3. fumeun1sduasziLazisnisandunisluusseniauiaeiineu

aznsevinnelatauluieituiumdesi 3.3.1



38

3.3.4 AnwNavaInN1sRuTanay (Si) Tuszuua1sneiu

NNSANYLURITEN 3.3.3 nudnsduATIERIaNHaY ZB, - mullite N4

neesreunuandsugTlusTazaan 360 Wil Wudeulaiiafian (naszuanaliluuni 4)

a o

A33839NTNLRRTADUNHIUNITUANSINUGS 360 W1 U lEVIINISANIHAYDINATDINTT

a

wudaneuluszuvasnssusioiama ZrB, waz Mullite TngufAzennisnlugd

Va v Y

Tumeulell IdedeenisanuSunaeaiiun (ALOs) Nmdesgatneulunou

Y

il (nawandliluuny 4) Iin1sfnwilaensiBu@ani (Sio,) wveliluvinuisendu

'
a =

avgluniliviaent Waduslalad (3510,.2AL05) 1NV WAEIDLALTANT WU NaINISHE NG

Y

Lifinnswasuudadla o duansasiu anmgeiaunandaniduasusznousenles dniseu
AnuTouas JwvilnlaiAaniswnlngd

1NNSAUAUNUITELNIGY FITenudnisiandaneu (S) 1 aslussuuans

(%
v YV a1

aasy Tdudiglunsiiulendliassaiivviujiseduadnsulusenirafnniswilng

' £
a =

argiuimieddviunaanasaziafnmadaladiuiniuld lned198931n9uideves

U =

Yeh wazmay Tul A.d. 2014 way 2016 faty ;:ﬁ%miﬁﬁﬂmﬂ’li@m%ﬁﬂauaﬂuizwmi&%
du iiedunsgitanuan 2B, — mullite Tudeulutl fedl

1. Anwmavesnsiiuganeuluusunn 0.01 0.02 0.03 way 0.05 lua

2. vhmsduaneiianuan 28, - mullite Tngldasiemilussuuneses
ABU (MHIUN1TUARIBNEI9IUge 360 UTT) B,O; uaz AllnsendaufAsend (3.0) uas
Tdndrunmsiiudanousannseil 3.6

3ZrSi0Oq + 3B,03 + 10Al + xSi Taedl x = 0.01 0.02 0.03 ua 0.05 (3.4)

A15199 3.6 dndrunsiindaneunltluaunisi (3.2) dwsumsduasieiiannay 2B, -

mullite Tussuuansfswunewaineu (MH1UNTUANEIUES 360 WIW) + B,Os + Al

JSUUNISLAN Si

gnsnaulnelug vuidnans (g)
0.01 0.32
0.02 0.64
0.03 0.95
0.05 1.59

TAgTUABDUNITAIATILILALITNITAILRUNS IUUTTINARNEDISNDUY U

nszynnelataulafetuiuitei 3.3.1
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= o o o o/ g
3.3.5 Msinseuneasamiuiludavduguioy

sumpunsAEUNg

1. duaswsifanuan ZrB, - mullite Aldandeulviifiian feo Tasisily
SEUUNTIYBDIABY (ﬁshumiumwé’wuqﬂLﬂunm 360 W19), B,Os hay Al damsizviniele
UITEINIFLAENSNOU (Ar) LaglRudanauuSun 0.01 lua

1 o 1

FUNUNFNATIEA LA LLINAIUNUDEITALAUTENING Fe + ALO; (WA

ca v

PNATINANNToN) wag ZrB, + mullite (WEnSiNFaIN1g) Aauandlugun 3.11

Fe + AL203

»t
Y o Iy
i

Product

JUT 3.11 Jununduasierilnainufisen SHS

(% 5

2. A58 Fe + ALO; WaTANSNANN TDBNINAY INUULIEISHANA U
sosnsilgeslinluiunidnaswasiiluuandanugadunal 60 wiil
3. MHIEN INANAUTNNAATUINAIBLATOWUIA <45 um wanslugui 3.12

JUT 3.12 neansudnsdaeinlavasaindnvuin <45 um
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3.3.6 M3PugULAENSIAGENTUNUEMSUN IMAGRUENUR

YUABUNITAEUNT

1. 1dnsansuanidn 30 nu sion158nTugUTeuLAazgumil (1,450 °C

¥

1,550 °C uag 1,650 °0) Sntuzufouludnwmururunaniididuiugudnans 50 mm (U
3.13 () MeiTesdntugufou neldusseniauiaeiinou (An) tnglddnsiniafiuves
gamndl 10 °C siowit iussdawindu 25 MPa Asusedntiidunan 60 wii

2. iludadieiadesdatusiuruiadn Iiusuddnuas Suis (Bar

shape) 9il§wna 3 x 4 x 40 mm MMUENASEIY 1SO 14704: 2000 Fauanslugud 3.13 (@)

(n) ()

[45C w5

v [
=

JUM 3.13 JUFUNUTRNIUNSTUTY (0) SNUUEUTUNUURNUNAUNGINIUNTEATUFUTU

v
o

way (1) Funuiigndaliegludnuazusia (Bar shape) munsgIu 1SO 14704: 2000
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3.3.7 NM1INAFIUAMURUILUULAZUTUN UINTU

N1INAFBUAUNUILUULALUSUIINTUVDIAI0813 FeATuNITNAFDY
ANUNANNITVDIBNSALAALEAILUANNITT (3.5) way (3.6) (Sililuk et al. 2019) ©SBM Y
4INIU ASTM C373 - 72

WO
Dsintered = P water (3.5)
W27 Wl
W W,
P = — X 100% (3.6)
Wo- Wy
1ag? Deintered = AYIHAU ULV DITUINTUARILHN
P = AUNTUI
W = YIAUNLIAG
W, = PntnueIuassluL
W, = YIANDUF UL
p = AUULILUUYBUN (1 ¢/cm?)

sumaunsAduNg

1. duauiiiunsdatuguieuluinisouurieiigumgdl 150 °C 9anty
ﬁﬂﬂﬁﬂlﬁﬁtﬁﬂwﬁa@mmm%u (Dessiccator) udagailudaiminuis (Wo)

2. haunulugiluinduldisendunan 300 ud anduiisiedisiludh
e 1,440 wnid

3. thgueludaminuvuassluiin (w,)

4. rgusudidiunsteimdnuvivaselutiiegs Tudwmnsudalui
W,) Tngldfuihdalimnauds dadmuiuiiinoen uddshmsdaimn wandugui
3.14

5. dhwaflalumuinmaranuukiulazUSinugniuesiieg s
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3.3.8 N1SNAFIUAIULTILTIADNITAALAS

YUABUNITAEUNT

NAADUAIINLTINTIWONTAALAY MemATaNSAAlALUULIINTZY 3 90
(Three - point bending) Auuandluzui 3.15

v

FUIUNAZDU

JUT 3.15 waneguMsMaae AN waNISAALAILULLSINTYI 3 90
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wauluwazanitznldlunisnagasu

®  AUNTNVRIYATBITUMIBEN (Support span) = 30 mm

o anusalunisnadnlag (Crosshead speed) = 0.5 mm/min

a v

® ypdoUgMNNIviD

Y

N1TATUINAIIUNUADNITARNLAILUULITINTEYN 3 3A AUIUlAINANNTTN (3.5)
(Chen et al. 2019)

3FL
0= — 3.5
2BH? (3.5)

Tnen = AMUNUABNITARNLAIUDITUIU

A o 1y )
= YUIAVDILTINATVINBATUIUBANTN (N)
AUNINIVBIPATOITUAIDEN (Mmm)

= AMUNINIYDFIDE19 (Mmm)

T @ — M Q
Il

= ANLE9Y09RBE19 (Mmm)

3.3.9 ﬂ"liVIﬂﬁEl‘Uﬂ’)’]&lLL%\‘i‘\'}iaﬂﬁﬂ

VAFBUAULDIILIIFANIA MIBN13INAMURTILUUINNGS (Vickers hardness)

waulvwazanirzildlunisvagau

(% [
o Y [ a

o wiinng = 10 kg (98 N) Tunsdisaiuguieudianmgil 1,450 °C uaz

o udnnm = 20 kg (196 N) Tuﬂsﬁﬁmﬁugﬂyauﬁqquﬁ 1,550 °C uay
1,650 °C

® Lanauy = 15 Ui

e Mameslunisinsesna = 100 Wi

®  UUIANA = 5 90

o Jhnadumysiunsdmdentsiindiyuuateway
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N3N Tsvesianlaeldinataduinundu (Farhadi et al. 2016)

AUIULANANNISA 3.6

0.203Ha'?
Ic = (c/a)?2 (3.6)
Tnef Kic = AAUBNTT (MPa.mY?)
H = AANULTINNDS (HV)
a = ANNEIAFUNUEYY (mm)
c = AYINE1ITOULAN (Mm)

3.3.10 N1SNAFIUFUUSTLANTNISVEIEALDIINAMNSIU

VPFBUNISVEN8FAUI9INAINTOU (Thermal expansion) AELATEIANTS

e1uARUBI1NANSoU (Dilatometer)

waulvwazanirzildlunisvageau

®  YUIRNVYDIAIBYIY 3 x 4 x 10 mm

'
a

® auillTuA 30 °C

® gauunildugn 1,200 °C

® InsINSELYEsRUNYH 5 °C/min

NTAIUIMNIAdUUTEANSNSI8EFINIIAIUTeU (Coefficient of Thermal expansion)

a1115aAUlANNANNISA 3.7

AL/L
CTE = —2 (3.7)
AT
Tnen CTE = ANduUUSEANTN1SVENEAINN9AILSDU (/K)
AL = AnugNUasuwlatll (mm)
L, = ANNEITNYUNNITRY (mm)

AT = gumgiiivAsuLlasly ()
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Ui 4
NANTSI8LAZ ARG (Results and Discussions)

