(1)

[V d ° Y [y v =\ d
msdaanzvitazmamldniumluvazPariuveiaananmdnozgilua -
= d a Yy d' o Y
Tnnidisalavelsa - azglivn Taamswnlndaremsmitanimnuion
In situ Synthesis and Consolidation of Fe,Al-TiB,-Al,0, Composite

by Induction-Heated Combustion

Neyannsal e

o

Kunyaporn Tepsuan

"3ﬂmﬁwuﬁﬁs"ﬂudauﬁﬁwmmﬁnmmuwé’nqmﬂ%mﬂwg
IAINIFUMAATNNVMNA aV1IBIAINITNIAG
AMINNFBTVAIUATUNS
A Thesis Submitted in Partial Fulfillment of the Requirements for the Degree of
Master of Engineering in Materials Engineering
Prince of Songkla University

2556

¢
a a A a LY a J
AVANTUIINYIINYIAYAIVATIHATUND



2

4 A a d @ J o [ @ [
‘l’@sf‘)')"ﬂfﬂ‘lﬁ/ﬁ!ﬁ msmmswmmzﬂmnﬂﬁ’uuum“lummz@ammm’Jaﬂwﬁm

< a J ~ J a 9y 9
wianezgil lua - lnmidlonlave’lsa - ozgiiu Tasmswn Tndaaenis

~ 0 ]

WiHe211n105 U
Y A [ 4
AE UNAINYYINTA WA
AMIN IINITVIAQ

dd' =3 a Aa Jd o
21sgN3n Inentnusvan AULNIINMITAOU
......................................................................................... 1/5L51UNTTUNT
[ d a a <
(@B0mMani1nsd as.q53sy doune) (A3. WY TIBINET)
e NITUNT

Y 4 a
(HFIWAAATINTY AT.YHITN UINNT)

e (TTUNT

Y 4 = 1 Aan 4
(Ej%’lﬂﬁ?ﬁﬁiﬁ]ﬁﬂ A3.39ITTU LHAATNIU)

e NTTUNT

(AT.15DUAY 5IFT)

% a a a

a @ a @ a J A o d @ yd
UUNAINYIAY UH1INYIQYTIVATUATUNT eumiﬁ’ummmwuﬁﬂuuﬁmu

q

Aun eI sAny murangassgaimnssumnansuiniiaga eI IaNTTuide

o
(509PN1AN319150 AT.FILNA ATVUL)

AMVATUNAING IR



3)

9
o 1 av 3| awv o
m@iﬂﬁ@ﬂﬁTFﬁNTuﬁ%ﬂﬁyﬂuNﬁuTﬂﬁniﬁﬂHTﬁ%ﬂ%ﬂﬂuﬂﬁﬂHWmﬁ HASUDUAANAIINUDUAMU

A a Y
UAAANUAIULNYIVD

A
NI

1 -4 a
(Ejmaﬁmmﬁmﬂ AT.QFITN UINND)

A (R a a o
ﬂ1ﬂ1iﬂﬂﬂiﬂﬂ13ﬂﬂTﬂWHﬁ

A
NY®

@ 4
(HNAMNYNTY INNAIN)

v =K
UNANE



(4)

9y Y o ' av dy ' < 1 2 va (A o U
VINRTIUBDIUITDIIN Nmma%u”lummﬂumuwuﬂuﬂ15@1,;11%m{;q;ﬂuizﬂﬂﬂmnau e

1 2
l'ldgnldlumstuvesydalsyanluvmeil

A
NI

v 4
(mmnﬂiyq‘nmm INWAIN)

v =K
UNANHI



()

4 A a d @ d o [ Y @ <]
%mﬂmwuﬁ miaqmﬁ:mm:mi‘ﬂﬂﬁ’uuumiummx@amumanaﬂwamwaﬂ

ozgiilua -laidionlave 154 - exgiiun Tasmswn lusidaens

= 0 v
Me21A1NToU
Y A o 4
AIve UNAMAYYINTA MNAIY
AMIN IAINTTVIAY
UmsAnmn 2555
% )
UNNALD

2
(%

v
[ J av o d a o 9
'N]‘Qﬂigﬁ'\‘iﬂﬂlﬂﬁIﬂ‘i\iﬂ'l‘i']i]f.lﬁﬁf]ﬂ?iﬁﬂ!ﬂi?gﬂﬂﬁﬂN’(?fiJL“lﬁuJﬂ INTTANAY
a J J a A & [~ 1
Glu‘iwuaam”luﬂ Imauaaﬂ'lcm Hagesguiiyy Gﬁﬂﬁ?ﬂ?iﬂllﬂﬂlﬂuﬁﬂ\‘lﬁﬂu Iﬂﬂﬂ?i‘ﬂﬂa@\‘i

1 1< @ 1 a a
mummﬂum‘iﬁﬂmwaﬂﬁwmmammauwﬂmmmazgmﬁﬁm (4 433 uaz 5 lya) nan

4

12 & J o v W
lumsvaveanssawludnuTuseuoenlaq (0.5 1 uaz 1.5 ¥119) tazanuaudalugl

ay 1 [ 4 A 1 4 a aan Y Y
FUNUNDUNITAUATIEH (60 80 Liag 100 MPa) ﬂMNﬁﬁ@ﬂiWﬂQﬂWiﬂ!ﬂWﬁLﬂﬂﬂQﬂiEﬂﬂTﬂ’ilﬂ

[
a 1 I=$

Yy . & v o 2
ﬂ?ﬂﬁ?i@\?ﬁ@qmﬁﬂﬂﬁq FAIUNTOIVDINTITINAQDI Lﬂumiﬁﬂmwaﬂizﬂummmmﬂuaﬂﬁugﬂ

U U

Y '
suaruneluuunuini g nisdasenszua’liid vazmsasunarlunisdaos

A

{ o 9 v W Qy d‘Qy
ﬂigllﬁllwﬁ'm'lﬂlﬂiﬂ\uﬁﬁﬂjlnﬂ'ﬂuiﬂu ﬁﬂ‘]%l'lﬂaﬂigﬂﬂ"“@ﬁﬂ'J'lﬂJﬂu’E]ﬂ%u\ﬂu"llﬂlzﬂ‘]fu@'lu

Y
fana¥ounasag uenantiuds Anwaulianiana uaznanuieuvesaque

a 1

Aaaa 9 Y 9 [ { A o 1 a
iﬂﬂﬂﬁﬁﬂ‘]&lT]Jj‘]ﬂ'i81ﬂ13ﬁu1ﬂﬁﬂﬁﬁlﬁﬁﬁ’qmﬁﬂuq\iWU’JWﬂWiLWN@GlSWﬁ’JuWQ

U

a

== A & Qa: 9 % L&Y A o <
Tuavesezgiilonniumsasduanuniodunsigd idauaniiiosdlsznovvounanozgl
4 =1 4 a 9 1 Jd w a aan 9 Yy 9 o
Tug Tmmidionlavelsa uazezgiun ldvdnauysel dasimsnalfnsernnniidlrednes
Aa A =Y =1 tﬂ' 1a J v ¢ A d?
qeaailszinm 0.63 Haamasaedud wenalunsuausoaw luanuTuseuosn ledinudu
= o v W dg' I~
849 1.5 92 Tu9 uaznnuaudayuglilu 100 MPa
= an o 4 9 9 [ 1 Y] o 9y 1
1nmMsane Iaedsdunsiziuuuen Induuundsususuiunsin iy
1Y =S Y] 1 (% [ dg’ 1A o o"d‘dd‘ A
arluvazi@ernuwnan anuaudaduginieluminuing ldanangane 3900 MPa
1 H 4
aszua Wihaznarlunisdaesnszua Wi nmuizanas 450 uauudls uaz 4 w1a
o w [~} a g g < a o A [
awd ey Ianuudausnanieiv (ranezgl luanuezgliul) M1ny 468.22 Hv 1azA
<3 1 a =1 4 Y A Y v W [
uvsvedauasunse (lamidiou lavuelsd) midy 818.78 Hy e ldaududaminy 3250

MPa



(6)
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Abstract

The purpose of the investigation was to synthesize the ceramic composite from
the ilmenite (FeTiO,), boron oxide (B,0,) and aluminum (Al), which divided into two parts. In
first part of the experiment was to study the effects of Al molar ratio (4 4.33 and 5 mole) milling
duration of FeTiO, + B,O, system (0.5 1 and 1.5 hr) and compaction force of green pellet (60 80
and 100 MPa) on the self propagation high-temperature synthesis reaction phenomena. In the
second part, was to study effects of compaction force of green pellet inside a graphite mold
including electric current supply and a charging time from the induction heat machine as well as a
study effect of the compaction force of the product in-situ red hot phenomena. In addition,
mechanical and thermal properties of the composite product were investigated.

The experimental results of self propagation high-temperature synthesis showed
that, the addition of Al molar ratio to form completely FeAl,-TiB,-Al,O, composite. The fastest
self propagated rate was achieved at 0.63 mm/s when the milling duration of FeTiO, + B,O, was
1.5 hr and the compaction force of green pellet was 100 MPa.

The experimental results of in-situ combustion synthesis and consolidation
showed that the best compaction force of pellet inside a graphite mole was 3900 MPa. Charging
current and charging time was 450 A and 4 min, respectively. The micro-hardness of matrix
phase (FeAl,+ALO,) and reinforcement phase (TiB,) was 468.22 Hv and 818.78 Hv, when apply

the compaction force 3250 MPa.



(7)

naanssndszma

a a Jd dy Yo < 1 Y Y =S 9 9y 9 A Y
')'V]81uwuﬁlaﬂu]‘1ﬂﬁ1lﬁi]@a')\?]lﬂ]lﬂﬂﬂlﬂ VIWRTNUDVDUNITEAMUALNYIVDIND

"o Ay ay v & y ' Ay g Yy &
e laeenuuuazil laeenuuiinganlianusemaed i lugnanld o Temerdl
1 4 a {
YOVOUNTZA AHIOAIAAT19150 A5.q5350 HoNNd Uszsrunssunsn
a a oA 4 o o ' o A a 4
Usnuimeninus i ldaaznawuie 1danSnywazuugiih quanasarranmsiimeniinus
a a 4 Yy Y A & g 0o A a L qaj
aaeaMsasIdoUINeINILe: Iideueuuz Milulsy Temidensiamednus luasy

9
[ 1 Aan a <
il LazYRUDUNIZAY IOMAATINGE A5.332558 IMAATNAN AT T1Dy TIWAYT 1B A3

A ~ A ] I a a Jq YA 4
LID9LAY TIAT wﬂ§m1iugﬂuﬂiimmiﬁammzmai]ﬁan:]‘wmuwuﬂwnmmﬁuyammn
A 2

VU

-4 a a 1 9] {
UDUDUNITAM AUTVTEY LL@%HﬂﬁWﬂiﬂ1ﬂ’JG]ﬂ’Jﬁ’Jﬂiihlﬂﬁﬂﬂll‘illﬁ%?ﬁ@ ‘ﬁ

Q

Y o o | A (=R A @ o a wva 4 1
ﬂ@ﬂ‘l‘ﬂﬂ'lllugu’]l!agLﬂuﬂﬂiﬂH']Lﬂfljﬂuﬂ'licvnﬂaﬂﬁﬂ']il!ag\?’]uﬂ’]u!ﬂﬂﬁ']iﬁ’Nc'] uae

&% a a

a a @ a @ a 4 1 Ao
VDUBDUWIEAUUUNAINGIAY UW1INYIQITIVATUATUNT LAZNYNUIVYIAINT TULEITUNUAS

€

av

a @ a s A o o
U ADIUNIYIAINTTNITALAS AUSIFINTINAITNT ﬁﬁuuﬁuuwﬂizmmiumim

q

Lo}

G

¥
A
JU

g

YA

)

a a 4 a 4
UBDUVDUNISAU uﬂﬁWﬂ‘icﬂWﬂTﬁT}ﬁ'}ﬂﬁiﬂJLﬂ?@\?ﬂﬁ AUSIAINTIUMTAT LIS
s A A a 4 a @ a s A dy dy o A [ Y
AUATOINDINYIAITAT UN1INIIAYAIVATUATUNT mamﬂmmmuuauumamumicl%

'3 A A
Qﬂﬂﬁmllaglﬂﬁﬂﬁuﬂ

1 a a

YoYDUNIZAUNOUY He) NANITOIRINT TV Nz TdANAN TINDIHY

Q

4 a a 1 o ~ 9 1 I o w A

Lﬁ@u”’] ﬂ’lﬂ'J%’I'Jﬁ')ﬂiﬁulﬂﬁf]ﬁlﬁl!ﬁg'Jﬁﬂ ‘ﬂﬂﬂﬂiﬂﬂ?’lu%?ﬂlﬁaﬂlmglﬂuﬂ’]ﬂﬂiﬁ]‘ﬂﬂ
9y A A = 9 A A o ¥
MINFAVDVDUNILAMU VAT NITAT WHIY LASUBIN ﬂﬂglﬂ@ﬂﬁa\iﬂ@‘(’lﬁlﬁ

' '
Ana o 2

[} = <3| o w ya a o’dyo <3 1 Yy Y
ﬂ'JHJGI)"JEJLﬁﬁ@LLﬁZ!‘]Juﬂ']ﬁ\ialﬁ]ﬂﬂﬂ@"ﬂlﬁuﬂiﬂﬁ]LWI Glﬁ')‘ﬂfJ'luwu‘ﬁUﬁ'llﬁﬂQa'J\?hlﬂ]lﬂﬂ'Jﬂﬂ

@ L4
Qansal mMWaIu



asvsy

UNAAYD
naanssNilszna
GRERIL!
FIIMINTN
ERUOREES]
unii 1
1.y
1.1 anuihonuazganudinguesiavenuide
1.2 NQBUazHannIs
1.2.1 ianmsvesdaquaw

o o )
1.2.2 ﬂﬁﬁ\‘ilﬂ’ﬂ%?‘iiﬂﬂﬂﬁmfl?m

aaa Y Y 9 A a
1.2.2.1 ‘]JQﬂiﬂ?ﬂW?WHWﬂ?ﬂﬂHL@QﬂQﬂ!WQNQQ

1.2.2.2 nszurumsen Iuindounu

1.2.3 malianusoulasniamiteni

1.2.3.1 arvlsznovvoua ldanudeuTasmamiieniy

1.3 MIATIABUBNTTHAZIIUITENNEIT0
A Ao A A 9
1.4 aNnF1AsNNeIV04
1.5 Y9 UIVAIUIVY
P [ (%
1.6 U3z Tominaiainaz 1asuy
1.7 a0 uNIaIuIe
2. 3FMIANUUNUINY
= 4
2.1 mspiuazgilnyal
=
2.1.1 8151a ¥

A A 7
2.1.2 m’imuﬂuazqﬂﬂim

A A Aq Y a L&Y A A v
2.1.3 Lﬂif’)\‘iﬂ\lf‘)ﬂﬁlﬁﬁﬁluﬂ?i’]!ﬂiW%ﬁﬁﬂ‘]&lmgmW'l%!m%!,ﬂ3@Q3Jﬂ1flﬂﬁﬂ‘ﬂﬁﬂ‘ﬂ@]