4.1 NANISANWISTUUEITAIAUNLANAIINY

AN INAVDITLUUANTAIAUNLANAIAY WA ZrSiOs NINITAN kA ZrSiOq
Munaus fe nsrewesaeu ity Fulmaewesaaulilnszimsinesiusznouds
2N lwAMEWATANITIS0I9185IFENT (XRF) Wandmin1snan 4.1

a a ¢ % ¢ 1Y) a = Yy v ad
A1919 4.1 Naﬂ']ﬁﬁ]Lﬂiqgﬁﬁqﬂaﬂﬂﬂigﬂ@‘UGUQQVﬁ’]EJL%aiﬂ@u@'ﬂﬁlLWﬂu@]ﬂqiLiaﬂﬁﬁﬂiﬂﬁL@ﬂ%

(XRF)

d15Usznau anududy (Gaeaslnevmiin)
ALOs 2.14
As,O3 0.14
Cao 0.16
CeO, 0.32
Cr0s 0.10
Cs,0 1.50
Fe20s; 0.87
HfO, 1.90
Ko,O 0.03
LayOs3 0.16
MnO 0.11
Nd,O3 0.23
P,Os 0.63
Sc,04 0.07
SiO, 28.37
ThO, 0.14
TiO, 1.61
U 0.05
Y5053 0.33
Zn0O 0.02

Zr0O, 61.12
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31nm15197 4.1 wudn lunsewesaoulsznaudewesladisusenles
(Zr0,) wazdana (Si0,) Wuasusznoundn waziletmsswesaeuluinssimemaia
mMadeauudefadiing (RD) Muanduguil 4.1 wuind weslalendaing (2rSio,) 1y
a15uUsznauman

agn9lsfny Samuindfiavuadndy q Suduuafiu (mpurity) Aldauise
szyialdl GeaonadosiunanmsiinnzisndeeenledmemeaianiFesiedididng (XRF)

Faiu Fsaansotmsowesnouiiiuveandeia unlddnwnuseuiieuiu
ZrSi0q Men13anta

Zr5i0, : PDF no. 01-072-0402
3
£
2
W
c
¥
£
JIL X L\_ s ]l A | JL i A -
10 15 20 25 30 35 40 d5 5D ] &l &5 T0 5 a0

2-Theta (%)

SUT 4.1 SULUUNISIASNUUMESIFDNGUDINT 181005 A0U (x nueds arsusenaunnule bl
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ar

NA991NN1TANTUNITTUATIEN N AN YINAVDITLUUATAIRUINNUNAT
wanenafiy dnwaeresasHandusinaInnsduasvnla wandugui 4.2

25.4 mm (n) ()

HANANINGD3

SUN 4.2 anwarrsdunuNdniueilaenily () @15R9RUsEUU ZrSi0s + B,Os + Al ag (1)

v

ANTFIRUTTUUNTIBWSABY (VUIA <45 um) + B,Os + Al waavinufisenniswnlugl anels
UISHINABNANSNDU

6 U =

1NJUN 4.2 nudransndnduanfidnvueniudiginazdlasiadawuugu
a S v A

3undn uwansialugl (Combustion wave) Fa1ina1nansassudiiunsdnut e
UfA%e1 oynavesansiiiensefustisvuiutuazsilinauamieudsiuusazeynia
ogeraiiios uardnssfuannislugnaseonuinuduauasluifudnumsfunes (Spiral)
o932 il §AsenRntuognsanysal Feanuduniglutuanudengn shliduaud
Tssadrednuamdudy
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NnMsiasuandudnduaneilaluiinsgiesadsznaunianaiiaig
wmAllANSEE LIS EBNG Inenailauanadgun 4.3

A

% 21,0, : PDF no. 01-071-3629
A ZiE, : PDF no. 03-085-8704
@ Z0, : POF no. 00-007-0343
¥ L BSI,0,,  PDF no. 01-076-3907

A W 321,0, 250, - POF no. 00-006-0258
3
E . N s a ()
2 o JRjmk ¥ o Y m L
S A
=
A
. . (n)
o bf o M 4

10 15 20 25 30

35 an

a5

50

2-Theta (%)
JUT 4.3 Uuuunisiienuuiiefadildnduewdndud (n) ssuvaisisdiunsiewesnou

55 a0 &85 TQ T5

an

(WA <45 pum) + B,0s + Al Uag () S5UUaIIAIAY ZrSiO, + B,O0s + Al nasvinjizennns
Wbyl AelaussenniAwiaaIsnau

A15199 4.2 Han1SATLIUIAUTENBUNUATLTNAIUS IR SN SHNAR AU ZrB, — mullite

Tusguuansfany ZrSiOq + B,Os + Al LAy STUUASHIAUNIIEDSADY (JUIR <45 um) +
B,O; + Al neldussenieuiaalsnou

wavaeasusenau (3esazlaguiniin)

SETUUAITAIAY
ZrB, Mullite  Boromullite  AlL,O3 yA(@))
ZrSiOq + B,O5 + Al 65.35 10.36 8.29 8.43 7.57
NSeIADY (<45 pm) + B,O;  64.44 8.50 13.27 6.88 6.91

+ Al
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n3UTl 4.3 wuihansudesasiildainnisinufAsets 2 ssuu dangla
nan (Major phases) laun waslawdoulauslse (2rB,) uazsialan (3A1,05.510,) WlasEINg
UiA387 (ntermediate phase) 1&uA Tulssfalad (Boromullite) wagiWadilivinufAsen
(Unreacted phase) 1 axgiiun (ALOs) waziweslaidousonled (210, Faduiailsl
ADIN13

PNNSAUINeIRUsEnouMuATBaRsUTuna (Semi quantitative) Wandds
a519d 4.2 wudn Tusvuuanseeduilld zesios + 8,05 + Al Sansuanfmsinidenis (2r8,
way mullite) unnnI1luszuuNSI8wasAY (JUIR <45 um) + B,Os + Al ?jqwudﬂ
2IRUTENOUYDIANSNAR ZrB, - mullite ndsnsvidJisennisining Tuusseinauia
p15nau Usznaulumeandn laun wosladoulauslsa (2rB,) waziialad (3A1,05.25i0,)
wazdimuasUsznoudu q FeUuseisanadastutuziuuunsiasiuude¥disng

a [ (3 . Q" ¥ . 6 3 L%
ANSNARNA A ZrB, — mullite ALHAINNITENATILAIUTLUUAITHIAUNTNE
wasABY (VUIA <45 um) + B,0s + Al gniluliasievisnesAdsenau sreinaianis
N92918AMNE1U5IELENG (EDX) wuuwnuil (Mapping) Auandlugud 4.4 wuinluans
a [ I3 % al I LY 2 4" [~ (v a (v I3
nanAusUsenaumewaslaieulauslsatazdalan falunandnvasasuaniu



: IEI iZercon+3203+AI,45,Fe203+2AI,Ar
b Wt% o
] 0] 328 0.5
— B 242
] zr 203
4 Al 188
15— Si
= J
< 104
(=% -5
Y -
1 0
55—
1| B
- Py
] Ejd (n)
: ]
L o L B N L L R NN NN RN RN
0 2 4 6 8 10 12 14 16 18 kel

JUN 4.4 N13nsEneAmMaInusdiandvessiniinesuluvesasnandailussuuansasiu

' v
1

VINBWOIABY (VWA <45 um) + B,O5 + Al waafinufAzeniswnlngd aneldussennieuiia
913n84 (N) LAAIUTUIUNVRIEIR WAL (V) LARIGNYUENITNTEIIUAIVDIEIN (VU8 :
Uy e USaniuIinavessniy o neangegin)
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uonanil {ifeldhasndndusivomaiuarieuivdosguinuduuy
YosunuasNanSuslURTEidsmadansiagnuuse SdEnduarmaianisnszane
AINE9USIEENG (EDX) wuuwkudl (Mapping) ﬁ'ﬂLLamiugﬂﬁ 4.5 way 4.6 AUAIAY
Fawud esdusznovveImsiinnNTeu ndsnyufisenmamnlniuszneuluseman
(Fe) uag avgiun (ALOs) Juandn uenannismuiniianswansusiuazansusznousy 9
loun woslaloulauslsn (ZrBy) dalad (3AL,05.50,) Lay twaslaldeusanlan (ZrO,)
Revusgundiu Fulmuaenadosiumaianisnszaneamdsnuisdidng lugud 4.6

* #® Fe : PDF no. 01-087-0721
% ALO, : FDF no. 01-083-2080
=
E * * *
2 *
g
€ *
*
*
) AL * b
10 15 20 25 30 35 40 45 50 55 &l 65 TO 75 8o
2Theta (%)

JUN 4.5 uansguuuumsideiuuiie Ssdondndnsiueiveansiiuenuou
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sUN 4.6 N3N32ABAMNENUSIEINGUDITI9T AosuTuluansHEn S ueivesan LA LSou

Y

aeUATeN T () UanIUTINUYRISTN kAT (V) LARIENYAENITNTENLAIVDITN)
(VHn8Lve) : USLIUELTY Ao Ummwummmmmmmuu 9 NTEINYBLUIN)
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4.2 NANISANYIUSTYINIATUNISHIATISHNLANAI9NY

NANISANYINAVDIUTIINANLANANAY oA duasiznnelaussennie
Unf (Air) wagussenmauigetsnou (An laglda1saeiussuunsiowesnou (<45 um) +
8203 + Al

23U 4.7 nudBusundndasiasiiluidnuaslasmiengy 1ndnvue
mqmamwmu"lmmwumumammwmLﬂiwmsfmmsafmflﬁLLﬂamsﬂau (51J1/1 4.7 (%)
f&nwazuuInisnndifiauysainin esannnsdaaseiluusssiniaufaesneud
antiunsluaufnsal fnsliuiaensneudillussundn TnouRaasUnaquiunuuayly
semisUFzemsunlug uiadenanyivihiinedaunmsunlniliiadeuiianngad usug
AATEAABATAT UL LLaz5&?1";aﬁué’mmmé‘fumaiu%umuiﬁgﬂﬂaﬂﬂdaaaaﬂmﬁaaaa
yilssruuldldanudoullumaunindiostafui SetevinliiAzenintuegisauysaind
nAnAsdLATziaeliuTIINAURR (SUT 4.7 ()