NNNA

(8)

Hin
(5)
(7)
()
(11)
(13)

14
22
26
27
27
28
28
28
30
32



13178y (AD)

2.2 N509NLULNITNARDAAZITNITNAADY
Y
2.2.1 ANMINANIZNUYDITAT AT Tuauod Al @139

9
222 ﬁﬂ‘H1Wﬁﬂi$‘]ﬂ‘Uﬂl@QL’Jﬁ1‘UﬂNﬁllﬁ'lﬁgfﬂiglju

Y Y
2.2.3 ANYINANTZNUUDIANUAUDATUTUF U

u

v '
a 1

2.2.4 ANHINANTZNUVDIANNAUDATUNIUAOUNTTUATIZHINATOIN

4
v
'E']'E']ﬂLL‘U‘ULL@%ﬁiNﬁu‘luﬂ‘igﬂﬁuﬂTi TE and dense

' 4 ¥ ¥
2.2.5 ﬁﬂ‘HWNaﬂ‘iﬁﬂ‘U"U’e}\iﬂ'l‘i“]Jaﬂﬂﬂ‘i3Ll,’d]l‘V‘lﬁW%@Qlﬂ?ﬂﬂﬂﬂ’ﬂiﬁﬂulmﬂ

~ 0 Aa ' Qy a aaa [ 4 A ~
L‘ViuEJ’J‘L!'I‘V]SJNﬁ@]@ﬂfu\‘ﬂuﬂﬁLﬂﬂﬂgﬂ‘imﬁﬁLﬂ‘i1$‘ﬂiﬂﬂ!ﬂiﬂ\i‘ﬂ

4
v
'E']'E']ﬂLL‘U“ULL@%ﬁiNﬁu‘luﬂ‘igﬂﬁuﬂTi TE and dense

2.2.6 Anywansznuvosna lumstlassnszua lihusauniesliausou

~ o Ao 1 Qy a aaa [ J A A
LL‘U‘]JlfViuEJ’TL!TV]?JWﬁﬁ@%u\?TLlﬂTﬁLﬂﬂﬂaﬂiEﬂﬁ\ilﬂ‘ﬂgﬁiﬂﬂ!ﬂ‘iﬂ\iﬂ

penuuLIAY a1 UNTZUIUMS TE and dense
2.2.7 ﬁﬂ‘HWmﬂi%ﬂﬂ%@ﬁﬂ31nﬁu5ﬂ§uﬂ1u1umT;L!%Lﬁﬂﬂﬁﬁ?iﬂmi
FuA512¥@28n52UIUNT TE and Dense
2.2.8 MynaaouauiavesiaaFulsyneundimsdunsied
2.3 ﬂ]zu@laumiﬁnﬁumﬁ%ﬂﬂwqﬂ
3. HAMINABBILAZINTILHHANITNABDA
3.1 WaMIINTITHNNgUUWamans

4 4
3.1.1 S2UVENTAIAU TZUVETAIAU FeTiO,-B,0,-Al

=

3.1.1.1 52UUaIasquid 4 Tua Al (FeTiO,-B,0,-4Al)

Y A

3.1.1.2 350U IAIAUNN 4.33 Tua Al (FeTiO,-B,0,-4.33Al)

Yy A

3.1.1.3 32UV IAAUNN 5 Tua Al (FeTiO, -B,0,-5Al)

[ Jo
3.2 HaNMTaUAIIEHITANTUIINTSUY FeTiO, B,O, 1as Al ﬁ?ﬂﬂﬁgﬂ'ﬁuﬂ"ﬁ

a

Annihdreaesngugiigs (SHS)

Y

v
3.2.1 HANTZNUVDIOATIEIUTI TUAVUDY Al Glumié’fﬂi?fu

3.2.1.1 wagemsnegiveala

©)

33
33
34
34
37

37

38

38

39
40
44
44
46
46
48
49
50

51

51



13178y (AD)

a o 9 Aaaa A Qs]l 9
3.2.1.2 Wﬂﬂ"liillﬂi”l%ﬁiﬂiﬁﬁiﬁﬂﬁﬂTﬂﬂJ@QﬂgﬂiﬂT%N 4.33A1-813090U

3.2.2 mansznuvesa lumsuanau (Milling time) Lmzmmﬁuﬁwﬁugﬂ
??umuﬁaumﬁﬁmiwﬁ (Compaction of green pellets) Tuszuu
FeTiO, + B0, + 4.33Al

3.3 HAMTNARBIVINTHUATIZHITANANIINITZU FeTiO, + B,O, + 4.33A1

AIASDREBALULIAZ S 1951 A2 TE and dense

3.3.1 nansznuvesmstdesnszua ihveaniealianuZeunuumiioni
fifiNaRDIZY FeTiO, + B,O, + 4.33Al

3.3.2 wansznuvesmstdesnszua ihveanielianuZeunuumiioni
filnareIZUY Fe,0,42Al

3.3.3 wansznuveanar lunsilaesnszua lifhueunsosldfanudeun

MHUENNNNAADIZ VY Fe,0,+2A1 HAZI¥1Y FeTiO,+B,0,+4.33Al

~

3.3.4 waﬂiwmamiaﬂﬂé’ﬂ%ymmﬂﬁmﬁﬂﬂﬁﬁ?mmiﬁqmiwﬁGlmjmz
GTsyumuf'Taﬂﬁﬁ)uummj YDI3E VY FeTiO,+B,0,+4.33A1 Taslise 11l
Fe,0,+2Al Lﬂuﬁadméﬁy@ﬂzn
3.4 wamsnaaouauiavesTaaNaunaINIFUATIZHIZY FeTiO, + B0, +
4.33A1910N32UIUNIT TE and dense
3.4.1 HAMINATOUANUITIYANIA
4. unaguazdorauonny
4.1 a3l

a

) sY an ] Y 9 Y ~
4.1.1 MIAUATIZHA0IBNT MIAMUTIAI0ANBINYUN NI
[ Y ax 9 9 [ [ 1 =) [
4.1.2 Midunszia133 M Induuundeusuazdauuiuluvaz@erny
4.2 Vorauouu
USTUIYNTH
AAKNUIN

Usziadivon

(10)

53
55

58

61

63

78

87

87
88
88
88
88
89
91
93
120



MIN

1.1
1.2
1.3
1.4
1.5
2.1

2.2

23

24

3.1

3.2

33

34

3.5

3.6

=h.

NI

aufananen Itz auAFINaves TiB,
antianmenmrazauiarinaves ALO,
U d‘d 1
alsninanonszuIus SHS
] ] { [ 4

AIZUIUMS ANUHU Y tazilavesiaquani ldnnmsdunsizd
1 < a v a =) Y]
AANuLINez giitlourasuaz oz gliiouaiuussdro Taanau

a a o 1a 4 'Q 4 a
suaasdsenoudionn lod luusdam lud Nms1zvialremaiin
X-ray fluorescence spectrometry
[ 1 3 9 ~ U A
daaruveaasasaun s luannisi 2.1
[ 1 3 9 ~ U A
daaiuueaasansaun ¥ luannisi 2.2
[ 1 z 9 ~ E)J ~
AAaIUVIAITAIAUN 1 Iuaun1sn 2.3

a 4 a [ 4 o a % a 4
1Suaeanilsznovvsinaaiumanmsmuansnsna f

Y

a3 Al-enIfaduaaniy
PIAMAIYDIOUYNMANNIAUAANAY

a o a [ 4 o a 2 a
USu103R 52N UVOINAA T UNIINAITATUIMIFINIYT U1

a o o ~ 1 I~
HAANMA 1UTZUVFe,0, + 21 insdasenszua i 500A 1funan

=

2.50 4N

a o a [ 4 o a 2 a
USuraeenlsenouvoINan A M InNITAIUIAFINIUTu

A o o A ' J
HAANMNITZUD Fe,0, + 2Al insdasenszua i 450A 1Hunan 4

=

wIN

a 4 a @ J o a L a
USuaeanlsenouusInaafpUNIIANITAIUIAFINIUT U1

@ J

AnAMaITZUY FeTiO,+B,0,+4.33A1 Taoiiszu1 Fe,0,+2A1 iiudade

A Ao Y
yoizy nuanvuziluneuINIE

=

o=

a 4 a Y] J o a L a
‘]_Iilﬂfll@\iﬂﬂﬁ$ﬂﬂﬂmﬂﬁwaﬂﬂm“ﬂﬁﬂﬂﬂ']ﬁﬂ"lﬂ')ﬂ!!"ﬁ\iﬁ\iﬂﬁﬂWﬂl

a o J

HaRA N lUsTUD FeTiO +B,0,+4.33A1 Taolis vy Fe,0,+2A1 iiudn

[ dy Ao 3 Y o
aoolyn NanYaZ UNDUAT

q

(1D

15
20
30

33

33

34

52

55

63

64

71

72



=h.

MIN

3.7

4.1

UM IMNII (AD)

a o a [ 4 o a % a
‘ﬂilﬂm@\iﬂﬂi3ﬂﬂﬂﬂ]@\1ﬂﬁ¢]ﬂﬂ!“ﬂ%1ﬂﬂ1§ﬂ1u3mLﬂfﬁﬁﬂ‘ﬂih”lm

a o o

HanAw 1UTZUY FeTiO,+B,0,+4.33A1 Taolis vy Fe,0,+2A1 ilug

Y
1 A

Asw I 1 o

Aoz y NNAnyaTuLHIm
a a & ¥ v = o Aa ' o g
ajdaninaniealnanuiounnumieninlkaden1sdunIIEH

(nszualivh nanlumsildesnszud nazmsinailgnsen)

(12)

73

90



Qo
=
=).

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8
1.9

1.10

1.12

1.13

1.14

1.15
1.16

51em33)

V1804 (a) HUUIIandIATIas 190l Fe, Al uaz (b) HUUII003
Tnsaa$ 191 BCC Fe Al

o Y =3 . 13 ==
HUUT1804 (a) TATIATIHANYDY TiB, 1AL (b) ANBUTHANULL
hexagonal U®3TiB,
Tn39a319WANIDY Octahedra Y03 -ALO,
ANuFNIUT I iuaz M@ MTUNTZUIUNS SHS
anvazmaen Indvesarslussuy SHS (a) 10Ti+ B,C+7C uag¢ (b)
3Ti+ B,C+ 0.75Ni
Y
15 ad ] 9 Y Y
mu@auﬂ5$U3Hﬂ153ﬁﬂ1iuWﬂ15wn1w1l@ﬁuﬂ1Qa)uaz(mTum10b)
an 9y 9 @
s Tudndouny
1995918189 1l
vt

v ) ' > & ¥ ¥ 4 <
ﬂ1§1ﬁﬂ31uieuuﬂ1awzﬂq%u(ﬁ)ﬂ151wﬂ31uiaurﬁaﬁuumqiawz(b)

) Y] A ' ) Y, o o &2
M3 liANuIoueanIsousaUIa (C) M3 InANuToudHIVIUgY
Y
FUNU

o w Y ] 3 a d? [l
M5TNA THANIHANINAYURNIZEIU
. . )
ANIATBINBVBINTLUIUANT Thermal explosion (TE) naldusalunis
[ ra 4
ORIV T T A TP VR
(] <
A8 1nMIUNTNTNDHIT IS (Short distance infiltration: SDI)

A A aaa . 9 ' Y
MWIAT0IW0V0UYNT8N Forging-TE 7eldusanaszyiinams 1nniy
9
JOU

= a [ a 9 ad
NIZUIUNIITMIUNA TUTABURINIIHAAITAHANIATUIIIAI8IT
a
lagusas
URUNINAITNABDY (2) (NAUA HP 1ag (b) iNALA SPS

A A a L4 1 o
INT9NINITINANDY (a) m"l‘]_li‘]ﬂiﬂl SHS 18 (b) NMIVasLuuUNAdA

(13)

10
11

13
14

15
16

17

19
20



1.18

1.19

1.20

1.21

1.22

1.23

2.1

2.2

23

24

518331 (910)

[ A A ) [ = 9 ~ o Y
ANHAUSIATOINBEIMIUNITIHIOUNUAAIENITIHHEININNNTOUY
4
AN
UHUANLEANAN BRI 0dlp TunTEUIUMS
uEHUANLAANANBZIAS 0dle TunTEUIUMS
k4
UNUAINLEAS 5 TUADUYIMTFUATIEHIULIN lrdaz s i 1d
' 79 ¥ A
HUUYRINMIs2gnA 1HIAT0Y FAPA
@ [ 4 o ]
uRUNMLEASENY Uz veIMsFuasiziuuUe Induaznisi i
q.9 A
Y4M3U328NA 11IAT011UD FAPA
HHUDINUAAIGNHUZY0IN15 Inavesnszua llgaredialu
NSEUIUMNT SPS
UHUATNLEAIANHUZURINT ZUAN INaN LAY TAHIVE IR I8 1D
(AAN13 Spark 1UNTEUIUMNT SPS
Y a 4 . a o a '
1n39a3 199801904 (a) edat lud (FeTiO,) INUITHN AUUTTIAT
3109 (b) #ID2QHIHEN(Al) 91NVTHN Himedia Laboratories Lag (c) W
J a o
Tuseusen lud (B,0,) 31NUTHN Sigma-Aldrich Chemical Company
4 (% ] . A Y 1
IATOILAAIDEN (a) Planrtary ball mill 8170 Retsch U PM100/200 t1ag
(b) Ball mill
J A A [ L A
ginsaluazinToalo lumsdunsznlunszuIums SHS (a) 1A509
a 4 4 ] o ] { .
Ufnsal SHS (b) IN509%9E1T 4 AU B0 Pioncer P4214 (c)
Cylindrical tool steel mould 48 (d) Hydraulic press
A A Aq u o % E Y =
w3oailon I lumsdunsizilunszoaumswn nduuundoumsog

1 (TE) (a) 1n399 Induction heater 118 (b) LUWUWN1 W6

(14)

21

22

23

24

24

25

26

29

30

31

31



Qo
=
)

2.5

2.6

2.7

2.8

2.9

2.10

2.11

3.1

3.2

33

34

3.5

518331 (910)

A A Ag v a o o .
wselenldlunsunsizianyuane (a) X-ray diffrectometer
(XRD) 890 PHILIPS j:u X’Pert MP (b) X-Ray Fluorescence
spectrometer (XRF) 8110 PHILIPS j:u PW2400 (c) Laser particle size
analyzer (LPSA) 9o COULTER 34 LS 230 1ag (d) Scanning electro
microscope (SEM) @%@ JEOL U JSM-5800LV

d' A wvAa Y o a d'
INIDIUDNATDUANUANNNG (a) NADIVANALYILAI LA (b) NI

[ a
NATDUANVLUIWLVINNDS
1 a 4 I a 4
aulsznevveunilgnsal SHS (a) Mwatna tag (b) wnlgnsal SHS

A a
GEGRLER!

Y

Y [ v

Tuaeulumsduniiziiaguan laenizuIuns SHS

Y

Y [ &Y
TuaoulumsduasziidanaulagnszuIuns TE and dense

3 a

NINANANTUANTULBINA (Mechanical alloying: MA)

dy Y v A 4 a o J .
sluuuMIRsuIUAITITeNGYRINANS AN 1TV FeTiO, + B,O,
+ AlUOIMISHANITING (MA)

1] ] 4 ' Y] a 4 Aaaa =1 {
ANUFNNUTIEHININGINUAUdvolnTeual luannish 3.2 uag
3.5 D9 3.8Tug9gUMYUTEHIN 0-3000°C

4
HHUAINTUAD0IAYITENDUVDITE VY FeTiO,-B,0,-4Al aeld
VITMALAADISNOY

4
UAUNINANAADIAYITLNBUYDITEUY FeTiO,-B,0,-4.33Al neld
VITNMALAADISNOY

4
UHUNINANAD0IAYITENOUUDITLUY FeTiO,-B,0,-5Al neld
VITMALDADISNOY

Y v v
FununmumIgassialunszuIuns SHS Noas1aIuF Tuaves

Al Tums@aduaani (a) 4 Tua (b) 4.33 Tua vag (¢) 5 1ua

(15)

32

32

35

40

41

42

43

47

47

48

49

50



Qo
=
)

3.6

3.7

3.8

3.9

3.10

3.11

3.12

3.13
3.14

3.15

518331 (910)

dy 9 v A L4 a [ o .
sUuuMIREIUAITIFBN TV INAAN N TUTTVY FeTiO, + B,0,
v Y
+ Al(MdasauFaTua Al luansdeduaiany) (@) 5 Tua (b) 4.33Tua
wag (c) 4 Tua
1 9
HAN13AATIZHNITNTLIOAINALNIUVIE 19NN 03 UTUNEINTS
[ 7Y ad a [
ﬁﬁﬁﬁ1$ﬁﬂ383ﬁSHS(a)uﬁﬂﬂﬂﬁuwmﬁ1@uaz(b)uaﬂqaﬂymzﬂws
NIENBAIVBIFIA IUIZUD FeTiO, + B,0, + 4.33A1
MIAATIZHNTNTLNOAIVDIDYNIARIAIEIAIEDS (LPSA) Hinanua
19N U
HUVIA0INITUNTNAIVOIOYNIAKY () NITUNTNAIVOIDUN AN
< [ 1 1A [
PUIADNTZNINOYNMARIVUIATHE 1ag (b) oynarsvuialuah lu
] <
UMILUNTNAIVDIGNIARIVUIALAN
a 1] ) 4 [ < Y [
urugiaNuduIussznInanums lumawn Induazanunadalu
2 2
M3y
1 9 a o J .
MaeInAsIas1eganInveINanA M 1usE VY FeTiO, + B,O, + 4.33Al
Mauaa1an) (a) 0.5 ¥ 114 (b) 1 2 114 1A () 1.5 ¥ 114
FTUVIINATOUH L2111V o ULAZSAUUUAISIATDITAUU L
. 4 § o Y
Hydraulic Tuszuugqoanie (a) nieartienitanuion (b) @1
a 4 Qs’ 4 [ Qy
YPNT I NFUNUTZVVGYYINA UAZ (¢) IATOIDATUNIULDY
Hydraulic
<3 a o
ameanfanieluelfnsalszuugyania
ANA1BIINNA0IATNDAVDITZ VY FeTiO, + B,O, + 4.33A1 21NN13
assnszualiihvounisalianusounnumiienii (a) nszua'lvih
I I
350A 1Al 1.50 U9 tag (b) nszua 1 400A 1Wunal 1.50 v
dy 9 v A L4 a I I .
sUuuUMIRENVUAIBTITONTUOINAAN UN 1UTZVY FeTiO, + B,O,
Qy [ 1A AaAaa [ P 1
+ 433A1 Fuaudinslimad§asernisdunsizd Anisdase

ﬂizllﬁll‘llwh 400A ndJunm 1.50 w1

(16)

52

54

55

56

56

57

58

59
60

60



3.17

3.18

3.19

3.20

3.21

3.22

3.23

3.24

518331 (910)

BHUAWENAAIATENOUVDITTUD Fe,0,+2A1 maldussornmsune
4
915NDU
AINBIYIINNA0IAIABAVDITLUY Fe,0,+2A1 91nn151a0d
[ 1 9
aszua lihveuaseslianudeunuumiienii (a) suanuneus
1 I
assnszualiil ) aszualdilh 4004 Wumar 250 wd (o)
I I
aszua i 450A Huan 2.50 wi wag (d) nazua il 5004 13w
181 2.50 1N
dy 9 [T L4 a [ o d'
sunuMIRENVUAIBTITONFVOINAAN N 1UTZU Fe,0,+ 2411
1 I
m3staeenszua Wi 5004 Waar 2.50 w1
dy 9 [T L4 a [ o ~
JUUVMIRENVUAIBT AN FUDIHANA N IUTZU Fe,0,+ 2A1
1 I
mytlasenszua Wi 450A Wunar 4 i
a 4 1 [ {1 -1 [
HANIAATIZHNITNTZDBAINAIIUY0I5 1A NNOFUTUNEINTS
[ Y an a o
TUAT12YA8IT TE (a) uﬁmﬂimmﬁm 1ag (b) UFANANHUSNIT
N3Z10A09519 1UTZUD Fe,0, + 2al Nmsavenszua lnlilh 450A
I =~
Wunal 4 v
[ ‘a g [l a o L
ANDBIINNAB99ANTIAUDIANATOUUDVADINNAUDINAAN N 11
~ 1 I~ A A
YUV Fe,0, + 241 An1stlavonszualih 450A Hunar4 wiii a
1981801904 (2) 1000 1911 (b) 1500 111 1Az (c) 2000 1911
5211 FeTiO,+B,0,+4.33A1 innanlumsaosnszua 450A W1y 4 U1A
d! a aan a 9
FunaPnsenssiian1anuson (TE)
[ ‘a3 1 a [ o
ANDIBIINNA099ANTIAUDIANATO UV DADINIIAVDIHAAN N 11
H 1 I
YU FeTiO, + B,0, + 4.33A1 nmsasenszue Il 450A iflunar 4
= td' [} U 1 U 1 1
YN NHRIVEIIA1N (a) 300 1911 LA (b) 1000 1911
a 4 1 Y] H ¥ @
HAN13 AT IZHNITNTZINIAINGINUYDIF 1IN0 YT UNAINIS
@ <Y an a @
AUnI121A2875 TE (a) uaadllTuasie tag (b) uaaaanbyaznis

N3EI8AIV0ITI9 1UTZVY FeTiO, + B,O, + 4.33Al

(17)

61

62

63

64

65

66

67

68

69



3.26

3.27

3.28

3.29

3.30

3.31

518331 (910)

t:y { [ 4 [
FUNUARUMITUATIZHANTZUIUMS TE 1519910115909 (a)
o IS o I ] o
dudeuanued (b) dudeudd vaz (o) tluurudd
dy 9 v A o a Y] 4
U UNISIAeNUUAIITITIONFYRINAA AU N T UT LU
. = <3| o 1 di’ A A
FeTiO,+B,0,+4.33A1 1aglisz11 Fe,0,+2A1 1Wludraeiyeilzy ni
o <3 Y
anyauzunouIIe
dy Y o A 4 a @ 4
U UNITIAeNUUAIITITIONFUOIHAAA U NI UT S
. = I YA ; A A
FeTiO,+B,0,+4.33A1 Tagliszu1 Fe,0,+2A1 1Wludraeiyeilzy ni
@ | Y o
anvaziunoum
dy Y v A 4 a @ J
TUHUUNITIANUUAIITITIONTFUOIHAAAU NI UTS U
. ~ I LY dy A
FeTiO,+B,0,+4.33A1 Taslisz1l Fe,0,+2A1 1Hualaoiroisy Nl
@ 1< ] o
anyuzUIRUA
1 Ja g 1 a o L
MNB1BINNADIYANTIANDIANATOUNUABINIIAVOINAAN BN 1
IS YAl 4
FZUVILUY FeTiO+B,0,+4.33A1 Taolisz 11 Fe,0,+2A1 11l uAI00150
1 { d { A o ~
Uy daundluiie Tane Anszud 450 A 1flunal 4 wii Tagdsaan
15990 NAGIVEIANNY (a) 300 111 LA (b) 700 1311
a L4 1 [ { 4 @
HAN13 IATIZHNITNTZIIOAINAIIUYIF 1IN0 YT UNAINIS
o I Y an a @
dUnI121A875 TE (a) uaadllIuasie) taz (b) uaaaanyaznis
N3LI18AIVDITIN 1Y I¥UY  FeTiO+B,0,+4.33A1 laslszuy
I | A < ~
Fe,0,+2A1 ualaowoilzy Nnszud 450 A Wural 4 win lag
51791013999
1 Ja g 1 a o L
ANDIYIINNADIFANTIAUDANATOUNVVABINNAVDINARN N 11
[ o 1 g
FYUUTLVY FeTiO+B,0,+4.33A1 Taolis U Fe,0,+2A1 1 udraoido
\ { & 7 A )
Ugn daidlueon led Nnszue 450 A flunar 4 widi Taedsisan

115999 NN1AIVEITA1NY (2) 1000 1911 LA (b) 3000 1911

(18)

Y
i

70

71

72

73

74

75

76



3.33

3.34

3.35

3.36

3.37

518331 (910)

1 9
HAN13AATIZHNITNTLIOATINANIUVIE 19NN 03 UTUNEINTS
[ J Y ad a [
dUAI12HA289T TE (2) uaallsuusig uag (b) uaadnyuens
N32918A9U09519 14 52UD  FeTiO,;+B,0,+4.33A1 Tasliszuy

% o o & = < ~
Fe,0,+2A1 1fludiaodoilen Nnssuda 450 A Wunar4 wn lae
@ 1 { d
Usennusesa aauiiiueen lud
4 1
FUUARIUMTFUATIEH IUTZUY FeTiO+B,0,+4.33A1 Taoiiszuy
o A A < ~ y
Fe,0,+2Al Wludraniroilsy Nnszue 450 A ual 4 uin usaoa
v A aaa 1 {
naunaln3en 1625 MPa (a) 5211 FeTiO,+B,0,+4.33A1 dauinily
' { g
Tane (b) 52UU FeTiO+B,0,+4.33A1 @ruiiilueenlod uaz ()
3211 Fe,0,+2Al
Qy A @ o . =\
FUNUNAIUNITUATIZH IUTEVY FeTiO+B,0,+4.33A1 Tagliszul
o A A < ~ o
Fe,0,+2Al 1fludaeiaizy Nnszud 450 A 1Wumal 4 U 15399
nauna1lfn3e 3250 MPa
ay {1 [ J =
FUNUNAIUMITUATIZH IUTEVY FeTiO+B,0,+4.33A1 Taglszul
o o dy A o = @
Fe,0,+2Al 1fudaoiaizy) Nnszud 450 A 1Wunal 4 U 15399
naunalnTen 3250 MPa (a) 58UU 55UY FeTiO+B,0,+4.33Al (b)
32101 Fe,0,+2Al
1 Ja g 1 a o L
ANDIYIINNADIFANTIAUDANATOUNVVABINNAVDINARN N 11
. = [ o dy
IZUVFeTIO+B,0,+4.33A1 Tasliszu Fe,0,+2A1 1Judrasiroizy
1 A & A [~ ~ Y v A aaa
aundluTans Anszud 450 A Junan 4 W usvardunalgnsen
1625 MPa NMAUe8A13Y (a) 700 1911 1Az (b) 1500 111
a L4 1 (% {1 4 @
HAN13 AT IZHAITNTZINIAINGINUYDIF 1IN0 YT UNAINIS
@ <Y as a @
dUn312MA87T TE (a) Haadll3uasig uag (b) uaaaanyuzns
N3LINBAIVDITIANIY  3¥VY  FeTiO+B,0,+4.33A1 laslszuy
< o da' A [ = @
Fe,0,+2Al tHudaniyoilyy Nnszue 450 A 1ua1 4 w1 15999

naunAlgnIen 1625 MPa

(19)

77

78

79

79

81

82



3.39

3.40

3.41

3.42

518331 (910)

1 Aa 1 a [
AMNDWNINNABIANTIALDIANATOUNLIERINNAYDINAR SN 11
I @ 1 g
5¥UUTLVY FeTiO,+B,0,+4.33A1 Taelisz U Fe,0,+2A1 1{udrdoiio
{ I @ v A aan
g Nnszua 450 A 1huan 4 W1 usadardunailfnse 3250 MPa
AR89 VENEANY (a) 700 111 1ag (b) 1500 111
1 9
HAN13AATIZHNITNTLIOAINANNIUVIE I NN 03 UTUNEINTS
[ <Y ax a [
AIUNTIZHAID TE (a) u,mmﬂﬁmm‘ﬁm uag (b) UgAaNYUTNT
N32918A2U09519 14 S2UD  FeTiO,+B,0,+4.33A1 Taslszuy
& o o A A < a o
Fe,0,+2Al 1fludaeiailzy Nnszud 450 A 1Wumal 4 Ui 15399
naunAlne 3250 MPa
a J 1 [ { 4 [
HAN1TIATIZHNITNTZIIOAINAIIUYIF 1IN0 YT UNAINIS
[ Y an a LY
AIUAT1ZHA9IT TE (a) uamﬂimmﬁm iuag (b) UFAIANHUZNIT
N3918A1¥09519 14 52UV FeTiO+B,0,+4.33A1 laslszuy
N d' < ~ o
Fe,0,+2Al 1fludaoiaizy Nnszud 450 A 1Wunal 4 Ui 15399
v A aan Aa A g A &
nauna1fnIen 3250 MPa V3NANEUAAENY
[ ‘a g [l a o L
ANDBIINNRB99ANI TAUDIANATOUNDVADINIIAUDINAAN N 11
= I~ @ 1 g
FZUVILUY FeTiO+B,0,+4.33A1 Taelisz 11 Fe,0,+2A1 11 uA00150
{ I~ ~ ] v A aaa
Yen Nnszue 450 A Junan 4 I usedanaunalgnie 1625 MpPa
1ag 3250 MPa NM1A9ve18A19NY (a) 1625 MPa NR184U818 300 101
iag (b) 1625 MPa 111899818 700 1911 (c) 3250 MPa NA183v818 300
911 1ag (d) 3250 MPa NAN1a3vee 700 111
a v o 1 @ . o 1 <
UHUNNUAAINNNTURUTIZHINNTIOA (In-situ) D ANV
JamAveIIaguaNvoula Fe,Al-ALO, tazwlavod TiB, N300

AN

(20)