JUN 4.7 Bunundnduilagmlundunsieiainaisassiussuuniewesneu (<45 um) +

B,Os + Al (N) nelaussenaund wag (v) neldusserniawiaesney nawhugizsennts
PRI
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Watdununansuaiuimsisimemaianisiaeuumesdsns lanand
wanaluguil 4.8

FAL0, : POF no. 01-071-3629

A 778, POF no. 03-085-8704
A @ 70, : POF no. 00-007-0343
¥ ALESLO,, - PDF no. 01-D76-8907
W 32,0, 2510, : PDF no. D0-008-0258
# Zi5i0, : POF no. 01-072-6854

Ei
&
)
e
g
g= A ()
A X
A, * A
* (n)
X AA
A e AR 4 x|
10 15 20 ZE 30 35 an a5 50 &5 &0 65 70 75 ED
2-Theta (%)

JUN 4.8 JUnuunsidetuumeSsddnduendndueiansasiussuunsewesaou (<45 pm)

+ B,05 + Al (n) nelaussenauni uag (1) meldussemaniasisneu vasufisents
A lndl

31n5UN 4.8 wudn nsviisennielaussenniaund (5UN 4.8 () ans
a o  cduw )~ & v = A 2 ~ aa . a a A

WAndugdiaaliansasiunasvieey Ao waslAlloudding (ZrSiO) wardinaniniean
UfAsen Ae agiiun (ALOs) TudSinaunn Tuvaeiansudadunnlaannsvijisenniels
UsTINIARIARNSNB (JUT 4.5 (1) Liinuweslalleudding awmeillewnnanmsdunsis
meldusseniauiaensneuinuisetedwanysal luvaeiinsduaneinigldund 013
Juldldnguanuldfivfiauneau Wedinufisen uswiunelutunugnianUdesesnuiogng
dase anufoudsliiiisaneouazldanunsawmnndlanvisyuay dnisnisdansieily
ussemaundty sendauluvssemeausadluvijisendvesalilleulalagdiy il
Anduezglunlutinaun dlunsduesziluteuleiifednfiansdsdiunazinal
v a [ a o ¢ s A a =& a 1% -
Aosn1smaeegluandndun ferusenaumaniienaUsunalauanslilunied 4.3
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AN5199 4.3 NANNSANUINEANSDINIUS LN IURIaSHANA U9l ZrB, — mullite Tussuvans@asy

NIRIADY (<45 um) + B,05 + Al MelaussenmaunfilarussenneLigesnauy

UI381016A wavasda1susenau (%'aﬂaziﬂﬂﬁﬂﬁﬁﬂ)
NN3TERATIEN ZrB, Mullite Boromullite ALOs  ZrO, ZrSiOq
Y5581n1AaunG 44.25 5.23 10.36 24.78 5.47 9.91
USSHINIALAEDISNDU 64.44 8.50 13.27 6.88 6.91 -

311M15197 4.3 nudnisdansizinneliusserntaniaensneu das
nAndud fo woslavulavelsauazdalad Feivsuauinniinisduasiziaield
UsTBINIAUNR wazuena N nsduasedluusseniauiaeninouldusngaresans
dadiu Ao wedlaiflondiing wsilafisufunsduemeilusseinauninuitesgiund
USunannninnsdaasiginiegldussennmeuiaeisney egnelsfaudsasnuinasening
UFASen fio Wlsifalad Tuvhs 2 Soulunsduesizy

4.3 NANISANWYI5282La1 1UNNSUANSIELYDIABY

s a

ANEUENINENNIALNI LUVDIESHNAR N NAWATIZAIUTEUUNTI8LDS
ABY + B,Os + Al meldiussenieuiaesneu uanslugui 4.9

Fe + AL203

SUN 4.9 anuwurYaITuulnglUNndunsizianasanu (n) ssuunsioasaauniule

Y

MAUNSUA (177 um) + B,Os + Al uaz (9) syuunmeiesasuiidunsumdunan 120 wid
(<45 pm) + B,O3 + Al
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n3UT 4.9 (n) wulddatnarsaeiulussuunsewesaeuiliniunisun
wasuas Wiiaujisenmsknlrduasiuaudinsaninvesasasuey lagianisiwalngd
WA SINAINTBUTIUT AU UNYRIT UV

Turusiinsduanesilussuuasseiunaeiwesneu (<45 pm) (GU7 4.9 ()
JunisdmsewesaeulUuauuundsnugs wagdnvuialidvwiadnnd 45 pm wuid
ﬂﬁﬁ%mﬁm%uashmuyﬁai dunaufiunuanisilngiogisdaan esainnisuandsauge
Junsilieynedvuiaidnas fufifaufiuuniu devhufaseniswnlniiFedinisens
arwdougs hlvtonmnigenisening Ssilemaiiansisiuaggnivasuluiduanswdniost
lounna

.2 5 a dl' Q’ljd Y (&Y . gj
Aetiunauyigu NeulviiRaladuasievianuay Zr8, - mullite 99N&15A9
FUSTUUNTIELLBSABU + B,O5 + Al nelaussenniawiasisnau taeumsiewesaauldun
WUUNGIUED Mg seeeina1ianeiy Alanvuald loua 120 240 360 way 480 w1 A1evas
o ¢ a o ¢ ° a ¢ & v o a3 & a
INMTAUATIEN asudndasigninluiesengduuunisideuumesdand lusun 4.10
ulUaINsAUINIAUTEND UM BATILTINIUSUN Nan e uwansllunsan 4.3

A 7rB; : PDF no. 01-089-3826
“ Al;03: PDF no. 01-071-1683
A W 3Al;05.25i0;: PDF no. 01-074-2419
A @ Zr0; : PDF no. 01-083-0944

Indensity {a.u)

2-Theta (%)

JUN 4.10 JULUUNISEEUNMESIELDNGU INER U1 TAIAUTTUUNT 8D ADY

(<45 um) + B,05 + Al NSz 8LLIaINITUANSIBLasABY (n) 120 U9 (9) 240 U1
(M) 360 U¥ way (3) 480 W1l nawURATeINswng Meldusserniauiaensneu
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AN5199 4.4 NANNSANUINEANSTINIUS LN IURIESHANA U9l ZrB, — mullite Tussuvansaasy

NS1BsADY (<45 pm) + B,O5 + Al A18laUsseInALige15nauNsz8slIaINIsUANSIE

WOIABULANASAY
2 . wiavasansusznau (Gesazlneviutn)
ITUUAITNIAUY

ZrB, Mullite AlL,O5 YA(O)
NBEsARU (120 W) + 78.37 9.46 10.18 1.99
B,Os + Al
NIBwasABY (240 U) + 76.48 9.56 11.04 2.92
B,Os + Al
NIBwasABY (360 U) + 77.65 10.67 9.93 1.75
B,Os + Al
NEoIADU (480 W) + 75.67 10.79 10.62 2.91
B,O5 + Al

1IN 4.4 wuiszeznaMIUATIgesAeuTisnsTy diasdonisiin
ansuAnSasiiUsinaenssiufisndntesitu uarfudineglidoulunsuanmewes
AOULUUNAI LGRS 480 undl Afsnuinwadilifesnns Ao exgfiuuaziesladoy
oonlud fnundedseglumsnansusilutinann e dumseEuinsiniznguiudn
m%gqsumaymﬂ (Agglomerate) Aus3sUTRVEINTFUADING (Mechanical milling) ¥ilwiui
Halun1sinugisenanas) aenndednuauIdeeas Rendtorff Lagane (Rendtorff et al.
2012) ina1211 weosmoukunsualiuszezinan 120 undl azdvuineunielvgnitges
poudiunisunmluszezinat 60 uift Tasusingnisaliiineinnissaudafuuagnisin
Usvanuify Safndusewinsseznainsuadie iy

ynUsuiflBuss A uALUUNEsugaR 4 douly wutszesnans
undl 360 W17 dewlavesergiiuuazivesladousonludluliinaiosdian osdesas
9.93 war 1.75 Mud iy uazileluisuifisuivarsndndusilussuuifoafulaefinae
wosaoulsiriunsuanuungsaugs wandluned 4.3 Tuussemeauiaensneu) wuitans
wAn S 78, uaz mullite TUTuauRuLInT Y ilasenineujasen Iaun Tulsdalad
gnidsuluidudaladodisauysal niadmuitarsindeanuise 1dud woslaidlow
oonled fUSinuanaundeifissiesay 1.75 anidudesay 6.91 Mauisanunsnaguld
Foulumsuandssugeemseiwosaeuiivianzan fe 360 U7
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4.4 pan1sAnwINISHNTanaulusTuuaNsAIAY

Tums@nwdeulad T8vinsdaaseifanuan 8, - mullite Tasfinisiia
ganeuaslulussuuansdaiy lnedauyfsiuitenafidaudielunafialenaliinaoyadun
yhufseruadnouiduinluluseninmainufiseniswiln Gaasvinliosgiuniivae
sogfluszuvanasuazraiaidusiaaladldinntu Tasdredminmuideuns Yeh uazay
(Yeh et al 2014, 2016)

faufideishnmsdaeseilagldmsdaniussuunmewesneu (Mrinunis
uandanugndunal 360 wid) + B,0s + Al agldussennisnfiaensneu laediudaneuly
USunaufiumnsinadu 1oua 0.01 0.02 0.03 waz 0.05 lua JanaannIsduasIzidLansly
sUsuuMaEEIUuiefadsnd Tugui 4.1

A Z¢B, : POF no. 01-089-382¢
J A0, : POF no. 01-071-1863

W 3410, 250, : POF no. 01-074-2419
@ Zr0.: FOF no. 01-083-0944

4 5i: FOF ne. 01-078-2500

Intensity (a.u.)
+

A A ()