83

84

85

86

87



1.1 anauisnuazanudinyvesriiveide

A R o % 9 Aav A o d ] a s ~
nneantsiligtiulainmsiseiedunsizimanez gl lua- lnmiisu lave
s a o 7 %
l5@-02giu1 (Fe,Al -TiB,-ALO,) #aenszurunsduasizduuum lnd Fenszuiuns
[ 4 9 [~ A A 1 v A o o 9
Fanreriuvuuen ludzutaduae T Nuana19duae NTTUIUMTTUATIZH 1A8n15 M1 i)
Y @ . . . A 2 Y
HUUNWIBUNY  (Simultaneous Combustion Synthesis) Y58 A1ITNITILLUANINAIINTOU
(Thermal explosion : TE) uazﬂizmuﬂm,m”lwﬁ'l,muﬁ'nﬁ’wﬁmmﬁqmwgﬁqq (Self-
1 av ] P
propagating high temperature synthesis : SHS) Tagusiaz 1433892 inszuIuMs ludunsienn
1 @ [ 9/ 9 [ . aan v 9
UANANAY 1FU NTZUIUMTHT ISUUDNWSoNRY (Thermal explosion : TE) Yfi3e1n15003 o
. . 9 Y 9
(Reaction hot pressing : RHP) (E.Y.Gutmanas, I.Gotman,1999) AszUIUMII Tuduuuinigae
mmﬁqmwgﬁqq (Self-propagating high temperature synthesis : SHS) (C.L. Yeh and
1 Ay A 9 = [ [ 1 Aag
Y.L.Chen, 2008) lagluusaznszuiumsivoauas 4otdouana1enui¥uI5n15 Thermal
. IS A 19 Y o Y} o o
explosion (TE) 1Hunszuaumsnisngnuaaedlsnasnuge lenalunszuiudunsizy
Y
a Y Y o ! .
WY FUNUTANUNTUIIDE HAZADIIFAIINAUNINNIT 150 MPa NTLUIUNT Reaction hot
. < iq ¥ a 1 [ J
pressing (RHP) 1unseuiumsnlsgaivgigandn 1250°C Tumsdaunsizy uagnszuiuns
. . . S a A Y 1Aay gy '
Self-propagating high temperature synthesis (SHS) Wumatindaeudalnunide lan/seunin

'
ada A

axd 4 1 < 1o 9 Y [ a'c;’: 9 a A
315@1411414@118%114 LU L‘]J‘L!Tﬁ‘l/]hlllclf‘]_l“]f@u Tsnarlumsdunsizriau 1wﬂ3$ﬁwﬁﬂ1wqq

=

o [ c’c; ] o Aaan

LLa%i%WﬁQQ']uﬁluﬂWiﬁQLﬂ'i']gﬁ@]']LquﬂWﬂ@WﬁﬂWﬁ\i\‘ﬂuﬂ'lﬂﬂ"lﬁﬂ?flﬂ')']ﬂ%jﬂuell@\?ﬂ;]ﬂﬁﬂ']
Y a o A [ 4 dgl [}

Iﬂﬂ@]ﬁ\i (J. Mater. 2006) UlﬂiJﬂWﬁ?%ﬂlW@ﬁﬂlﬂiW%Wﬁ?ﬁsULlﬁ]']ﬂﬂ'i&]_l')uﬂWﬁ SHS (¥U N3

[ 4 [ 4

MUATIEH MgB, (I.Zlotnikov et al., 2005) N130UATIEH NbC-NbB, (T.Tsuchida and T.Kakuta,
o e . Y Y o . Ay v ¥ A

2006) MIAUATITH BaTlO3ﬂ'.]EJﬂ§$°UTHﬂ15 SHS LaIUIN BaTIO3 V]hlﬂllﬂ‘ﬂﬂﬂ?ﬂ!ﬂﬁﬂﬂ‘ﬂﬂ

arugnua (Ball mill) 1@ lilwneuwiin (Sintered) A28nzUIUMIBUHTIN TABNIT1d0Y
o 4

ﬂizégwmﬁm (Spark Plasma Sintering: SPS) (R.Licheri et al, 2007) SAINDIMITUATIZH ZrB -
. . . 39 9 @ 1 & o I Y a o I

ZrC-SiC (R.Licheri et al, 2008) ﬂiﬂfﬂﬁ%‘ﬂ?ﬂﬂ'lﬁﬂ\‘]ﬂiﬂ') Gﬁﬂﬂ%ﬂ?iﬁiﬂWﬁ@ﬂﬂ!“ﬂNﬂ?Tﬂ

[ Y
WUWUUINTIVY



3 awv dyd o [ aan Y Y o d'
NIICRSUU IﬂiN”l‘L!’Ji]fJUiNH”IL?Jﬁ’iﬁﬂﬂ"lislli’N‘]J{(]ﬂ581ﬂ1’31’iu"lﬂflfl@]’ll’f]\ﬁ/l

gangigensonszuiuns sHS 1o dunsiziiaquen Fe, Al - TiB, - ALO,Tnalda1s
Y
dedu Ao usoawm'lud (FeTio,) Tuseusen’lea (B,0,) uavezgiition (A Iaverde

1 2

@ 4 [ 1 [ o
ATZUIUMTTUATIZHLV VI I nuunSoufusudunszuIun st ldududl lu
YUIAGINY (TE and dense) F390Av09M35M1 0501 SHS taznszuumsnasautiudlu

= o Yy 9 v o o 9 o N ¥ A o s a VA A
vazi@ganudglredutiuazi ldansoduasizy ldasnansumnyia lvuniaiuy
U A d' Y a [
aldneluFodunumInaaLas NaIIY
=S W
1.2 NgBHUazHanms
121 HanmMIveIaqguan

!ﬁﬁﬂ@%gﬁ"luﬁ (Iron aluminide : Fe,Al) Taseadaves Fe,Al ﬁjuuuu BCC

o = ] A A o A a Y Y
muam“lugﬂ‘w 1 ﬂzgﬂ“l%“lmmmmiaaﬂmm%u‘nqmwguqq HAaSNITATUNIUAITNIDU
o o d’

< Aa @ [ Yy o d < 2
Fe, Alifludaqnisiaign numsnansoulagmsainilay ALO, Fe,Al 1Wudagniiniuy

= EZ ' dyo Y @ aa A Jq 9 o [ 1 9 =
IHUHYIUIN ﬁummmu‘nﬂmﬂumaﬂ‘wqmwamiﬂixthmwwqmmmmmmw
) 2 3 v wa . ~ v =
AUNUGIVULIANUDY ﬁuummzﬂiﬂwumm Fe3Al HAITUATUNMULIIAIGININ AN

oo ' < a 1 a @ )
nuuaINIIManna1 1§ ety ANUEUNIUABNITOONTIATU LADd 1200°C ANNAIUNIU

=

[ Aaaa [ 4 . =) a Y a % 9 L] - A A
ap1nsendalia (sulfidation) ANgungiige Aunusendadu ldedresd@eylumnioman

o 1 1< 1 Qy 1 J {
mslFaunaldves Fealwuldiiludivuilsenousudiveruoud luaniwadouniinig

pond ladiourgiige
® . @t ©g? g9
@ Fe O Al

U7 1.1 upudiaes (a) tuudiaesInsead19ves Fe,Al ag (b) nuusiaeslnsead

Y

BCC Fe,Al (http://www.reade.com) @UfUIlo 10 gaian 2553


http://www.reade.com/

Tnmidiealave’lse  (Titanium Diboride: TiB) (HumstlszneuFelans

Do

(Intermetallic compound) 5211319 Tnmtien (Ti) AuTuseu (B) 3 lnseasawanrnaudeziin

U

% =

wad o . A Y o = o ) 9 A
12 awdanddgues TiB, fmvldFanuuaziivszlemilumaiunldan Ao Tge
< o o o ' o [ [l
waoumaazinuudsgurmnzdmsu lsihusun sz dms e ueuduns iz us ey
9 v o Ao dy a 3w = <3 '
nazdmsuiumsvesgiuidmnsaanuay  HuFagnulvl Tanuudasege nudens
[ [ ~ 9 Aa ~ R I A A 9 A o 091}
AanTougs Ianudumuesndouads 1000°C waztluasiaudn lliedudavuiunis
malfnseeensadulunsnasumal Tangiu Tansnandaliguaviiawuniadiunonn

Vv = o ~
U;ag'ﬂ’l\‘iﬂ'nuﬂllﬂa']ﬂﬂﬁgﬂ'liﬂ\illaﬂqgluﬁ’li’]\?ﬂ 1.1

~ o ] = . o = .
31U 1.2 1UD§1004 () TATIATHANYDA TiB, 118 (b) ANHMLHANUDY hexagonal YDITIB

U 2

(http://www.reade.com) Fuduiio 13 AN 2553

M3197 1.1 autianmeninuas aulialBanaves TiB, (http:/th.wikipedia.org/wiki) AuAu

1o 17 ga1nw 2553

Property Value
Molecular weight (g/mol.) 69.54
Theoretical density (g/cm3) 4.52
Poisson's ratio @ 20°C 0.108
Specific heat @20°C 617
Melting point (°C) ~2980
Friction coefficient @ 500°C 0.9

Friction coefficient @ 500°C 0.25
Thermal conductivity (W/m.K) 25
Hardness (kg/mmz) 1800 - 2700
Fracture toughness (MPa.m_m) 5-7
Crystallography hexagonal
Color gray to dark gray
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3197 1.2 gudianunenmuaz @uiaBanaued ALO, (http:/th.wikipedia.org/wiki) AufU

1o 17 A 2553

Properties Value
Molecular formula AlLO,

Molar mass 101.96 g/mol
Density 397¢g cm_3, solid
Melting point 2054 °C

Boiling point 2980 °C
Structure

Coordination octahedral
geometry

Thermochemistry

Std  enthalpy  of | =1675.7 kJ mol '
formation A tHs 208

Standard molar | 50.92Jmol ' K '
entropy s° 208

v e
122 MIFunNeHlnemsi 143l (Combustion synthesis)
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M990 1.3 ) 5NINaReNITZUIUNT SHS (www.ism.ac.ru/handbook/shsf.htm ) AUAUILD 7

NOATNIBU 2553

Burning velocity 0.1-20 cm/s
Combustion temperature 2300-3800 K
Heating rate 10-10° K/s
Igniting fluence 10-200 cal/(cm’ s)
Induction time for ignition 0.2-1.2s

Ignition temperature 800-1200 K
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A lganinumineu (Preheated die) 91ntiuliauSousudguugiinisyaszidauaz aw

A1un3ZUIUNMIA1N301 Hot pressing (RHP)

- sample

- thermal
insulation

- heated die
and punches

519 1.11 MWATEIUPYINTLVIUNT Thermal explosion (TE) meldusalumslianuiou

Y

LLﬁLLZjﬁNﬁ (E.Y. Gutmanas and I. Gotman (1999)
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1NNMINABINUNUZATNATMIAY Al 130 Ni wAaMIUNInTUeE1I

a

) 3 . .
599157 (Short distance infiltration: SDI) ataaalugli 1.12 11e3910 Al #30 Ni lguuginig

1nsziiadFaioonitgum

a
U

d‘ 9J 1

wuRuineutas 1FusInadantlosn

Reagents:

O
@)

Ceramic 1

Metal 1

DUNMTHADULNAD

|

nnealing
(optional)

Rapid heating under pressure:
full density is obtained due to

the filling of pores by molten
metal 2. Partial or full conversion

Metal 2
with low T,

of reagents into products
is achieved.

Products:

ﬂI[ID Ceramic 2
@ Ceramic 3

~TN  Intermetallic

Q £

Y @

(1) uazildlaslidesdinisldnnudoun

51 1.12 na'lnmsunsnFue619520157 (Short distance infiltration: SDI) (E.Y. Gutmanas and 1.

Gotman (1999)

v
@ A, 1 o ' @ Y
i]1ﬂﬂWiﬁﬂ‘HW‘l’]\iﬁ@\n%ﬁ@’ﬂﬂ‘igﬁﬂWﬁﬁ'n‘iﬂ"ﬂNﬁWHﬂ?WNWHHLUH"UEN']’LW}@\‘]

) ¥ { ' 1Ay y v
paagU N 1a1na1519R 1.4 Donanuruuniui ladszanmdoosas 99

Y 1 @ {y ¥ [ L4
ﬂ]i]\?ﬁ 1.4 NITUIUNIT ANUNUUY llaxlﬂﬁ"“ffN'Jﬁ?’]‘Wﬁwﬁhlﬂi]'lﬂﬂ'liﬁﬁlﬂi'lgﬁ (E.Y.

Gutmanas and I. Gotman (1999)

Starting blend

Processing route

Phase composition of
synthesized material

Density (% TD)

K\ (MPay/m)

B4C-3Ti
B4C-3Ti-0-95Ni
ByC-3Ti-0-95Ni +0-3TiB>
B,C-3Ti-0-95Ni + 2TiB,
2BN-3Ti
2BN-3Ti-0-95Ni
2BN-3Ti-0.95Ni +03TiN,
2BN-3Ti-0.95Ni+ 1 TiB,
6BN-3Ti-6Al
6BN-3Ti-6Al

3SiC-8Ti
38iC-8Ti-2-53Ni
3Ti-Si-2C

3TiO,-7Al

6B, Si-14Ti

B,C-3Ti

B,C-3Ti-1.5Ni
2BN-3Ti
2BN-3Ti-1-5Ni
38iC-8Ti

3Ti0.-TAl

TE, 150 MPa, 1000°C
SDI-TE, 50 MPa, 1000°C
SDI-TE, 50 MPa, 1000°C
SDI-TE, 50 MPa, 1100°C

TE, 50 MPa, 1250°C
SDI-TE, 50 MPa, 1000°C
SDI-TE, 50 MPa, 1050°C
SDI-TE, 50 MPa, 1100°C

SDI, 50 MPa, 900°C
SDI-TE, 50 MPa, 1250°C

TE, 100 MPa, 1100°C
SDI-TE, 50 MPa, 1000°C

TE. 100 MPa, 1100°C
SDI-TE, 100 MPa, 800°C

TE, 100 MPa, 1000°C

RHP, 150 MPa, 1100°C
RHP, 150 MPa, 1100°C
RHP, 150 MPa, 1100°C
RHP, 150 MPa, 1100°C
RHP, 150 MPa, 1100°C
RHP, 100 MPa, 800°C

TiB,, TiC
TiB,, TiC, Ni
TiB,, TiC, Ni

TiB,, TiC
TiB., TiN
TiB., TiN, Ni
TiB,, TiN, (Ni-Ni;Ti)?

TiB,, TiN, NiTi?, Ni;Ti?