10 15 20 25 30 35 40 45 50 55 ] &5 TO 75 a0

2-Theta(®)

JUT 4.11 sUsuunisidenuumessdidnduetasnindugluaisfssussuunsegesaou
(@runsuandsnugndunal 360 widl) + B,0s + Al lnatiuddnauu3uia (n) 0.01 Tua
() 0.02 Tua () 0.03 Tua waz (1) 0.05 Wa ndwhuFasemswiingd aelausseniauia
9135n0U

N3UT 4.11 wudransudadasidusandn 1dud weosladoulavelsd
wazsialad  fdAneudnfiAuiwdony uazueninddaiaimieanufiten fo ozgliun
waziaslafionsanles InsnanisduiaandataUiinuanguuuunisidsiuudesed
Bnd (Uil 4.11) uandlumsneil 4.5
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AN57199 4.5 NaN1SANWIALTINIUS I avaIaSHAnA gl ZrB, — mullite Tuasiafusuy

IewesAR (MHuN1sUANEIUgaduIan 360 widl) + B,0; + Al meldussenneaufa
215U NiNsHUTAnauluUSUUNWANE19TY

wavasasusznau (Gawazlaauiviin)

STUUETRIR
ZrB; Mullite AlL,Os yA(®)) Si
Si 0.01 lwa (0.318 A3w) 76.98 14.96 6.19 1.12 0.75
Si 0.02 Tua (0.636 N3u) 73.49 15.16 6.24 2.47 2.64
Si 0.03 Tua (0.954 n3u) 70.58 15.02 8.73 1.63 4.04
Si 0.05 lwa (1.59 nsy) 67.52 14.45 7.64 2.14 8.25

1INANSIN 4.5 WUINNISRNTanauasluszuvuasaaauvinliusuusdalas
Nty Turusivsunuvesevgivwaviweslafisueanledanas (Wawleuduansaeiuly
& a o I P 1
SLUUNTIERIADY (MU suandsruanduia 360 Wi + B,0s + Al aeldussennie
wWAEB15NOU NUTNSHALTANDUY LEAANIAIRISIN 4.4)

wiognelsfinu Gellanseiadiu fie Faneu wdsAnegluaisndnsdue wazwin
Wiguiilguns 4 Reulvndnmsiiuddney nuiReuluninsiduddneuluysuin 0.01 lug
Tinaluiiwelaunniige

YaNINUAISNANN UNNLHINNNITEUATIZI TUTZUUEITAIPUNIIELIDIABU
(ﬁmumﬁmwé’wuqqLﬂunm 360 W) + B,Os + Al MAuTanaun 0.01 lua anela
UTTEINALAae15NoU TUTLATIERAENATANITNTZANEATNEIUTIFENDT LUULKNUNA
(Mapping) Aauanslugun 4.12
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10

cps/eV

| Si

' L (n)

0T T R T T R T R T R R T T R e e

0 2 4 ] ] 10 12 14 16 18 keV

=] ! v v a & s A & a [ & v
E‘U‘VI 4.12 ﬂ’]iﬂ’i%ﬁ]’]EJﬂ’TWﬁN’WU'iﬂﬁL’e]ﬂ‘lﬁlE]\‘15'1(5]]1/]ﬂE]'i‘UsUusUE]Qﬁ']'ﬁNﬁG]ﬂﬂJ‘VﬂUﬁ%UUﬁ’ﬁﬁl\‘imu

Y

NI1YLYDSADU (H1UATUANS UGS 360 419) + B,O5 + Al TiRudanoud 0.01 Tua nds
AU Asen1swnlng aeldusseinianiaaisneu (n) kanauSuInuedss way (1) wand
Snwarn1INIEaefivessn (Munewms  Uinadidy e vinaiiiviinuessndy 4
N5¥8ELUN)
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mﬂgﬂﬁ 4.12 WUIeeAUsEnouvBsdIsHann e ZrB, — mullite Tusguuans
FaFunIewesAn (RIUNITUANSIUGS 360 U191 + B,O5 + Al fiAudanouit 0.01 Tua
nmeldussenauiaeisneu Yszneulumeinanan lawn weslatoulavelsanasdalas
uazénuansUszneudu 1 Feuuey Smanndestufusuuuunmsidsuuiiessdsng (lugd
7 4.11)

Foifu arnuanisnnaesianun §Adesagulddn eulaitdfiaalunis
dumsziianuan 2B, - mullite fie szUUNTIBIwDsABY ([THILMTUANEIUgaTuna
360 w9 IR <45 pm) + B,Os + Al fdudaneuluuSuna 0.01 Tua duasizinigls
usssmauiaenineu tnslutumeudely asdniiunininsansTanuay 2B, - mullite Tu
suifuduaulaenisdnduguiou (Hot pressing) flguvigiige uazimdsudusuiiiotily
nadovaLTRnauaznaaevantRluduiy « doly

4.5 NanN1SANYITUNUENSUTN lUNadauauln

AwEngvesasHAN e 2B, - mullite AdaaTzvldanToulviidige
(@ssadulussuunemesaey (ﬁmumimwﬁmuquﬂunm 360 W YUIN <45 pm) +
B,0s + Al Mfindanouluusunas 0.01 Tua duasizsinngldussermauiaeninou) il
Fusundaarnmisenlug warndnuadunsansiinunsdauunn (<45 um) 1SeUsesuan

wanslugun 4.13 Jafidnuasdunaninisinmeznguivedisviay (Agglomerate)

=1

JUN 4.13 nmeneanndesganssaBlanaseuluudeInTIafiuansinuusdgIneves

Y

WaTanuay ZrB, — mullite newiludatuguseu (n) Bwvthvesdununeuun uag () Kaa1s
ARGV
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Inglun1sdntugufeudunisinsansudnduriiwiouls lUdatugusoud
il 1,450 °C 1,550 °C war 1,650 °C 1dusedaniniu 25 MPa lagguuuunIsiaesiuy

Y
a &

59daNdUea NN A NN IUNTERTUFUToUNQUNA TR 9 Uanafssu 4.14 uay
NANNSANLINANSHTINIUSUIUVBIANSHNANN D LARILURISIN 4.6

De O

A 7rB, : PDF no. 01-083-3826

M 3A1,0..25i0, : PDF no. 00-006-0258
@ 710, : PDF no. 01-072-7115
#2150, : PDF no. 01-072-7115

Intensity (a.u.)

[ '
= 2/ I

o 1 14 v A & 4 a [ cal 1 [ a
EU‘VI 4.14 EULL‘U‘UﬂqiLaﬁl’JL‘Uu@’)‘c’ﬁﬂﬁLEJﬂ""UGUENﬁ’]iﬁ\la(ﬂﬂmWIV]N'TLlﬂ'ﬁ@WUUTUiEJUVI UnHU

Y 9

#1499 (1) 1,450 °C (¥) 1,550 °C waz (A) 1,650 °C

[ '
=

a ! a o cal 1 o o d a a
1N3UN 4.14 WUNATHANAUNTNIUN1TTTUTUToUNQUNYLAIY 9
a o ea & o v & = Y 12 % s A O u A a
nanAug M lunandn loun weslaleulavelsauazdalad dansdellarsusznaudu 9
widoey fe woslalludding uaslarsmdennufisen fe weslalleueanlyd ogelsh
oy iulaanlinvezaliutmdedsegluaisndndnaiuds Fwmasnguuuunisidesuusiag
$dondannAanauNanNISALIMLTINIUS IR ENSHARA I TUR1S19N 4.6
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M13199 4.6 HANSAUIATNIUTINYBIENSHARS U T LN TEATUFUTouN M Tisng

Y

wlavaeasusenau (3egazlaguinin)

a o g 4
UNAUNITDAVUIUIDU

ZrB, Mullite ZrSiOq ZrOy
1,450 °C 53.35 19.19 26.35 1.11
1,550 °C 68.36 24.65 4.56 2.43
1,650 °C 69.41 23.74 4.49 2.36

uananidaunmdiulddn ilegumgiinisdntugudoufinduain 1,450 °C
1,550 °C uag 1,650 °C muanfu wuinliunaveswesladuudainnanasainiosay 26.35
Hu Souae 4.56 uay 4.49 audidu o1adululi gumgligetu wesladleudainain
NsEaeRINIIAIINSaU (Thermal decomposition) luidulweslalionsanlan (Zr0,) Au
Fan (SI0,) Tned98991nuidoves Amo uaran (Ao et al 2008) fiilwasaoululs
Ausou (Annealing) sewinggaumall 1,400 °C §3 2,000 °C v¥utaan 120 w1l wazyiilo
usaaduiian 45 uld Im‘wudwLﬁziaﬂﬂLﬁam%émmﬁ@miamaﬁaﬁqmmﬁ 1,556 °C ER
aenndosfiurgumnifgissldvhmsinulunsd (1,450 °C - 1,650 °C)
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[ ]
= b =

anvENNENgIUINgIveTUMUNHUNTIRTusUSougungil 1,450 °C,
1,550 °C uag 1,650 °C uandlugun 4.15

ZrBz

Mullite

JUN 4.15 2 MEneINNADIRansIABLENATOULUUARINTIA (BSE) wanidnuuedugiuine,

vosunuTaguan 28, - mullite i un8nTugUTouiigumgi () 1,450 °C (1) 1,550 °C
waz () 1,650 °C
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sUN 4.15 Usnguladadnenszanedlegluiietudmnidy laedieunly
WAFILNT19IAUTTNBUMEMATANIINTZANEANEIUSFONTUUUYA (Spot) UATLUULLAL
1 (Mapping) wauandlugui 4.16

E IEI @ I Spectrum 1
] Wtk o
. o
7] Zr 125 039
] Al 6.9 04
n 5i 2.0 0.2
3]
_—
ra
w 2_:
vl B
=
. /J | (n)
o] ]
rrrrprrrtrgrrrrgrrrr|rrrrrrrrrrrrrr1r T
0 2 4 i 8 10 12 14 16 18 kel
?—_ IEI [ Spectrum 2
- Wt%h o
] o =a us
6__ gil :‘_ 04
5]
o]
- .
FA
|
3
2]
14
:U\JL'JE‘ ()
G-l 1 rJ|rrrrrrryr1rrrrrr[rr1r 1 1 1 1T [ T T T [ T T 1]
0 2 4 i 8 10 12 14 16 18 kel
= ! 1Y v A @ ¢ A 4;( a [ 4 a
E‘lj‘l/l 4.16 ﬂqﬁﬂ'ﬁ%?ﬂﬂﬂ']‘WﬁQQ']UiﬂﬂLE]ﬂ%sﬂaﬁﬁqﬁlWﬂagﬂmu%@ﬂﬁqﬁmaC‘]ﬂm% (N) wanIUINU

a =)

- a a a = o Y
51999 1 (USHIUda119) () hansuanius1nan 2 (USHuamew) kag (A) Lansanye
N19N5ELFIVBITIN (MU8LUR : USLAEWY Ao USHaNTUTIIMYe3s9TY 9 NSy
1N
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1%

= : ' o - S A A = a o ¢
JUN 4.16 (A9) N1INTLIIUANMMANIUNADNYVITINNNOFUTUVOIANTNAANUN (N) LEARY

U31aus19aa9 1 (USEaI19) () 4anauSunasingedl 2 (USUEmnILDL) wag (A) wand
K

ANYULNITNTLANYAIVBIE (MUN8LWG) © USLIEL USaNiUIuInvesInty 9

N3¥M80LUN)

INFUTN 4.16 Wudn wlaadng Usenausiesawesaeu (Zn) wazluseu (8) Tu
USunags Bavsveninuesdusznavvenseslafloulavelsd (2i8,) luvasiiwailoiiud
1% 1% aa . A a a = | =
Wl Usgneuniesnganeu (S, exgiliilen (A) uay eandiau (O) Wudiulng) Felsuen
Tuduesiusznevveuialad (3A1,05.2S510,)

éj ‘:1' v} 1 r.ﬂ' a U ‘:’f( b4 Q' ‘g

wonNHlugun 4.15 Fanudn illeguugiinisdadususoutiuduain
1,450 °C Uty 1,550 °C wag 1,650 °C muasu vildinsuves ZrB, dusunutesas uadl
YA @maLosnaniilegamiigeu nszdulvianisunstulledaguazunsluny
YUINTU JNTUTIRE UMY UINTUITMELY TaeAnsuAdvuInEnAETINF IR GREHGHETRE

& P A a ' a e . .

nansiduinsuvuialugfiaauadesuinni wendsingnisaiiian Ostwald ripening
(UA@aWs 2005)
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4.6 NANTIINATIVAINUNUN LL‘I.J"I.JLLQS‘U%QJ'IQJEW?U

Fusuianuay ZB, - mullite N1uN158ATUTUToUNQUVYE 1,450 °C fi9
1,650 °C gnilunagaulaAUINMIAUNUILYLY (Density) wazAIIUNTURT (Porosity)
Tnauanslilunsen 4.7

M15197 4.7 HaNITAILIUNITNIAMUNUIMUULAEAUNTURIVOIFUUTAANEY ZrB, -

mullite Ramnin15dnTuIUTaUs Y

a o X P ' 3 v Ly I K )
qmwnﬂ&lﬂﬁaﬂﬂlugﬂiau AIMURUILUUY (g/Cm ) ﬂ’J']uWEuﬂ'] (5aﬂa3 ﬂﬂu'ﬁﬂun)

1450 °C 3.42 + 0.005 0.04 £ 0.02
1550 °C 3.38 £ 0.005 0.29 £0.45
1650 °C 3.38 £ 0.005 0.46 £0.05

1NA1599 4.7 NudANUUILINY U TEgREN ZB, - mullite HAN
Asfuitndniesniounnsnsiuegelifivedifty egnelsinuiaaumal 1,450 °C Tanuay
~ ' oA A < v ~ X gy a a o & v aa
fauvuiniugeniiteulvdudndesdeluegiuannulundnduangaviieniainy
PUTBLUULANIEAIVDILFARLILNE FIFDAAADINUIIFINUNISTIVEVDI Mishra hagAMY
(Mishra et al. 2007)

1%
=

o1 dululdinssatuguiouiiaamaiige fimsaateduiesainainudeu
vosansUsznavoanleduaiiude q Misvueglutunu lunsdnisdniuguioudigungd
1,550 °C 919 1,650 °C A1A3 LS LAl daudanaganasfinianinusou (@Gﬁagaﬁmmmﬂ
sULuunsidsvudefadiBndlusud 4.14 uagaseil 4.6 Usznev) Tasluseninenis
aanesmannudoutl uaoanlsdunseiingnuanydoseeninduiunils Faufamard 01a
HuanvmihliangnsutuludeYanuan shldaunsuilnesugduasnadosiuaiaim

wwiuanauintes WewSeufisuiunmsdntuguSeungamail 1,450 °C
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4.7 NANISNAGDUAIUAIUNIUABNITANLAS

anwUENNFUTIUING1VRULTANEL ZrB; - mullite AINUNTEATUTY
Fouilgauuniisng q FauansdnuaziuiIseswan (Fracture surface) ¥aaINANTNAFBUAIY
wausasian1snlA wanslugun 4.17

PSU
[

sUN 4.17 ﬂﬂWdWUﬁ]’]ﬂﬂﬁ@ﬂ‘ﬂaﬂiiﬂﬁaL’Sﬂ@]i@uuﬂﬂﬁ@ﬂﬂi’m WERISNWUTNURITOULAN

v 9
WRIIINAITNAFDUANRDIILTINDNIIANLATUDITUIIUTARNEY ZrB, — mullite Tik1UNTER
FusuTeunaamaieag 9 (n) 1,450 °C (v) 1,550 °C uag (A) 1,650 °C
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103U 4.17 wunFuaudanuay ZrB, - mullite N61uN1590TUUTOUM
gauuil 1,450 °C NuHIT08uANTAN YAV UNTUNVETU (Rough) kazdlInTulINAIN UMY

9 Y
[

Tanuay ZrB, - mullite ANUNMITATUUToUNQMAI 1,550 °C war 1,650 °C wavkilounly

AL uuAenIAalAY (Lanafanised 4.8) wuieanuudaussienisdaldses
Fusdauandaiuluuiazonmgfinissatuguiou tnefigumnd 1,450 °C mudumy
somsdaldsvasTanuay Zr8, - mullite Seuiniy 88.73 MPa ilasanilgangAdduium
woslafleudainaluuiinugeiedosas 26,35 Feistufiuiigumgil 1,550 °C way 1,650 °C

inuweslallvuddinaiiesiosay 4.56 uay 4.49 Wi (9Uayaa1nm13199 4.6 Useneau)

De

Tnsaruduniutenisdnldsestuauiligumad 1,550 °C anasangaumgil 1,450 °C Fad
ANYINAY 65.73 MPa awﬁmm&;mmﬂLﬁ'aqmmﬁqﬁu woiladouddinaisuAnnis
aaeiameaafouliifugeslaifloveenladuazdan@edauudeiisnt Snvsdanudn
insuvawaslaifoulavelsdiFulnty (Growth) faiuasdunalédniguuad 1,650 °C
wodlaudeulavelsdiliumnsuiilngtuegradiulidn (93Ul 4.15 (A) Uszneu) A
frumusionisialdsiediangetuds 153.25 MPa sianlndifnsiuauidoves Zaki uazanis
AflAirAnuudausavindu 161 MPa (Zaki et al. 2017)

A135197 4.8 NANITATUIUNITNIAIIUAILATUNIURBNITANLASYDITUNIUTAANAL Z1B; —

mullite Nigunnin13dnTUTUToUY 9

a LY g 1% v 1 o 14
gaumMniinsanYusUTau AUAIUNIUABNTTAALAY (MPa)
1450 °C 88.73 £ 15.60*
1550 °C 65.73 £ 11.36*
1650 °C 153.25 £ 1.19*

* gl ; Wesainanuldadianelutunounsintuany vilrdunulivuiawansieiu
T WIUTDTUNUTT NN
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4.8 Namsmaaumwuﬁeqamﬂ

anwUENNFUIUING1VUNUTANAY ZrB, - mullite AINUNTERTUTU
Fouflgumn)iidne o Nuanivuinvesseena (418) uazsesinminaninaianisnag
(Indentation technique) (¥31) LLaﬂﬂugUﬁ 4.18

=

JUN 4.18 NMENEINNADITANSTIANBLANATOULUUARINTIATILARITUINTBITOUNARALTOY

$nAianmAtianINATeTuLTaNEN ZrB, — mullite MIH1UNT8ATUSUToUNRRMA

sina 9 (1) 1,450 °C (diminnn 10 ke) (@) 1,550 °C (dimtinnn 20 ke) way (A) 1,650 °C
(grwrdinng 20 ke)
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9n3U7 4.18 (n) %umui’a@mau ZrB, - mullite ﬁcimmﬁm%ugﬂ%auﬁ
gaunndl 1,450 °C fmtiiAanisngimizean ndsannaianuuds lusnsiitunuianuan
ZrB, - mullite fik1un138ATugUSougMMgT 1,550 °C wunsnzimzeanuasiavtuiieg
antiey LLaz%umu’s’a@wau ZrB, - mullite ﬁmumié’mﬁﬁugﬂ%@uﬁ 1,650 °C vt mideann
msnaiarnuudsiidnuarAeuinaSeunasiisunsavesesnaiausns meaudaialaly
%umui’aqmam 2B, - mullite gnuandlilunisnsi 4.9 %qwud%ﬁaﬁwmsé’wﬁugﬁauﬁ
oaunpTigstiu 210 1,450 °C f 1,650 °C shlamuudadivtuain 946 HY i 1,084 HY uay
deisuiuAianuuaainauideves Zaki wagany (Zaki et al. 2017) wudildAianuuds
figandn (1,040 HV)