AlyTi, Ti, BN
TiB,, AIN, TizAl
TiC, TisSis. TisSiCa
TiC, TisSi, NijSisTis
TisSiCs, TiC, TisSis, Ti
Al,05, TIAL TiAls, TisAl
TiB,, TisSis
TiB,, TiC, TiO,
TiB,, TiC, Ni;B
TiBs, TiN, Ti;N, TiB
TiB,, TiN, Ni;Ti, TiB
TiC., TisSiz
ALOs, TiAl, TiAls, TiO

~99
~99
~89
~97
~99
~99
~89
~98
~99
~99
~99
~99
~99
~89
~89
~95
~89
~99
~99
~99
~89

1 (= |
IR

J O N LA
o0 e OO WD
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D. Horvitz tazaale (2002) ”ls?fﬁ”m”ﬁ?iﬂy1ﬂizmummﬁuﬁﬂummxmi

UNTNFN  (Interpenetrating)  VOUNAITAWAY  ALO,-Ti  aluminide Mmsdansiz lag

]
=1

ﬂizmuﬂ15Lm"lwﬂl,mmwﬁﬁ”m@ummamwgﬁqq (SHS) MNNINANYDIM TiO, 5zA1U1 T

@ v A o 4 [ . . o Y
uaz Al szavluaseu Tdnedunsizrimaiaquay ALO,-TIAVTiAl ¥ lasms 19 Tnuans
9 A 19 o v o A A 9y Y a
wnlfuuunauuwsarsaneaaznasaddadlugln  1.13  wieldusinadavuzifiams

a =

a @ Ll [ 4 Aa
sudannanwiou  (TE)  quuglvesdesnlumsdunsiziuuumn lvilaelgumgi
Uszmnaganaoumalves Al uazmsnfasunilasguugiivesdiedien lasusninannms

9 [
memanudoulfinunlasseuneldussamealnd axldusanadaiunar (~ 50 Mpa)

sz unamssziiananuiounguigil 950 °C vz ldanuruuniugsidosas 98

e

Heated Punch

Thermocouple
\

%4___7 2

J_b 1

Confinement Specimen
cylinder

Heated Punch

‘Ilﬁ 1.13 ﬂWWLﬂi’f)\ﬂJ’f)"U’f)\iﬂg]ﬂ‘ifﬂ Forging-TE ﬂWEJElGILLi\?ﬂﬂin’JNﬂﬁi?‘iﬂ’NNi@u (D.

Horvitz tiagame 2002)

o [ o %
E. Godlewska ttazAnig (2003) lainisdansizriiag FeAl nu Al $ooaz 40
a o % 4
Tagas suunmeaslsenoudalane (Intermetallic) HAIINNMIFUATIEHAIOATZUIUNT
9
sus Idihnaasasiildluauas favuia meﬂmﬂ’iW‘iuTﬂﬂﬂﬁﬂluiﬂi@u AU ANl an'la

YOIANUHU MU LIS FURUT AUV IAUDUNTU

A. Dolata-Grosz HagAfLe (2005) HIMIANMINTTUATIEHIdA WY Al T

52U FeAl 11 TiAL uagaIuaTuNGI ALO, A3

FeAl + TiAl + ALO, +(x+4)Al = FeAl, +TiAl, +ALO, +xAl ©)
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9 v 1 1
Tagl43% sHS amiuhwaaduain Id liinsuaelual masdaaaluglni.i4 waildey

v Yy v
U ALO, NTEYRYNINIFUIY

al)

&

Smter

Initial product

10

Separation Crushing
> "'p
8
&
[l < % L
B S
e
Milling

Mechanical mixing

51 1.14 nszvrumsmamaluladuesmsnan Taquauaiungsaaeas lauiad (A. Dolata-

Grosz llagae 2005)

1Y 4 A o g g
A. Anal wagamg (2006) duasizvuazAnyInuaNiAveidanauiiony

g Ss Hq (& = . . . ' o ¥ A .
wanny TiB, Wudnasuusg (T1B2-remforced iron-based) lseasaadune wa Fe, O, TiO, Uag

B,0, AdauM13N 7 1o 8

3TiO, , + 3B,0, , + 10Al, = 3TiB, , + 5ALO, (7

Fe,0, , + 2Al, = 2Fe, + ALO, (8)

39 U

Tagldnszurums SHS Tae9nmsAnbwzwy TiB, FeB luldauaudwwalifiauia

9 =2 Aa
AMUNMUMITTNUITBNA

R Licheri tazaniz (2007) Idiimsdunsizy BaTio, Taonszuiunis SHS

9 [
figaingdl 1616 °C A3daduA Bao, Tio, 1Az Ti Aaaumsdi o
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BaO, +0.5Ti + 0.5TiO= BaTiO, (9)

A gy ] o y A & o D, o o
UJf’Jllﬂ BaT|O3 NI UINUVUAT DY Ball mill lﬂunﬂ] 15 G]f’JIll\‘lilgulﬂ"lluAIﬂFN 15 nm MNUUUINN
ﬁ1ﬂ1§5ﬂiﬂﬂﬂi$ﬂjﬂﬂ1§ SPS ﬂ”lfl(lﬁg]}ﬂﬁzllﬁ 700 A L33INH 40 MPa ﬂigﬂquﬂ1§1%ﬂa1 70-140

A a Y . A vy
AUMN i]z"lﬂ BaT1O3 NUANUHUWUUIDYAL 66-99

R.Licheri wagamy (2008) ladimsAneinnunuminvesiaguay ZrB -

ZrC-SiC f99aumsf 10
8Zr +2B,C + 1.5Si + 3.5C = 4ZrB, + 4Z1C + 1.5SiC (10)

Y Y
v @ [ 4
Iﬂﬂﬂigﬂ'JUﬂ'liﬁa@\ieuuﬁ@u GU'HG]f]ul!ﬁﬂﬁ\ilﬂi’lgﬂﬁ'ﬁiﬂﬂﬂigﬂjuﬂ'ﬁ SHS
o ~ 0 q Y 1 & 1 ~ 1=
lLag61]1!@]@uﬂﬁ@\i‘ﬂ'lslﬁuﬂ']'luﬁu'HLUUIﬂﬂﬂﬁglnuﬂ'ﬁ SPS  HIWUINTITUANUUHUILUUDY

a

ooz 99.5 Tunszuiuns SPs Idgaungiigega 1800°C 19a1 10 Wil lHusana 20 Mpa
wuﬂmm%uﬁauﬁygﬂumﬂﬁﬂﬁl%’nmt%uuax«ﬁ’wa@qmwgﬁ Fadofves sHS/SPS Wumaiia
fi ¥ ZiB,-zrC-siC Hanuvnuiuang

C.L. Yeh tag Y.L. Chen (2008) ldfimsdaunsizy Tic- TiB, 10875 SHS

UgAsemsdunsizriaegli 1.4 Sasasdunldfe Tinez B,C Asaumsh 11
3Ti+ B,C = TiC+2TiB, (11)

Ay YA Y . 9 ~ ~ '
Na‘ﬂulﬂ‘ﬂ@ llﬂFN T1B2 3980 20- 80 Iﬂfﬂﬂa ugwquw’amaznﬂamviml,!,uu

Yy 9 2 Y Y a L v A
UYIDYAL 30 m'l@umatmmm Ni eNguN1ITN 12
3Ti+ B,C+xNi = TiC+2TiB,+xNi (12)

x=0.160.33 0.53 taz 0.75 #4 Ni 15 udosaz 510 15 uaz 20 WUIIRI Ni NiAu

1 [ A -4 I
ad laamaldtianunumiumnywiludesas 60-86
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C. Musa lazaaie (2009) 1811113 @NB152 1319052 0IUAT Hot pressing (HP)

U Spark plasma sintering (SPS) sauaalugin 1.15 Taeldms Ti- ALO-TiC #ldvn

£ Ao qs.: ; o 9 = 9 Y ama 1 1] 1

ATLUIUMNT SHS Fea1nnsivelunseil ildnsiuidadaszuiumsduitiuanaiaduus
a o s o 4 < @

Tnanduannmilounulusesvesnnuuds (Vickers hardness) 1182 8A5101580H50 (Wear

1 1 < Qy ~ 9 =1 <3 9 =2
rate) Lmatmll’iﬂmu%mm%"lﬂﬁnﬂﬂizummi SPS  3ZUANVLUUULASAIINAIUNUNITAD

] '
v =

1 I~ { [ 1
HIONANI FINUINTZUIMS SPS Hunszurunsnlsndsnuiosniinszuiuns HP

A o W I a VA 9y o 9 A A o
HAZNAAYNISUIUNIG SPS L‘]J‘Lliliﬂﬁ@ﬂﬁﬁll’]ﬂaﬂﬂuﬂgﬂﬁgﬁﬂﬂﬁu‘Vlu!ll@!‘ﬂﬂllﬂﬂ

NITUIUNIT HP

(a)
Powders
External
Heating
i Elements
Graphite Graphite
Die Plunger
Pressure
Application
(b)
Electrode
l I
Powders
DC Pulze
Generator

Graphite ——__ Graphite
Die Plunger

Pressure —
Application

31]‘?] 1.15 UAUNIWNITNADDN (a) mAlA HP (o (b) mANA SPS (C. Musa lagaue 2009)
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. Y= wa 3 Aq . . < 1 A
B.Li ttazae (2010) llﬂﬁﬂﬂ1ﬁllﬂ§lﬂ]ﬁ]\1l1’iﬁﬂ‘l/ﬂ"]f TiB, -TiC Wuaruasuns

[ o t o a 1 1w {
TuSaquen imswniinlagldnszuaums sps Fuilumatialwinuiiaguauwiniing

a

1< 1 @ ] <
gl 1050°C Wunan 5 il dewaldiaquaninnuvuuiudosay 99.2 AMWLT 83.8

]
=

1
= Y =2 A 9 . g
1Iﬂ'Nll@]'luTnuﬂTiﬁﬂWi@‘ﬂﬂlﬂﬂllﬂ'lﬁllﬁ Dry sliding 146 Heavy loads

HBA
S. Niyomwas (2010) ladmsdunsig i iaquaues giitionasunsidae TiB,-
Ay ¥ 1 4 am @ 1 qul 9 . A
ALO,- Fe Al 1 l1du1nusgamTua 1agd5 SHS daamuvesasdsdu FeTio,: B,0,: Al io

1 a [ P YN a [ P YN
1: 1:n (n=5 6 7) HAMINAABINUI n=5 HAANUNT 1AND FeAl, n=6 1Az 7 WAANUHTN 1AND
TiB,- ALO,- FeAl- Fe,Al uag TiB,- ALO,- Fe,Al Tag3aquau Al- TiB,- ALO,- Fe Al ia319

' @ @ { < a '
TasnN131aoUDUNADA (Squeeze casting) AUAAIINFUN 1.16 ANULTIVDIDLQUITIBNHAD
HENAIET IS U2 GIN N0z g naAn1s 19N 1.5 LazANUA NN TNHI0v09
pzgitiounaoidsunsanae TiB- ALO- Fe®Al 1@y Al- TiB- ALO,- Fe,Al 92ganin

Pz QuIlloNTiaD

D.

a A

1 < a ' ) [
13190 1.5 L!ﬁﬂ\1ﬂWﬂ'ﬂﬂllﬂl\?'8')3QiJLﬁﬂll1’7ﬂf]Llﬁ3@$Qﬂluﬂwlﬁiﬂlliﬂéjﬂﬂﬂﬁﬂwﬁu

(S. Niyomwas 2010)

Al AI-TiB,-ALO,-FeAl, AI-TiB,-ALO;Fe,Al

Hardness, HV 45.3 86.5 102

(b)

Punch

¢ |
Liquid Al
Pressure (a)
Gauge Healer element
\ Die Insulation

Current
controller

N\

Tungsten
filament
o

Power

Source

Sample

SHS Reactor Ar VacuumPump

d‘ A = a L4 1 [ .
sUN 1.16 1n50slBNITNARDY (a) W]"I‘]Ji‘]ﬂﬁﬂl SHS uag (b) N1vasuuuNAoa (S. Niyomwas

Y

2010)
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o [ d a .
In-Jin Shon tazay (2012) TdimsAnyinsdunsievizanag (Mechanical
a Y ' = o
alloy: MA) tragmsina 1n59e3 1952011 Tued 1932159909 TaqHan FeAl-ALO, Taon15in
puriindIemsmilenimudouniudgs TneiEuINMsUARTNRA Fe,0, 1ag 4Al A78015
o o < g o o ! ' A 3
VANAINUGINNAGI 250 rpm 1111701 10 F2TU3 §@518IUGNUAADAA 30: 1 HOUAIATY
o 1 1a 4 o Y ] -4 Y Y
i laluwinuins Iavinaduiiigudnaisdiiuen 45 mm a1y 20 mm g3 40 mm
y . 4, y d o 4 g
sanih i laluszuumiieniwnudouanudgedeanslugdi 1.17 &l 4 Tuaeuluniseu
= o g o o y = o &
HHN TUADUIIN 1T UTEUY evacuated YuaoUNaDY 1Hu59naluun LAY 80 MPa TuaBUA
A 9 ' 9 " Ay Y A @ a 9 o
A unszuduazad PBaundeg ldanumuuniviidesns Taslfaseslauuuraduians

v v ' 3 [V a 9] a 1a 4 4
NANIVDIVUIANIDYI uazmumuqﬂﬁ'w mamﬂqmwgﬂﬂﬂmmﬂmmm !LiJWiJWﬂi1ul‘1/\|G]

'
= a

@ 1 Y3 Y a 1a 4 &% Y
Llagi]'ﬂﬂ'iﬁﬂ')uﬂ'l‘i@n@f.l'l\i'ﬂﬂﬂ!ﬂuﬂﬂmﬂﬂuﬂﬂﬂ Qmﬂ@'MLLMWMWﬂinIV\I@]'N]Ul@ﬂigiﬂﬂ‘l 550

Q )

A dgl = a < A Y ] 9 [ 1
°C HAZINNUUINYUHHUNTIIDUNUNN 1250°C hl@ﬂfﬂll?i‘llﬂl‘ll‘llﬂi%lﬂﬂ!i@ﬂﬁ% 95 1NN

<3 9 < a a2y Y < 2
ue 95 ana 20 kg, Wuna 15 7 ”l@mmmwuqﬂ‘izmm 600 kg/mm

Powder Materials

High -Frequency
Induction Coil

D

Graphite _
Die

4

> AL O, Block

Pressure Application

d' [ A = ) [ =< 9 A o 9 ~ .
sun 117 a@@aan¥USIAToINDA NI UNITINIDURNUNAIYNITIHUIIUIAINITDUANINDG (Jin

Y

Shon itagaus 2012)



22

Y

a a W S A
1.4 aNsUNTNNYIVDY

9 a aw A A 9y @

Samuel L. Hoyt (1927)(U.S. Pat. No. 1843768) 1@vadnsiinsnneIveny

4 I A A A o FY 3 = 9 =~ Y]

aansznovved lavzudaazinioslonansai 1 luduaoufe) TanSeumeuuy

[ 1 @ 4 1 1T ;1

ATTUIUMTUUUA  WUIINTLVIUMTTUATIEHLU DAz ud uaesiunoUA®  Pressing
. . £ dy o Y a [ 1 A Qy [ 9 I

ez Sintering  FINTTVIUMIHIZM IMINATFIIINT0 InseluFuaudnalianuudves

a [ d Y 1 o Jya A 1 v A Y = Iya ~ A

WaaNRNY tazenaem I 1iRISel 1nAoNITARINEY 39 1AAANTZUIUAITNILINY

2 v

2 qve = ] o o Y 19 o a A qu
ANMUIIIHNIFUOY tazaatuaeunIm 2 Juaeulvegludusew@ed ez