) PRy I ° ° '
wannildeyailaainnisnaasuainuuds gnirluldlunisaiuiuman
AULASY (Fracture toughness) Fauanalilun1s1efl 4.9 wuriy \iegaumaiin1sdntuguiou
290U Junuiaanay ZB, - mullite 2AAULTININTY dIWalIrAIAIILLNTININTUALE
44' & a ca X a o £ % oS £
aneilesanninsuvesgesiadeulavelsndvunladunueunginsdadususeunsgadu
yluszansnnlunisiasunssluilofuialasnvu Ineandenalnfivinlisessinnisinm
= o Y 9 a v g a 1 v
Foilindsnuvessessnanas Ingngui 4.18 (n) 083119893 UNUNHIUNTERTUUTOU
a a o S a a v ! o
NRUMNU 1,450 °C UANWAULLIYUATILASUNITHANTIITENINUNTUY (Intergranular) 97N
wnsuvanwaslatoulauslsawanaananniunsuveaialadeg1edniau Fuinainsessng
%wé’ﬂﬂﬂwzﬁ’umimmﬁaLa‘%mlﬁqﬁﬁmwmﬁjmsaqq PMIAFUILANUATEATNLANINT DY
$gnadeadu vlisesrafansinmlinivi (Propagate) luauusiaauinsu (Grain
boundary) ylidn155 M LU UINTUAATU

Tunsdiiuauanuan 28, - mullite flun158nTuguiouiguund
1,550 °C (3U#l 4.18 (@) 1umsduvuAsinunsuiesanndfiuisnsuvesiwesiaion
lavslsdfuonoonainduegidnifos wazfmuinnansuveswesladoulnuslsdffisosdnd
nyqHu warnsdtunutaguan 2B, - mullite Ak1un18nTusuieufigumad 1,650 °C
(gﬂﬁ 4.18 () Wumsiuuusunsunsed1E1uKEn (Transeranular or trancrystalline)
msiludnunedasnuldluiunuiferuuduazauundags (%0 2016) Fsaenndosfi
AANULTY (1,084 HV) WaZHANISAIUINAIIULATY (4.23 MPa.m? ; 1A189N 9191338 veq
Jamal wazany (Jamal et al. 2014) idaasgiianuay ZrB, - ALOs Ingiaviniy 4.10
MPa.mY?) fauandlunisned 4.9 uonaninasinandaonndostusuiseves Wang uag
aniz (Wang et al. 2016) inenuinnsuweseeslaflonlavelsiuualnajarlududinisia
veunsuiionu (falas) uazludarng N3ALUALAATUNGINUYBITOEITN
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M1919% 4.9 HANIIAIWIUNIAIAILLTLAZAIILLNTIVOT U TaAHEL ZrB, — mullite 7

a ol

H1UN159PTUFUTBUNDUNNIAN 9

U

= < 2 .
PUNNANTINIUY ) ) AULLNIY
., AU (HV) AULVS (GPa)
5UTau (MPa.m'?)
1450 °C 946 9.28 1.44
1550 °C 1027 10.07 3.55
1650 °C 1084 10.66 4.23

L4 A‘ QI y
4.9 NaNSNAFBUANUSZANSN1SVINUALB9AINAUSDU

Funudaguan ZrB, - mullite MeunsdaTugUTaungumail 1,450 °C fis 1,650 °C

gninlunageuduusednsmsvenediilosniusouiigaumail 20 °C fs 1,200 °C wanslugui
4.19

An, x10°)
=1

0 200 400 600 800 1000 1200

Temperature (°C)

[
=

JUT 4.19 dudseansnisveneiimeaiuiouresianuas ZrB, - mullite INIUNNTEATUIY

Seufigauunileang 9 (n) 1,450 °C (¥) 1,550 °C uay (A) 1,650 °C
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21n3UT 4.19 Fuarutanuau 2B, - mullite 3uinisvensfifigungd
Uswa1ae 200 °C Lﬁaamwﬂﬁlﬂmﬁu nsvenef1azddasiintu Tnsdageandiuszana
7.22x109/K (flgaumgdl 1,200 °C) westusuTanuau ZrB, — mullite fH1unsdnTuguoud
gaunQdl 1,550 °C e Imasuumu’;ammauuamwmi‘ums;Jmwmm’maaumqmwumummu
n38nTugUSouilgungfl 1,450 °C uag 1,650 °C ilasaniigaungd 1,450 °C wuindailla
youweiladoudainaudenylutiinumn @adulszaninisveefmisaudousiiu
0.1 fa 5.1) Fuhlidadulssaninisvenesmeanudoudinni luvneitunuTanuaui
mumié’msﬁugﬁauﬁqmmﬁ 1,550 °C wag 1,650 °C woslaloudainalaaaigdilunan
aonadoafuduussansnmsvgesimsaudounandunsed 4.10 uay AmduUszaninsg
yerefmnanuFeuvesiansine q Mnuvase1sdedy o Auandlumsned 4.11

M13197 4.10 NaNSAIUMENUSEANENIANTOUTRTTARNAL ZrB, — mullite NIK1UNS

anUugUTougamniing 9

K]
v =X

2uMAIN1TINYUIUTOU fuUszaANSN13ve18AImMIeANTaU (x10°¢/K)
1,450 °C 6.18
1,550 °C 7.22

1,650 °C 6.53
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A15199 4.11 N1sTsuiisududsednanianinusouveiansne 4 ludiegungll 20 -

1,200 °C
5 FulsrAnsnisveneianiennudou .
Gl 21499
(x10%/K)
ZrB, - mullite 6.53 Mnenided
(HP = 1650 °C)
Monolithic 4.50 Schneide et al. 2015
mullite
AlLOs 8.40 Wang et al. 2016
ZrOy 10.00 Schneide et al. 2015
ZrB, 5.90 Stefan et al. 2000
ZrSiOq 4.10 -5.10 Eleswarapu et al. 1990
kay Xiang et al. 2015
ZrB, — SiC 7.10 Justin et al. 2017
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Uil 5
agﬂwamﬁé‘]’aLLax%'aLaummz (Conclusions and Suggestions)

5.1 d@5UNan15IvY

5.1.1 nnsnaaedluuided awnseduameifauamgeslaideylave
I3 - sfaladt (28, - mullite) FeFsn1smlnd Tnensansuszneviiléanveundetisann
gramnssuimilesuiifuesdusznousianiidluszuuansaasls

5.1.2 syvuilngandmiunsdaasgiianuay 28, - mullite Ao n37e
wasaau (MHIUN1SUANE UGS 360 WA (vura <45 pm)) + Tuseusenlas (8,05 +
(ezgiiillen) Al fifinsifndaneuluyiina 0.01 Tua dauaseinneldussernmeaufanisnou
Tinaansudasmsiwesladoulavalsdiualad Souaz 76.98 uaz 14.96 lagtunin
AUEPY

5.1.3 AAnauds Arunnga mudumudenisdnlfuazduussaninng
v8fanIsauieuasiidigean fguuninissatugudeu 1650 °C léun 1084 HY
4.23 MPa.m"? 153.25 MPa Way 6.53 x 10°°/K anuaneiy

5.2 UYolduDLUY

5.2.1 MSPISNISHENESHANN UNDBNINNANSHNAR A UINVBIANTIALANUS DU
Tlsundian esanfinisgaydeusinansasidudunnludunoull Fedwmasients
P lUTglun s suduanuieyinnisnaasy

5.2.2 ﬂ’Jillﬂ’mﬂJLL@JUEJ’]IHﬂ’]SG]W%UQ’WU’J’dﬂNﬁ&I LW@aﬂﬂ’J’]MlNﬁﬂJ’WLﬂQJW{JE’N
szumu mmamamimmmwwmLLuuLLaummww GUUQWUVI@IE?EJUV]MGU‘U’]@W]’mu Qudnali
nsulUAUIMNIAIRNG 9 ummwmmmﬂaauuaam
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Abstract—ZrB,-mullite composite was synthesized by combustion synthesis (CS) from two different reactant
systems: commercial ZrSiO,—B,0;—Al, and zircon sand (mineral tailing)-B,0;—Al. The reactant mixture
was activated by high-energy ball milling for 2 hours. The reaction was carried out under an air atmosphere
and initiated with an oxy-acetylene flame. The standard Gibbs energy minimization method was used to cal-
culate the equilibrium composition of the reacting species. The effects of different starting materials on the
resulting combustion products were investigated and discussed. The as-synthesized products were character-
ized by X-Ray diffraction (XRD) and scanning electron microscope (SEM) coupled with energy dispersive
X-Ray (EDS) detector. Examination of the self-propagated velocity showed that the reactivity was marginally
higher when using commercial ZrSiO,. The results also showed that both reactant systems successfully pro-
duced ZrB,-mullite composite by the combustion reaction but that the commercial ZrSiO,—B,0;—Al reac-
tants system exhibited fewer undesirable phases than zircon sand-B,0;—Al due to a better conversion of the

reactants into combustion products.

Keywords: ZrB,-mullite composite, zircon sand, commercial ZrSiO,4, combustion synthesis
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INTRODUCTION

Zirconium boride (ZrB,) is an advanced ceramic
used in various high-temperature applications includ-
ing evaporation boats, crucibles for metal casting pro-
cesses, wear parts, rocket nozzles, armor, cutting
tools, thermocouples, and cathodes for electrochemi-
cal processing of aluminium. It also has a potential
use as a neutron absorber in nuclear reactors [1—5].
ZrB, is the most stable ceramic material due to its
very high-melting point (3245°C), high bonding
strength, low self-diffusion rate, and moderate den-
sity (6.09 g/cm?), thus, it is classified in the group of
ultra-high temperature ceramics (UHTCs). ZrB, is
also attractive because its excellent properties such as
high-hardness (23 GPa), high thermal conductivity

! The article is published in the original.

(57.9 W/M.K), high elastic modulus (>500 GPa),
good thermal shock resistance, low coefficient of ther-
mal expansion (5.9 x 107/°C), retention of strength
at elevated temperatures, and stability in extreme envi-
ronments [6—9]. However, the fabrication process of
composites of ZrB,, such as ZrB,—ZrC, ZrB,—SiC,
and ZrB,—SiC—ZrC, is crucial to final mechanical
properties, and oxidation resistance of the composites
[10—15].

Postrach and Potschke [16] reported the synthesis
of ZrB,—Al,0; composite with the addition of 20%vol
Z1B, into Al,O, leading to an increase in thermal con-
ductivity and hardness of this composite. However, an
undesirable outcome of this method was the high ther-
mal expansion of the ALLO; (8 x 107¢/°C) [17]. This
problem lowered the fracture toughness of the com-
posite. Thus, we realized the importance of the study
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of a new ZrB, composite with mullite, which has
attracted substantial interest for this purpose. Mullite
is an alumino-silicate compound (3Al,05- 2Si0,) with
a density of 3.2 g/cm?, and a thermal expansion of
4.4 x 107¢/°C. Furthermore, polycrystalline mullite
retains more than 90% of its room-temperature
strength up to 1500°C and also shows high creep resis-
tance and high temperature mechanical stability
because of its low thermal diffusivity [17—19].

Most advanced ceramic materials, inorganic com-
pounds, or ceramic matrix composites (CMCs) have
high-melting points and low diffusivity. They are dif-
ficult to synthesize using a conventional solid-state
method. Therefore, a new potential synthesis method,
which is called “combustion synthesis” or CS has been
applied. We believe that the CS method can synthesize
ZrB,-mullite composite with high efficiency. Com-
bustion synthesis (CS) is a wave-like propagation of an
exothermic chemical reaction which permits the effi-
cient synthesis of a wide range of advanced engineer-
ing ceramics. This includes refractory materials, car-
bides, borides, silicides, oxides, hydrides, intermetal-
lics, and complex composites. CS is a very energy-
efficient method because a high-temperature furnace
is not required, and synthesis time is short. The pro-
cess is relatively simple, hence CS is considered less
expensive. Furthermore, CS can be used to produce a
variety of materials with fine microstructures and
unique properties [20]. In this paper, we present a
ZrB,-mullite composite from a combustion synthesis
reaction. The effects of the different sources of zirco-
nium silicate on the combustion products were inves-
tigated.

MATERIALS AND METHODS
Materials

The starting materials for the ZrB,-mullite com-
posite were powders of zircon sand (>45 um, Sakorn
Minerals Co.,Ltd, Narathiwat, Thailand), commer-
cial zirconium silicate (ZrSiO,: <40 um, Alfa Aesar),
aluminium (Al: <40 um, Himedia Laboratories), and
boron oxide (B,0; <50 pum, Sigma-Aldrich). All
starting powders were consisted of irregular shaped
particles. The compound and oxide composition of
the as-received zircon sand are shown in Fig. 1 and
Table 1, respectively.

Experimental Procedures

The stoichiometric reactants were mixed according
to the typical reactions (1):

3Z1Si0,, + 3B,0y, + 10Al,
— 3Z1B,, + 1.5(3AL0; - 28i0,) | + 0.5AL,0;);
T,y = 2053°C, AHyy,s = —1078.80kJ,
AGyy; s = —937.98 kJ/mol.

(1
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Fig. 1. XRD patterns of as-received zircon sand

(“x” denotes unidentified phases).

To compare the effect of different zirconium sili-
cate sources on the final products, both
ZrSi0,—B,0;—Al, and zircon sand-B,0;—Al reactant
systems were selected and subjected to combustion
synthesis.

All reactant powders were sifted on a vibrating screen
through a set of standard sieves into a —325 mesh. Hav-
ing mixed together all the sifted reactants. 20 g of the
powder mixture was weighed according to the required
chemical stoichiometry and then milled for 2 h at
250 rpm in air at room temperature in a high-energy
planetary ball mill (Fritsch GMBH, Pulverisette 6,
Germany) featuring a WC—Co jar and milling ball.
Using a load of 8.27 MPa, the mixture was compacted

Table 1. Composition of as-received zircon sand analyzed
by XRF

Compound Concentration, wt %
Al,O4 3.68
CaO 0.14
Fe,0; 0.43
HfO, 1.65
SiO, 28.19
TiO, 0.13
Y,0; 0.25
710, 65.52
Trace compound Balance

No.4 2018
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25.4 mm

~20 mm

Fig. 2. The geometry and dimensions of the reactant com-
pact used in this work.

into cylindrical pellets 25.4 mm in diameter and
approximately 20 mm in height, depicted in Fig. 2.

The reactant compact was loaded onto a refractory
plate (the sketch of the SHS experimental setup is ref-
erenced in Tawat’s work [21]. The SHS reaction was
initiated by igniting the top of the reactant compact
with an oxy-acetylene flame under air atmosphere.
Then, under self-propagating conditions, the reaction
traveled until it reached the opposite end of the reac-
tant compact. After cooling down to room tempera-
ture, the combustion products were characterized.

Characterizations

To study the effect of different zirconium silicate
sources on the combustion reaction mechanisms, the
mixed reactant powders were prepared and tested
using simultaneous thermal analysis (STA: Jupiter,
449 F3, Germany) in differential scanning calorimetry
(DSC) mode. All samples were heated from 30 to
1300°C at a rate of 10°C/min under a flowing N,
atmosphere.

The composition of the as-received zircon sand
was examined by X-Ray fluorescence (XRF: AXIOS,
MAX, the Netherlands). The phase identification of
the combustion products was accomplished by X-Ray
diffraction (XRD: PHILIPS, X’ Pert MPD, the Neth-
erlands) using Cu K, (A = 1.5406 A) radiation. The
combustion products were recorded and weighed. The
density of each combustion product was evaluated
from the measurement of the weight of specimen and
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Fig. 3. An equilibrium composition of ZrSiO4—B,03;—Al
system performed using HSC™ computer program.

its volume (determined by dimensional measure-
ment). In addition, scanning electron microscope
(SEM: Quanta 400, FEI, USA) micrographs were
taken to reveal the microstructural evolution of the
combustion products. Energy dispersive X-Ray spec-
trometry (EDS: X-Max, Oxford, UK) was used to
analyze the elemental composition in each area of the
combustion products.

RESULTS AND DISCUSSION

Thermodynamic Investigation
and Combustion Reaction Mechanism

The thermodynamic feasibility of synthesizing the
ZrB,-mullite composite was predicted with the aid of

the HSC® computer program through computational
calculations based on Gibbs energy minimization
method [22] for reaction (1) heated at different tem-
peratures. The results are presented in Fig. 3. Merzha-
nov’s empirical criterion postulated that a reaction
can progress in a self-sustained manner in the
absence of preheating due to its exothermicity if the
adiabatic temperature (7,4) of the reaction is higher
than 1800°C [23]. The calculations for reaction (1)
showed the T,4 (2053°C) to be higher than 1800°C,
and thus the use of combustion synthesis is feasible for
this reaction system.

During the combustion reactions, ZrSiO,, B,O;,
and Al may have interacted to form some of the ele-
ments and compounds that are possible according to
the intermediate chemical sub-reactions (2)—(9) and
the thermodynamic calculations in terms of standard
Vol. 59
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Standard Gibbs energy change, kJ
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Fig. 4. Standard Gibbs energy change-temperature rela-
tions of the typical reaction (1) given in sub-reactions (2)
to (8).

Gibbs energy change (AG) performed using the HSC®
chemistry program and presented in Fig. 4.
271810, + 6Al) + 3B,0y,
- 2ZI‘O2(S) + 3A1203 : 25102(5) + 6B(S), (2)

— 2ZI'02(S) + A1203(S) + 28102(5) + 2B(S)5 (3)

ZI‘OZ(S) + B203(S) + 3333A1(1)
— ZrBy, + 1.667AL,O,, 4)

2Al + By05 — ALOs) + 2By,
AHayss 15 = —103.56 kJ;

Z1Si0,, + 2.667Al,,
— 1.333A1,0,, + Zr, + Sig), (6)
AHypy s = —51.25 kJ:

ZI‘(S) + 2B(S) - ZrBz(S),

3A1,05 + 2810, — 3AL0; - 2810y,
AH933_15 = _1.27 kJ;

2SI(S) + OQ(g) - 2Slo(g), AH933.15 = _206.26 kJ(9)

In the early stage of the combustion reaction, all
the reactants were in solid state. If all the reactants
were intimately mixed throughout the compact, the
reaction should complete to the final products. When
the reaction temperature reached the ignition tem-

(7)

(®)
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Fig. 5. DSC curve of the reactants with different zirconium
silicate sources (a) ZrSiO4—B,05;—Al, and (b) zircon
sand-B,03;—Al in N, flow.

perature (75,) estimated at 660°C (melting point of Al,
see the DSC thermogram in Fig. 5), the extremely
exothermic heat of over 1587°C was released [24, 25].
The ZrSiO, first reacts in-situ with molten Al and
B,O; to form zirconium oxide (Zr0O,), mullite
(3Al1,05 - 2Si0,), and elemental boron (B) consistent
with reaction (2), which has the lowest AG shown in
Fig. 4. Simultaneously, the reaction between ZrSiO,,
molten Al, and B,0; might have formed ZrO,, alu-
mina (Al,O,), silica (Si0,), and free B (reaction (3)) as
well as Al,O; and free B formed by the reaction
between molten Al and B,0O; (reaction (5). Then, the
ZrO, which was obtained from the previous reaction
reacted with the remaining B,O; and molten Al to yield
zirconium boride (ZrB,) and Al,O; (reaction (4)). Fur-
ther, molten Al could react with solid ZrSiO, to pro-
duce Al,O;, free zirconium (Zr) and silicon (Si) (reac-
tion (6)), thus the reaction between free Zr and B
occurred according to reaction (7). Moreover, based
on the aluminothermic reduction of reactions (2) and
(3), high exothermic heat was released into the system
and helped to form the 3Al,0; - 2Si0, phase from the
Al,O; and SiO, in the system (reaction (8)). In addi-
tion, the research of Zhu and co-worker [26] reported
that silicon monoxide (SiO) is can be released into the
gas by reaction (9).