[ [

I o A
dmsums 1ty Metal cutting tool Wire drawing die 130 Bearing material Tagmsaniuau
Y 4 a I @ 4
vl dmariasnan (Tungsten) e 1Rl usiasauas U (Tungsten carbide) Taelinnuiou

R { a a o a 1 3 o Y a Y
uﬂmamuﬁqmwmmw uazmummiuTawﬂuﬂqumaﬂ ﬂﬁ%ﬂ’)uﬂ1§‘1/]'lﬁ'ﬁ)1ﬁlﬂﬂﬂ')'lllif]u

U

a =1

UARIIUDIQUUYTMTOURIN gungNiszunm 1300°C -1450°C Faguuilazuana 19nuaIl
k4
Y =Y ] 9 LY =) a 1 1 Y Y
anasulans 1wy Josaz 5 AuaINlanzgun)iIzedsznin 1425°C-1450°C il
s (e o 4 2 :
n@ (Pressure) 152110 1000 Pound/em’ @4'11/84 Electrodes aiatiaraalugla 1.18 ¥anni1 Metal
. Ay ¥ A s Y o a ..
cutting tools 71 @0 INnIZUIUMINBATZNOUTREAZ 13 YoadnaTuTans (Auxiliary metal)

Y] s A A & o Y <
I080T 6 ATUDU mwamﬂumﬁmu ”lﬂmmzmﬂizmm 89 Rockwell

Current connectors

Carbon mold p

Power mixture

Current connectors

UM 118 unuMMHaRIaNYBIZInT 00 TUN T 21U (Samuel L. Hoyt 1927)
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9 a Ao A A 9
Barry H. agaaig (1992) (U.S. Pat. No. 005129801A) ldaadnsiiasiineados
funIeduns iz iagguugiiguuuunieanudoutazmsi lfuiuuunwaias (Dynamic)

[ A o 14 o & '
ﬁﬁﬂﬂ”lﬁelli’)\uﬂiﬂﬂ‘ﬂﬁllﬂiﬂﬂjﬂﬂﬂ”l'ifﬂﬂ Pellet 1-2 NTY (MU18QY 20)1u‘ﬂiﬂﬂigﬂﬂﬂ“}f\1@§1u

aaa 9

v v )
Chamber sataaalugla 1.19 1niiugaszida pellet nowiene ldinalgnsenenuion

S 1

v Y
Pellet vzuandauuungive lyaszidans (muieav 22) ntundinalidledielu

ydo

n3InszUBNINANMIYRsIda (Mueay 12) alfnsernennuieundinniuniinmnaoa
[ Y v ] a ] v Y o l ~ 9 [ S A
puuwadas Inalred1unamMsuiudIRIIgNgU (Mueay 36) dioaanlylumsdunsiziae
J a 4 4 o
e lnnitienlavenlad (Tio,) neezgitiion (Al) uag mamsveu (C) 19 14 lnmitionns lua
a . £ a o sy YA ] a ' 9
uaz 0zl (TiC-ALO,) Fwaafum A latanuruiunengeioglusisiosas 85-95

10
» K 40

30

14

e

\ NN

3U7 1.19 umunmuaasanyuzinIeloTunszuIuMs (Barry H. tazamg 1992)

. 14 a Ao A A Y @
Munir HagAz (1998) (U.S. Pat. 5794113) l@vadnTiasineadosnunis
o 4 o 9 1 Yy 9 9 Y @ <3|
dunsizinazmsilivunniulasmsnszduateaduiumsw Indunundondu iy
A A o [V =~ a o P ] 3 9 I
IATOINDA NS VAT OUNAA N UANTANUUU U UGININNITHANHIVDIANTAIAY 1T UN1S
4 4 @ 1 @
Uszgnd lfinToansounuvesnisdasenszud liinaz 14us99a (Field-activated and
o d o ] a v Aaa 4 .
Pressure-assisted : FAPA)lunisdunsigrnaziuiuved Twaudiusa loq (Mosi,) Tasaz
1 g c?/l @ A 3 < [ a Ao
uiiutlu 5 Tuaouaauaadlugdn 1.20 Yuaeuusn azdlunmawaund (10 n5) vealuauay
Aan . ra 4 4 9 1 o 9 1 o
(Mo) ttaz Faneu (Si) asluminuing 1 1Wd durigudnarsuen 45 mm idurigudnaialu
Y v Y Y v
20 mm 1ag g9 40 mm) luszuugyaina JuaouiiaeslduswaldnuFuauduaouiaw

[ Y Y
ﬂTllﬁl’Jflﬂﬁ‘]Ja’ﬂEJﬂiguﬁ 750 A (‘ﬁ 30 V) 138130 ms ON-OFF ﬁ?‘ﬂ??ﬁx‘]ﬁﬂﬂl’ﬂ‘l&ﬂﬁ? 30 s
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3 (A o J Qal' Y A o w 23 o a
TunoUNE ’mqﬂizmmawumauﬁgﬁamﬂmmﬁaammzmmmﬁzmﬂmmmamgmﬂm

9 ]

9 1 o w g !
nniiuzlasuanunaiside lnih (Pulse-power) 1WuaudumuaNudounuuan

. . [ A A [ a Y [ 0911 3 o 9 1
(Resistance heating) ﬂQLLﬁﬂQGlu?"]J‘V] 1.21 WQ‘VIW'L’HJﬂuﬂ%!ﬂﬂﬂ31M§@uﬁﬁﬂﬂ1ﬂuuﬂ‘ﬂ11‘ﬂlluu

[ o ' 0911 @ 1 < { a
Tagn9INMsHAAIYIAI818 Tuasuganie Tialed1udunguygies

Q U

STAGE 1 | SIAGE 2 | SMGE 3 STAGE 4 . STAGE 5
VACUUM | PRESSURE | PULSED | RESISTANCE HEATING |  COOLING
APPLICA- | APPLICA- | POWER | APPLICATION | DOWN
TION ©  TION 1 APPLICA- !
I L TION !
HEATING RATE ! L /
3000K/min, : — / ;
i i [ :
600K /min E L '\ rEmeERATURE
v | ; ]/
5 : i i
1 | PRESSURE |
PRESSURE RATE | |
10Mpa/sec. ! ! SHRINKAGE
| i 5 DISPLACEMENT
I 1 i

v 4
1Y o L4 o ]
gﬂﬁ 1.20 LRUNTINLTRN 5 "Uuﬁﬂuﬂl'ﬁ)\‘iﬂﬁ’d\‘ltﬂ§1$WLLU‘ULW1U1°H£J}LL'§IZﬂ1§ﬂ11ﬁlluumﬂﬂﬂ15

Uszgnd1¥iAToUY FAPA (Munir iagAaie 1998)

PRESSURE
APPLICATION

HITE [T CONTROL

g SWITCH

GRAPHITE__ | "
o voLTaGe | oc
HIGH PULSED

g \ CURRENT | voLTace
AT poworr | | aepica | apuicaion
GRAPHITE mreriaL | Tion
BLOCK

Y @ [ L4 o ]
gﬂﬁ 1.21 LLWUﬂWWLLﬁﬂQaﬂ‘HﬂlZﬂl@Qﬂ’]ﬁﬁ'\ilﬂﬁ’]gWLLU‘UlW’]ulﬁ‘ﬁLLagﬂ131’]’]1%&““‘"@\1fni

UszgnAl¥inToauuy FAPA (Munir tagnaie 1998)
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2.2.5 NANIINNRUT 5: Anwwansznuvaanisdasenszualiihveanseslvinnudouuuy
a v d

= o_da v A a _ [aa A y X
!Tﬁ!ﬂ’J‘LﬂW’INNﬁﬂi’)‘li‘l!x‘l"l‘l«!ﬂ1ﬁlﬂﬂ‘]Jg_]ﬂﬁﬁn't.’N!ﬂ518?1ﬂ]ﬂ!ﬂi'ﬁ]x‘i‘i’l99ﬂ!!UU!!ﬁ$ﬁ’i]x‘ﬂl‘H11«!

NITUIUNT TE and dense

d’ Lﬂ' Y 9 d‘ o A 1 d‘ Y a

L’Ll’t‘N%1ﬂ!ﬂﬁi’]Qiﬁﬂ?WlIﬁ@uLL‘UTJLﬁUEJ'JuHJﬂ1§ﬂa@‘c’lﬂﬁ3LLﬁLW@1“ViLﬂﬂﬂ’J']3J
9 oa/I ua/‘ ] 1 Qy a Aaaa [ s 1 =®x 9 o
I9U ﬂ\iuuliTﬂzllﬁJ‘ﬂiTU'NG]ﬂNWl!GUfNLi"lfﬂglﬂﬂﬂ{‘]ﬂi‘c’ﬂﬂTiﬁQLﬂﬁTg‘W“ﬂﬂﬁgllﬁ'ﬁ/]']ulﬁ INBINN

1 & ¥ v = o A Yy ¥

ﬂ"li‘ﬂﬂaf’)\ifnﬁﬂﬁﬂﬂﬂizllﬁﬁﬂﬂlﬂﬁi’]\‘lﬁlﬂﬂ'ﬂﬂiﬂuu‘ﬂ‘iﬂﬁuﬂ?ﬂWlW@iﬁqﬂﬂﬁgllﬁllag
a aan [ 4 A 9 = A
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2.2.6 DanssumeUn 6: Anwwansznuvaana lumsasanszualvihveunseslvinnudou
d' ) d'd v Qw a Aaaa [ d 4' d' v 4?
suurHgInidnaneTuumMsal §isndunnzvionniesiosnuuunazadiavuluy

NIZUIUNS TE and dense
= = d‘d 1 a aan 1Y 4
ANHINANTENUUDIINT 3 AL 4 UIN “VliJWﬁG]E’Jﬂﬁlﬂﬂﬂaﬂiﬁnﬂﬁﬁ\‘]mﬁzﬁ

2.2.7 Hanssuneuil 7: Anymansznuvesanuausasunluvazal faamsdunsey

AENIZUIUMS TE and Dense

4
2.2.7.1. 1a13asdu 2 siiafe Fe,0, taz Al lusasidiu 1: 2
4 ]
2.2.7.2. UARANENTAIAUTENIN Fe,0, tag Al Tagldiniosuaanvuiauny
= ~ 7 ] oA o
USRI UIVIIN T FUINAIgNUDA (ball mill) 11981 0.5 52 T4
] A @ d? 9 A .
2.2.7.3. WIMINAIUMTUARAUNIOATU3UAI81ATDI Hydraulic press 11
@ { Il 4 @ 1 v
dnbaznsnszuenivuadurIuguEnNa1 2.54 cm A20UUIALTIBAMINDY 30 kg/cm’
a J Y g
2.2.7.4. gaomaneluannsaieen Inidlussvugyanme
' 4 < ° v Y
2.2.7.5 Yavenszua liihninmiouniioniinnuiouldunvaaianeuas
@ 1 Y . 4 A ] { @
2.2.7.6. 8AUUAIY Hydraulic press INOINUANUAUIUUTNTIOA 1625 2925

13 o

@ a aaa @ J 'Qy [ 9
1ag 3900 MPa Wa\?ﬂWﬂLﬂﬂﬂQﬂifﬂfﬂ'ﬁﬁ\‘llﬂ31$W1uﬂlﬂ!$ﬁ%u\ﬂuﬂﬁﬂﬁi@ullﬂﬁ@ﬂﬂﬂW

u
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4
[ [ d v . Y
A1AUTUABUVDINIITUATITHITAWNAN WY Fe,AL-TiB,-ALO, A ¢
[l E4 [
N32UIUNT TE and dense ta@asn3ili 2.12Tassinsuanauasasdulidiuudnimed
1 Yy o & 1a o 7 o o 7Y & a @
AumsuanauudIoauginsanszuenlumiiuing Wd il dunszvidranioaljnsal
4 qu v A A o v . ¥ v v A
TE  #31%A21050U9INIATOUHHEINIAINTOU (Induction heat) THANNUTOUA LU
v 1 ' Y
waaamileningnanuiownugarasumaioz giition (~660°C) Fegenonaz 1druaIu
a Y 9 = [ o 1A 4 o'd'dg [V 19
nansw TnfedramFeums sty Tasiinisnauinusiuns TWanTiFuaugnoaegdielu
9 A a 4 A a 4 [} 9 3 9 %)
vs5pan W lunTeslnsal gaoimanieluniealnsaivonediados 2 a5 udrussquia
¢ 4 A { 0 4 s
p1snowd I lunies Waszuumileniveunios sedszanm 2 wiiaunilduasuaz
9 1 % Qs} 9 o [ ~ 2% [ <3 Qs}
anwFouuns lldsruaudialu imsnadaluvazing liadauas vasnszuaumsaSoau
2L o Qy A o d U 9 A a d a o'ay [V
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a Y A [ a (Y] (Y] d
2.2.8 n«nnﬁumuﬁ 8: ﬂ]ﬁ‘nﬂCT'GTJﬁ?ﬁJﬂ‘lli’)\‘i'Jﬁ(ﬂ!‘lfQﬂﬁ%ﬂﬂﬂ‘l’iﬁ\‘lﬂrjﬁx‘l!ﬂ‘ﬂg?‘l

f’ni‘Ylﬂﬂ'i’)'llﬂ’ﬂ?l!l“ﬁﬁ!!‘lj‘].ligﬁﬂ1ﬂ

[
U

YUADUMIAUHUMNS

) v 1 v A Y Y Y v Aaa I J .
2.2.8.1 w3 sud10813 laemsvarInin 15 suareluvagansunis lug (Sic)
v o o 1] o o w 4 o
Tagiaisoedraunnuesvey llduuesazideanudiiy drenIosianuuaumyu

a

o w ' A Y 9 v A = ] o
2282 Wdred1ei ldninde 2281 dadlazideadlronsinozgiiun 1
Tunseu dreaudauuuindnyiain
o :‘ 4 4 [ o
2.2.8.3 ManuazeInalsiazieanosea movdians Ty
Y A o a Y o Il 9y A M A A
22.84 AWOYMANIVINIZAINIAI08199BNABIATOITUAZINOUADY
! . Y o
AD QY (Ultrasonic) udnilnadey
Aq 9
annznlinaaen
Y
WIMUNNA =500 g
AINALS = 5 IUIN
fasvenslunislunisiasesna = 100 11
UIUYANA = 5 A
@ I A = A Aa A
wanatlumys jiUnsedmasulnualyulatenvian 136 aam

o 1 [ a 4 o
2.2.9.2.5 MIMUIUMIAANULVILUUIND DT (HV) ATUIUMNNTUNIT 2.9

ANULAININDS = (0.1891F /d°) MPa (2.9)
A
110
d = 1duNLeaNUDIToENa = (d, + d,)/ 2 (mm)

F=u3sanlsna



2.3 Fumpumsautiumsiselagagy
9 v
o v Aad o a a o LY 1 FY =1
dMsUITMIduiuMIIToazIunoua1eY taad 13 lugin 2.8-2.9

N1sNAanai 1

FeTiO, B,0

A 4

Planetary ball mill 0.5, 1 4@& 1.5 hr

A 4

wal Al 1ae Ball mill 0.5 hr

A 4

4
=3

oavuslluunufen 60, 80 uag 100 MPa

U

[ 1 Y ]
TudnyazUNINTINTZUBN VU IAITURIY

AUINA192.54 cm

A 4

FUATIZHAY SHS, VTN

¢
917N

ATNAOVANHULIANIY

(SEM, XRD and EDX)

v Y
o @ v
319 2.8 naasduneulumsduniziiaguan Tasnszuiuns SHS

Y



N1sNAansi 2

FeTiO, B,0

A 4

Planetary ball mill 0.5, 1 i@& 1.5 hr

A 4

wal Al 1ae Ball mill 0.5 hr

A 4

E4
%

=2 A
avugluunu@ed 100 MPa Tu
AN HUZUMINTINTZUDNUUIALFURIU

AUENAN9 2.54 cm

A 4

LY J Y] ] ]
Funs1z¥iae TE uazda liuniudlu

[ J
"Uﬂ!glaﬂjﬂu. UITYINIABITNOU

HAN NI AN
\4
NATOUANTALFING
\ 4 \ 4
ATNAOVANHUSINNIL NATOUANTALFING
(SEM, XRD and EDX) (hardness)

] Y
[ [ v
51U 2.9 naasduneulunmsdunsziidguan Taonszuiun1s TE and dense

Y
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H v k4
1INMINAALIN 1 ag MIinaasei 2 TuduaounsuaNauals FeTio, B,0,
uaz Al izdeaiinmsuanauienszriawInesn laany Aliilesninvazuanay laimanis
1 Y] o £ A 9 dg' ~ ~ a Y|
NIZUNNITZHINGNUATIAAUAS TS (WC) FalinuSeouduiissnonazinanissudnilu
Y
ﬂquﬁ’auﬁu (Agglomerate) Jai limsuanauFena (Mechanical alloying : MA) Y9391 1A

a

A g 1 1% o Y 1 a aaan 9y Y Y A
mmaﬂummamumgﬂ 2.10 Vl'lcl,ﬁllllﬁ'lﬂ'ﬁﬂlﬂﬂﬂgﬂﬁfJ'lﬂ'liﬂ'l'Jﬂu'lﬂ'Jﬁl@]uL@QTIQm‘l’i{]ﬂq@
a ¢ & a J aa [ A ' ogll Y
Glum’l'ﬂ%]ﬂim ‘ﬁf\ﬁ]']ﬂﬂﬂﬂ'li']iﬂﬁ'ﬁﬁiﬂﬂ?‘ﬁ XRD muﬁﬂﬂugﬂ‘n 2. 11 WUNFITAINU
. o aaa a 4 Y a [V PR ]
FeTiO,/B,0,/Al inlfnsenna lagauysal uazInnaandunintlueyninvesdaquan Fe,Al

ALO, Uag TiB,

eTiO3

)

Al

51/ 2.10 MwaAAANTUANAITING (Mechanical alloying: MA)
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u ¢ Fc Al
b [ | ALO,
u n ® TiB,
£
w
=
2
=
2 o
-
= |
~ [
L 4
T T T T T T T T
0 10 20 30 40 50 60 70 80 90
2Theta (degree)

d‘ dy 9y v A J a o J .
i‘lj"ﬂ 2.11 gﬂuunﬂmammumﬂﬂmaﬂclfeumwammm“luizuu F(—‘:TIO3 + BZO3 + Al Y934N13

U

NEUINa (MA)



a d
HNANIINAAUASIAINICHHNANTITINAADI

9 9
1 A 1

aw @ 1 <3| < o
wams’maﬂsqﬁumaamﬂu 3 @IU A gauusmiuranIsaIvInLay

a 4 4 a aan y a qul
AnTIzENNgUrHamans vesmsnalfnae1n1siniidAleauesNgu I g ueIasAg

' 1 { I @ o
auluszuvane daudaeuilunansdunsiznidguanainszuy FeTio, B,0, az Al §1g

a

ﬂizmumiﬁ'nwﬁfﬁmmumﬁqmwguqq (SHS) Faiinamnaasagane Ui nansenuves
SasdnFalua Alasad Tﬂﬂﬁmﬁwﬁmﬁﬂizﬂamaﬁﬁ@;wauﬁ’ammﬁﬂﬂmﬁmmu
fesediond (XRD) HazinzanyuznduguiInediondesganssmisanasouuyy
d04n51A (SEM) 1ud181 wansenuvednatvanay Iasiiniieiuuineyaiang aae
mémﬁ@?m‘iwﬁmmmmmgmmgmua@ﬂiﬂﬂsl%jmmag (laser particle size analyzer: LPSA)
naz AN AnBAULNNTUTIUINGAIINAI9aNTIA B1ANATOUIUVADINTIA (SEM)
MUdIAY LLazwamwwmmmﬁué’wﬁugﬂ“Tfymmfiaumiﬁqmﬁwﬁ TagAnu1A1
wwuneng ieuiuanunutiuese tazduiasesuivesmsen luiueal§asen

a 1

{ IS @ o
Annthalsauesnguugiige uazdugameailunamsduasiz i iaanauinszuy FeTio,

U

Y 9 Y ~ @ =L A [V dy
B,O, uag Al ﬂ’JfJﬂ'iZ“U’J’L!ﬂﬁLWWl‘h’ﬁJLLU‘UWi@NLWﬁNﬂu (TE) “ﬁﬂi]Wﬂﬂﬁ‘ﬂﬂﬁf]\iﬂﬂﬁﬂllﬂu Wa
[ JY 9 9 ~ @ a 4 4 [
ﬂTiﬁ\'iLﬂiW%’ﬂﬂ'JfJﬂ‘i$‘1J’JUﬂ1§LN1Ml1’i3JLL‘U‘UWEEJNLW3fJ\‘lﬂ‘L!TﬂfJ’JLﬂiW%ﬁ@QﬂTJi%ﬂ’E]‘]J"U@Q'Jﬁﬂ
Yy a Y Y v A -4 a J o o a 9
NENAUINAUANITIAYNUUAITITLOND (XRD) HAZAUATIEHANHUSNINAUTIUINGINY
Y Ja g 1 o w Qy
NABIYANTIAUDANATDULUUFDING A (SEM) snuaay NANTENUVTINAFUIU THvme
a aaa @ J { 1 @ 1 <3 ]
Lﬂﬂﬂgﬂimﬂﬁﬁﬁlﬂinﬁ (TE and dense) NTINAANY T@aﬁﬂmmmmum AU UIUU

< = 9 =2
HaZANNUYITI UM TBAN (NATIUANNUAIUNUNTANYITD)

¢ ¢
31 wamﬁmswwmeqmﬁwamam

=

a 4 @ 1Y 1% a 7o { . e .
Tumsunsizr erderanmsnasnunudmnga (Gibb Energy Minimization)

q

2 g . . a [ 4 {1
Glumﬁmmmmmg%’wffuﬁu@a (Equlhbrlum Concentration) ﬂJﬂﬁﬁﬁNﬁﬂﬂﬂl“ﬂﬁWWU

=

ATTUIUMT MIANUTNNOUNANFR (Gokeen and Reddy 1996)

Q Y Y
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% 1 o s g
W@JJUTﬂ"IisU@QﬂTiﬂ@EﬂsU@Qﬁ"Ii ﬂTU'JminﬂﬂTiﬁﬂﬁ\isUﬂﬁ‘]JiifﬂﬂTﬁé]?\u‘ﬂu

)}

U o [ a J o a <3| <
Wendulugsguugiisznine 0 81 3000°C uazlunmsinuauualdiduannzundgauad

4
=

a ] I a
(Ideal Gas) Lgazﬂwiwﬁmemﬁ”aqﬂm@ sazilanIuuY (Condense Phase) Lﬂumlﬁmqm

Wﬁﬁx‘]"ﬂﬁ’)ﬂﬂ]@x‘lﬁﬂﬁﬂl@ﬂﬁ%ﬂﬂ ﬁ”liJ”IiﬂLLﬁﬂ\ihlﬁ?ljﬁﬂﬁiJﬂﬁﬁ 3.1

G =2ni(gi® + RTINP;) + Xnigi® + 2ni(gi® + RTInx + RTIny;) (3.1)

gas condensed solution

1319 G Ao WAINUAUTIINUDITZUL

a

o J o a J . { @
g ﬁ@ Ill’cﬂillW]‘iﬁ'luﬂl@iWﬁiﬂuﬂUﬁﬂ]ﬂﬂﬁTi 1ﬁmm1muua$'qmvmu

U

n. A9 S1uIuTuaveas i

[

x, 10 dadiuTuavoas i
4

9
Y, Ao duilsesansuendifvedas i

€

)}

Ufnsen Tagsauvesnssenan uaas 1 ideaunis(.2)-(3.4)

FeTiO,, + B,0,, + 4Al  —> Fe  + TiB, +2ALO, (3.2)
FeTiO,, + B,0,, + 4.33Al , —> 0.33 Fe,Al , + TiB,, +2ALO,, (3.3)
FeTiO,, + B,0,, + 5Al, —> FeAl  + TiB, +2ALO, (3.4)

MnaumMIlnserdenan awisomulumiguvgie@oudan laminy
2421.9°C (3.2) 2358.4°C (3.3) uaz 2241.2°C (3.4) (Outokumpu HSC Chemistry” for
Window, HSC 4.0) Tagnann1s (5554 2009) Un3e19zaunsanadiud1ea10iloain

Ufnsemennusou ieguugliomeiuanueel)nsennunnil 1800°C F91nn1sAIuIN

AN YA 1 1

a = a le) c?/‘ =\ I 9 ] Aaaa
gavglemewani ldia1geand1 1800°C msizaziiu anuiulyldluniserdelfasen

v U A o ¢ o s
ﬂ1§ﬂ1'3'ﬂu']ﬂ'3ﬂ@n!@\ilwaﬁ\uﬂﬁqgﬁﬁ'ﬁiucﬂq 3AUNTU
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3.1.1 52UV 3A9NY FeTiO,-B,0,-Al

Y

3111 33UUM3AIAUNH 4 1ua Al (FeTiO,-B,0,-4Al)

sErINMsnalnsensiImidiedaes FeTio, B,0,-4Al Tdouasnson
1 [ 4 1 I e Aaaa 3 1
(Interaction) sz Annuenegthiluasisznoumilu 18 U§aser luduaeusznitenais

(Intermediate) ©1981315DLAA IAAITUAITAIUA

6FeTiO, +2Al, —> 6FeO +3Ti,0, +ALO, (3.5)
3FeO, +2Al, —> 3Fe+ ALO, (3.6)
Ti,0,,+4B,+2Al, —> 2TiB, +ALO, (3.7)
FeO,+B,0,+3Al, —> 1.5Fe 2B +1.5AL0, (3.8)

{ Yy S Y 7 o e
137 3.1 uaasiduniianudu ) Idnguunamaasnezdunsizd

[

Jaquaulusuy FeTio, -B,0

273

- 4Al FeTiO,-B,0,-4.33Al 118 FeTiO,-B,0,-5A1 Tagnilfn5en

Y 9 a

4 @ { a A 1 ¥ H o !
Artdlednesiguugigazisunogliugungiinasumaiues Al (660°C) 1o Al

U

Y o aaa [ . . o Y a 1 o 1
naouuai1lnseny FeTio, uazanjll FeTio, M lviinanisnegdued FeO nuiaszning

aaa [

H k4
NANYOY Ti,0, tazidiaosves ALO, (@unsf 3.5) naanIniiu Feo aziniinlgnsendu Al

~ A Y o

1< @ { { 1
wasumalazgnangdaailu Fe N1 ALO, (aun13% 3.6 ) vz FeO aiunmandii

A3

. y L
UfnTe1iu B,0, naeumaddiuimae v B 8asznogdiu (@unsn 3.8) Funaiunion
fuvaeii B Taagy 10, 18180 TiB, (aumsfi 3.7) 910314 3.2 ununmaugaesiissnen
Y045L Y FeTiO,B,04Al ¥ illioldouuAnuoaszuy FeTio-B,0,-4Al fieinsa
AalfAzen sus Idiszanm 2400°C Suduldfiansdadu FeTio, 1 Tua B,O, 1 Twa uag Al

4 Tua awinailuaguan Fe TiB, uaz ALO,
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Temperture "C
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*e Y-
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E 200 Il... PS
E .
S 250 .
s *
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-400 -
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d' J aaa =\ A =<
E‘lj‘ﬂ 3.1 ﬂ’J13Jﬁ3JW1!‘ﬁ‘§$W’)NWﬁN'Iuﬂﬂﬁ%@\iﬂ@]ﬂiﬂnﬂhiuﬁhﬂﬁﬂ 3.2uUa8 3.5033.8

Y
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Y Q

(UHUNN1N 151NN HSC Chemistry”)



3.1.1.2 S2UUANIAIAUNN 4.33 Taa Al (FeTiO,-B,0,-4.33A1)

gunlueRenUANYITZ U FeTiO,-B,0,-4.33A1 iannsanailjnsen SHS laegniszum

o £ T A (a qu} Y . U I
2300°C HaWUINNUTNIVATAIAY FeTio, 1 Tua B,O, 1 Tua uaz Al4.33 Tua sznegiliiu

o 4

HHUNNENRAIALTENDUUDITLUY FeTiO,-B,0,-4.33A1 Aauanagilii 3.3

HanAuNIaaWe Fe,Al TiB, 1oz ALO,
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215001 (UHUNININ 151NN HSC Chemistry”)
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U7 3.3 ununINaNgaeIRlszNoUVBITZ DY FeTiO,-B,0,-4.33A1 n18ldussonauna
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3.1.1.3 35UUM3AIAUNH 5 1ua Al (FeTiO, -B,0,-5A1)

HRUNINANAADIAYTZNOUVOITZUY FeTiO,-B,0,-5A1 Aauaasgli 3.4
a = a . d’ a AaAan Y Id'
gunglueRyUANY0ITZ U FeTiO,-B,0,-5A1 Nannsnnalfnsen SHS lasgniszum
o £ T A (a qu} Y . U I
2200°C GanuNNUTUE3AIAY FeTiO, 1 Tua B,0, 1 Tua uaz Al 5 Tua sznegiliiu

[
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(WU 1N 1U51n51 HSC Chemistry”)
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LY do
3.2 HaMIAUATHIAQUANDINIZUY FeTiO, B,O, Haz Al AIUNIZUIUMINIHTIAIY

a

A10971QUH YNG4 (SHS)
ng @ [ Iy A v 1 g Y
FUNUUGINIAUATIZHAONTZVIUMS SHS zlanvare lufuginseda
~ = ay o o vy 1 o v
peraalugili 3.5 vazlgwgumeluzuaudwauun dld ldamnsasi linaaeuaniia
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i 2 [ 1 v
517 3.5 Funuimiumsyaszidalunszuiums SHS Noasidnnda Tuaves Al Tumsasdu

Y
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3.2.1 HANIZNVVBIDATAIMTINAVI Al THaIAIy

3.2.1.1 wamemsnajlveana

[ [ { @ 1 a {3 ;I
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Au 4 433 waz 5 Twa aemamalnseimsanindiednesiguugige audadiud
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i AdsaumstSunaamsduwusn 3.2) (3.3) uag (3.4)
9 A v ' A o Jdo
nndoya XRD Tugii 3.6 uaaslvimiunmsnesvesasnannanasauns

3.2 dszaeudromlaveaman (Fe) Tmnifioulave'lsd (TiB) wavezgiiui (AL0,) 1lu

a

(] { <
aulszneu aunsn 3.3 Uszneudlromaveananezal lud (Feal) Tnmiionlavelsd

U

(TiB,) 11azdgiul (ALO,) Uazaun1sn 3.4 ﬂi:ﬂauﬁlamwmmmﬁﬂazgﬁ”luﬁ (Fe,Al)

~ J . a £ 3 = J =
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Abstract. The Fe;Al-TiB,-Al,O3 composite has been prepared by self-propagating high-temperature
synthesis (SHS) from FeTiO3-B,03-Al system. The standard Gibbs energy minimization method was
used to calculate the equilibrium compositions of the reacting species. The reactions were carried out
in a SHS reactor under static argon gas at the pressure of 0.5 MPa. The effects of Al molar ratio of 4,
4.33 and 5 mole on the results product were investigated. The composition and microstructure of SHS
products were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM) and
energy dispersive X-ray spectroscopy (EDX). The optimum result of Fe;Al intermetallics phase was
obtained when using 4.33 mole of Al.