Figure 5 shows the DSC plots for two reactant mix-
tures (ZrSi0,—B,0;—Al, and zircon sand-B,0;—Al)
heated at a rate of 10°C/min from 30 to 1300°C. The
two endothermic peaks at low temperature appear to
be related to the vaporization of water molecules that
were physically and chemically adsorbed in the B,0;
[15]. The endothermic peak at 662.3°C represents the
melting point of Al and the endothermic peak at
863°C correspond to the initiation of ZrO, reduction
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Fig. 6. Individual frame snapshots from video monitoring the sequential combustion phenomena of reactant compacts from reac-
tant system of (a) ZrSiO4—B,03—Al, and (b) zircon sand-B,03;—Al synthesized under air atmosphere.

by Al with B,0O; (reaction (4)) and the reaction
between Zr and B to form ZrB, (reaction (7)) [15]. The
exothermic peaks at 982.8°C onwards are attributed to
the reaction between Al,O; and SiO, to produce
3A1,0; - 2Si0O, called “mullitization” [17, 27, 28]
which occurs in reaction (8). However, a higher exo-
thermic heat was released when commercial ZrSiO,
was used as a reactant.

Observation of Combustion Phenomena
and Physical Characteristics of Combustion Products

The combustion reactions were observed and
recorded using a digital video camera. Figures 6a, 6b

RUSSIAN JOURNAL OF NON-FERROUS METALS

shows a sequence of images of different stages of the
combustion reaction and Table 2 presents the param-
eters obtained for the different reactant systems.
respectively. Upon ignition, the entire reaction was
completed in second as a distinct and self-sustained
combustion front traveled downward from the ignited
top surface and transformed the cold reactant compact
into combustion products. The reactant compacts in
the self-propagating high-temperature synthesis
(SHS) mode burned with a spinning convective heat
transfer. As shown in Fig. 6a and Table 2, there was a
variation in the ignition time (%), which represents the
time interval from the onset of heating to the initiation
of the combustion reaction. The ignition time of the
No. 4
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Table 2. Some relevant combustion synthesis parameters obtained for the different reactant systems
Reactant systems 86
Parameters
ZrSi0,—B,05—Al zircon sand-B,05;—Al
Ignition time, s 6 16
Self-combustion time, s 13 18
Self-propagated velocity, mm/s 1.54 1.11
Weight of combustion product, g 22.41 22.71
Density of combustion product, g/cm? 2.21 2.24

zircon sand-B,0;—Al reactant system was 16 s which
was longer than that of the ZrSiO,—B,0;—Al system
(6 s). This is attributed to local melting of Al from
impurities in the raw zircon sand. The impurities,
Al,O;, CaO, Fe,0;, HfO,, TiO,, and Y,0; (see Table 2),
needed more Kinetic energy which is consistent with
the deeper endothermic peak at about 660°C in
Fig. 5b. The combustion front reached the bottom of
the reactant compact after about 13 s with a velocity of
1.54 mm/s when using the ZrSiO,—B,0;—Al reactant
system, while the zircon sand-B,0;—Al reactant sys-
tem reached a velocity of 1.11 mm/s during the reac-
tion time of 18 s (Fig. 6b). This difference between the
two systems implies the formation quantity of a liquid
phase of molten Al during the combustion process
[29]. This was most probably due to an increase in
combustion temperature, confirmed by the higher
exothermic in Fig. 5a. Therefore, the presence of a liq-
uid phase during the combustion reaction improved
the transfer of heat flux from the burned to the
unburned zone, thus leading to the increased propaga-
tion rate of the combustion wave front [30]. However,
another parameter that could influence the combus-
tion velocity is the “fluid-dynamic factor” which
determines the rate and depth of capillary adsorption
of melt into the porous material [31]. An insufficient
combustion temperature, exhibited in large capillary
absorption accompanied by high heat loss, would lead
to a reduced combustion velocity. Additionally, the
combustion products were slightly heavier than the
original weight of the reactant mixtures (see Table 2).
This is due to the oxidation process which took place
during combustion. Because the combustion reaction
occurred under an air atmosphere, the surface of the
reactant compact would have oxidized to form an
oxide layer [32, 33] which resulted in combustion
products with a combined weight greater than a reac-
tant compact. The densities of the combustion prod-
ucts, calculated by dividing the mass of a sample by its
volume, are also shown in Table 2. The densities of
both combustion products were not significantly dif-
ferent at 2.21 and 2.24 g/cm’.

RUSSIAN JOURNAL OF NON-FERROUS METALS

Vol. 59

The typical characteristics of the combustion prod-
ucts synthesized from the different zirconium silicate
sources are represented in Figs. 7a, 7b. Both combus-
tion products expanded significantly during combus-
tion propagation, but maintained their cylindrical shape
and exhibited a distinct layered structure with spiral
marks. These characteristics could be attributed to the
ejection of gas SiO formed within the combustion zone
of the reactant compact (reaction (9)) [34, 35]. The
combustion product from the reactant of zircon sand-
B,0O;—Al had discontinuous large layers thicker than
the layers of the product of the ZrSiO,—B,0;—Al
reactant system. This implies the formation of a dis-
crete structure in the combustion product from the
zircon sand-B,0;—Al reactant perhaps related to the
lower combustion temperature, the depth of melt pen-
etration into pores of the reactant compact, the sur-
face tension of the melt, temperature change, and heat
loss [31, 36].

Phase Identification

The XRD patterns of the combustion products are
presented in Figs. 8a, 8b the phase composition of the
combustion products calculated by a semi-quantita-
tive method are shown in Table 3. The results show
that the combustion products from the reactant system

(a) (b)

The layers
of combustion
wave front

Fig. 7. Macrostructure photograph of typical combustion
products synthesized from reactants with different zirco-
nium silicate sources (a) ZrSiO4—B,03—Al, and (b) zircon
sand-B,03;—AL
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Table 3. Comparison of the phase composition of the combustion products

Composition, wt % 87
Reactant systems
ZrSi04—B,05—Al 64.65 20.07 11.95 3.33 —
Zircon sand-B,0;—Al 44.25 15.59 24.78 5.47 9.91

of ZrSiO,—B,0;—Al consisted of ZrB,, mullite,
Al,0;, and a minor amount of ZrO,. The combustion
products from the reactant system of zircon sand-
B,0;—Al consisted of ZrB,, mullite, Al,O5, ZrO, and
Z1SiO,. The presence of unstable ZrO, and unreacted
Z1Si0, in the XRD pattern of these products may be
due to an incomplete conversion of phases caused by

Intensity, a.u.
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Fig. 8. XRD patterns of the products synthesized in air
from the different zirconium silicate sources
(a) ZrSi04—B,03—Al, and (b) zircon sand-B,0;—Al.

the fast cooling rate of the combustion reaction which
is in the nature of combustion synthesis. The XRD
results in Fig. 8b and Table 3 also confirm the presence
of more unstable ZrO, and unreacted ZrSiO, phases
when zircon sand was used as the zirconium silicate
source. This is attributed to this reaction’s lesser exo-
thermic quality and its faster cooling rate from the
combustion temperature. Consequently, the ZrO, and
unreacted ZrSiO, phases did not have enough time to
react completely and form the desired products. This
phenomenon was also confirmed by the lower exo-
thermic character of this reaction established by DSC
(Fig. 5b).

Microstructure of the Combustion Products

Morphological observation of both combustion
products is shown in Figs. 9a, 9b and quantitatively
included phase distribution of these products is given
in Figs. 10a, 10b. The SEM image of the reactant sys-
tem of ZrSiO,—B,05—Al in Fig. 9a shows a skeletal
microstructure clearly apparent in the dark areas was
verified by elemental mapping in Fig. 10a. It can also
be seen from EDS microanalysis in Fig. 10a, that the
streak-like skeletons are the elemental Zr coexisting
with B (Zr combined with B in ZrB,) and the dark area
is the coexisted between Al, Si, and O (the compounds

Clump-like crystals

Fig. 9. SEM micrographs of product synthesized from different reactant systems (a) ZrSiO4—B,03;—Al, and (b) zircon sand-

3203_A1.

RUSSIAN JOURNAL OF NON-FERROUS METALS

Vol. 59 No.4 2018



EXPERIMENTAL STUDY OF COMBUSTION SYNTHESIS

14|
2t

0oy &
ES_M
[
O 6Fh

401 &

2' ;“

OBJ/)L\‘

447

14+
2t
10F

Cps, eV

(== S R R

10 12 14 16

18 keV

Fig. 10. SEM-EDS microanalysis (spectra and elemental mapping) of the combustion products from different reactant systems

(a) ZrSi04—B,05—Al, and (b) zircon sand-B,0;—Al.

of mullite and Al,O;). On the other hand, the micro-
structure of the reactant system of zircon sand-B,0;—
Al observed in the SEM image in Fig. 9b reveals small
grains which have grown into clump-like crystals and
are distributed over the whole area, and these small
grains of Zr and B or ZrB, are also present in the EDS
microanalysis in Fig. 10b.

CONCLUSIONS

The combustion synthesis (CS) in air successfully
produced ZrB,-mullite composite from the different
reactant systems of commercial ZrSiO,—B,0;—Al,
and zircon sand (mineral tailing)-B,0;—Al. The mor-
phology and amounts of product phase from the dif-
ferent reactant systems depended on the heat absorp-
tion of the reactants, the in-situ generation of liquid or
molten Al and the exothermic degree of the CS reac-
tions. The successful completion of the synthesis
makes it possible to recover valuable oxide compounds
from raw materials of mineral tailing for production of
composite materials, and to increase the economic
efficiency of the technology by which these valuable
composite products are obtained.
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