Introduction

Iron aluminides have the merits of low density, relatively low-cost, good wear resistance, and
excellent corrosion resistance in oxidizing and sulfidizing atmospheres at high temperature attract
people attention for their potential applications [1]. It is well-known that reinforcement of metals,
including intermetallic alloys with ceramic phases to form a metal-matrix composite can improve
their high temperature strength [2]. Alumina ceramics have attracted much attention for both
electronic and structural applications; their low fracture toughness, however, is an obstacle to be
overcome. Until now, making composites by adding various toughening agents such as whiskers or
particles has been the most common way to toughen or strengthen alumina. Using TiB, particles as a
dispersed phase has been proved effectively in strengthening alumina. Also, the high hardness (~3300
kgf ram™) and good thermal conductivity (30 Wm™'°C™") of TiB, make the A1,05/TiB, composite an
excellent cutting tool material [3]. TiB; is also well known for its high hardness and outstanding
tribological properties. It’s hardness (3400 HV) is greater than the more commonly used WC (2000
HV) and is almost as high as that of SiC (3500 HV) Furthermore, it has a high thermal conductivity
(~110Wm ' K" at 25°C) and a significantly lower coefficient of thermal expansion than steel
(~13x10° K for steel and ~7.2x10 ° K™' for TiB,). Thus, steel-matrix composites with TiB, as the
reinforcing phase have increased stiffness, hardness, and wear resistance, along with reduced
coefficient of thermal expansion and only a moderate decrease in thermal conductivity properties [4].

Development of efficient and energy-saving technologies is of great importance today.
Self-propagating High-temperature Synthesis (SHS) is a relatively novel and simple method for
making certain advanced ceramic, composites and intermetallic compounds. This method has
received considerable attention as an alternative to conventional furnace technology. The SHS is
based on systems able to react exothermally when ignited and to sustain them to form a combustion
wave. The temperature of the combustion can be very high (as 5000 K) and the rate of wave
propagation can be very rapid (as 25 cm/s) [5-9].
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In the present study, the Fe;Al-TiB,-Al,03; composite was prepared by self-propagating
high-temperature synthesis (SHS) from FeTiO3-B,0;-Al system. The standard Gibbs energy
minimization method was used to calculate the equilibrium compositions of the reacting species. The
effects of Al mole ratio 4, 4.33 and 5 mole on the result products were studied.

Experimental

The raw materials used in this work were FeTiOs (Ilmenite) (Sinrae SaKorn Co.,Ltd.,), Al (Himedia
Laboratories, 99.7 %), and B,0Os (Aldrich, 99 %) powders. The experimental setup used in this work
is schematically represented in Fig. 1. It consisted of a SHS reactor with controlled atmospheric
reaction chamber and tungsten filament connected to power source through current controller which
provides the energy required for the ignition of the reaction. Reactant powders were weighted as
stoicheometric molar ratio of FeTiOs;: B,Os3:Al = 1:1:4, 1:1:4.33 and 1:1:5 and then mixed in
planetary ball-milled (Fritsch GMBH, Pulverisette 6) with the speed of 250 rpm for 0.5 hr. The
obtained mixture was uniaxially pressed to form cylindrical pellets (25.4 mm. diameter and about 25
mm high) of preform at 80 MPa with green density in the range of 60-65% of the theoretical value.
Green sample was then loaded into reaction chamber of SHS reactor. The reaction chamber was
evacuated and filled with argon gas at the pressure of 0.5 MPa. This operation was repeated at least
twice in order to ensure an inert environment during reaction revolution. The combustion front was
generated at upper sample end by using of a heated tungsten filament. Then, under self-propagating
conditions, the reaction front travels until reaches the opposite end of the sample [9].

"

Pressure gauge —————m—

Current controller ————m=
Tungsten filament

Specimen

Power source

Graphite plate

Vacuum pump

Fig. 1. Sehematic of experimental setup for SHS reaction [9].

The obtained products were characterized in terms of chemical composition and microstructure
by XRD (PHILIPS with Cu K, radiation) and SEM (JEOL, JSM-5800 LV) analyses with EDX (ISIS
300, Oxford).

Results and Discussion

Thermodynamic Analysis. Thermodynamic calculated for equilibrium concentration of stable
species produced by SHS reaction were performed based on the Gibbs energy minimization method
[10]. The evolution of species was calculated for a reducing atmosphere and as a function of
temperature in the temperature range of 0-3000°C. Calculations assume that the evolved gases are
ideal and form ideal gas mixture, and condensed phases are pure. The total Gibbs energy of the
system can be express by the following equation:

G =2ny(g° +RTInP;) + 2nig;°* + 2ni(g;° + RTInx; + RTlny;) (1)

gas condensed solution
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In this study, FeTiOs, B,Os, and Al were used as precursors for the SHS reaction. The overall
reaction can be expressed as shown in Eq. (2) to (4).

FeTiO3(S) + B203(5) + 4A1(S) — Fe) + TiBz(s) +2A1203(S) , Tada = 2421.9°C (2)
FeTi03(S) + B203(S) + 4.33A1(S) —0.33 F63A1(S) + TiBz(S) +2A1203(5) , Tag = 2358.4°C 3)
FeTi03(S) + B203(S) + SAI(S) - FCAI(S) + TiBz(S) +2A1203(5) , Tag =2241.2°C (4)

The equilibrium compositions of the FeTiO; -B,03-Al system was shown in Fig 2. From
thermodynamic calculation accepting that, the reaction can be a self-sustained manner due to its
exothermic character, when the adiabatic temperature of the reaction is higher than 1800°C [7].
Calculations have shown the adiabatic temperature of these reactions system that higher than
1800°C, thus the using of SHS is feasible for these systems.

mol
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Fig. 2. Equilibrium compositions of FeTiOs- B,03-Al system in Ar gas atmosphere from reaction as
shown in (a) Eq.2., (b) Eq. 3 and (c) Eq. 4

Synthesis of FeAl alloy -TiB,;-Al,O3 Composite. Figure 3 shows the XRD patterns of FeAl
alloy-TiB,-Al,0O3 composites produced from the FeTiO3-B,03-Al reactants system with varied of Al
molar ratio. It shows that the main compositions of all obtained products are Fe, FeAl, Fe;Al, TiB,,
and AL,Os. In addition, It has found that TiO, has been appeared in the product in case of using 4 mole
of Al in precursor due to the lack of Al element to complete reduction of oxygen. SEM micrograph in
Fig. 4 shows the interparticle cohesion within agglomerated particles.

Figure 5 presents the results of X-ray mapping of the product cross-section. It shows the presence
of Fe;Al-TiB; well mixed surrounding by Al,Os;. The EDX pattern of the elements in a product
sample (Fig. 6) confirms the presence of the main elements O, Al, Ti, and Fe. It is assumed that at the
position of detected Ti is the TiB, phase due to B element could not be detected.
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Fig.3. X-ray diffraction pattern of SHS products from FeTi0O3-B,0s3-Al system with varied of Al mole
ratio (a) 4 (b) 4.33 and (¢) 5.

HFW HV spot| det ;
50 x|31.9 mm| 995 ym | 20.00 kV| 3.0 |ETD

Fig.4. SEM micrograph of the SHS products from FeTiO3-B,03-4.33Al system at the different
magnifications (a) 150x and (b) 450x.

Fig.5. X-ray mapping of the SHS products from FeTi0O3-B,03-4.33 Al system.
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Fig.6. EDX spectrum quantity of the SHS products from FeTi03-B,03-4.33 Al system.

Conclusions

The FeAl alloy-TiB,-Al,03; composite powder was successfully synthesized via self-propagating
high temperature synthesis from the FeTiOs3-B,0s3-Al reactants system with the molar ratio of
FeTiO;: B,O5:Alis 1:1:4, 1:1:4.33 and 1:1:5, respectively. The optimum result of Fe;Al-TiB;-Al,03
composite was obtained when 4.33 mole of Al was used.
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Abstract

The Fe;Al-TiB,-Al,O3; composite was prepared by self-propagating high-temperature synthesis (SHS) from FeTiO;-
B,0;-Al system. The standard Gibbs energy minimization method was used to calculate the equilibrium compositions
of the reacting species. The effects of applied pressure of preform at 60, 80 and 100 MPa and milling duration of
precursors on result products were studied. The result products were characterized by X-ray diffraction (XRD) and
scanning electron microscopy (SEM) with energy dispersive X-ray spectroscopy (EDX). The optimum result was
obtained when 100 MPa pressed preform and milling duration of 1.5 hr was used.

© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of [-.SEEC2011

Keywords: SHS; ilmenite; Fe;Al-TiB,-Al,O; composite; milling time

1. Introduction

Iron aluminides have the merits of low density, relatively low-cost, good wear resistance, and excellent
corrosion resistance in oxidizing and sulfidizing atmospheres at high temperature attract people attention
for their potential applications [1].

* Corresponding author. Tel.: +6674 287196; fax: +6674 558830.
E-mail address: sutham.n@psu.ac.th.

1877-7058 © 2012 Published by Elsevier Ltd.
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Nomenclature

T.a adiabatic temperature

G the total Gibbs energy for the system

g the standard molar Gibbs energy of the species i at P and T
n; the molar number of species i

pP; the partial pressure of species i

X; the mole fraction of species i

% the activity of coefficient of species i

It is well-known that reinforcement of metals, including intermetallic alloys with ceramic phases to
form a metal-matrix composite can improve their high temperature strength [2].

Alumina ceramics have attracted much attention for both electronic and structural applications; their
low fracture toughness, however, is an obstacle to be overcome. Until now, making composites by adding
various toughening agents such as whiskers or particles has been the most common way to toughen or
strengthen alumina. Using TiB, particles as a dispersed phase has been proved effectively in
strengthening alumina. Also, the high hardness ( ~ 3300 kgf ram™) and good thermal conductivity (30
Wm'°C™") of TiB, make the A1,0,/TiB, composite an excellent cutting tool material [3]. TiB, is also well
known for its high hardness and outstanding tribological properties. It’s hardness (3400 HV) is greater
than the more commonly used WC (2000 HV) and is almost as high as that of SiC (3500 HV)
Furthermore, it has a high thermal conductivity (~110Wm ™' K™ at 25°C) and a significantly lower
coefficient of thermal expansion than steel (~13x10°° K™' for steel and ~7.2x107® K" for TiB,). Thus,
steel-matrix composites with TiB, as the reinforcing phase have increased stiffness, hardness, and wear
resistance, along with reduced coefficient of thermal expansion and only a moderate decrease in thermal
conductivity properties [4].

Development of efficient and energy-saving technologies is of great importance today. Self-
propagating High-temperature Synthesis (SHS) is a relatively novel and simple method for making
certain advanced ceramic, composites and intermetallic compounds. This method has received
considerable attention as an alternative to conventional furnace technology. The SHS is based on systems
able to react exothermally when ignited and to sustain them to form a combustion wave. The temperature
of the combustion can be very high (as 5000 K) and the rate of wave propagation can be very rapid (as 25
cm/s) [5].

In the present study, the Fe;Al-TiB,-Al,O; composite was prepared by self-propagating high-
temperature synthesis (SHS) from FeTiO;-B,0s3-Al system. The standard Gibbs energy minimization
method was used to calculate the equilibrium compositions of the reacting species. The effects of applied
pressure of perform at 60, 80 and 100 MPa and milling duration of precursors on result product were
studied.

2. Experimental

The raw materials used in this work were FeTiO; (Sinrae SaKorn Co.Ltd.,), Al (Himedia
Laboratories, 99.7 %), and B,0; (Aldrich, 99 %) powders. The experimental setup used in this work is
schematically represented in Fig. 1. It consisted of a SHS reactor with controlled atmospheric reaction
chamber and tungsten filament connected to power source through current controller which provides the
energy required for the ignition of the reaction. Reactant powders were weighted as stoicheometric molar



K. Tapsuan and S. Niyomwas / Procedia Engineering 32 (2012) 635 — 641

ratio of FeTiO;: B,O5:Al = 1:1:4.33 and mixed in planetary ball-milled (Fritsch GMBH, Pulverisette 6)
with the speed of 250 rpm for 0.5, 1, and 1.5 hr. The obtained mixture was uniaxially pressed to form
cylindrical pellets (25.4 mm. diameter and about 25 mm high) of preform at 60, 80 and 100 MPa with
green density in the range of 60-65% of the theoretical value. Green sample was then loaded into reaction
chamber of SHS reactor. The reaction chamber was evacuated and filled with argon gas at the pressure of
0.5 MPa. This operation was repeated at least twice in order to ensure an inert environment during
reaction revolution. The combustion front was generated at upper sample end by using of a heated
tungsten filament. Then, under self-propagating conditions, the reaction front travels until reaches the
opposite end of the sample [6].

Pressure
Ly
Gauge
Current
controller
\ Tungsten

filament

Power & Ly F—-Sample
source |

SHS Reactor Ar Vacuum Pump

Fig. 1. Sehematic of experimental setup for SHS [6].

The obtained products were characterized in terms of chemical composition and microstructure by
XRD (PHILIPS with Cu Ka radiation) and SEM (JEOL, JSM-5800 LV) analyses with energy dispersive
X-ray spectroscopy (EDX).

3. Results and discussion
3.1 Thermodynamic Analysis

Thermodynamic calculations for equilibrium concentration of stable species produced by SHS reaction
were performed based on the Gibbs energy minimization method [7]. The evolution of species was
calculated for a reducing atmosphere and as a function of temperature in the temperature range of 0-
3000°C. Calculations assume that the evolved gases are ideal and form ideal gas mixture, and condensed
phases are pure. The total Gibbs energy of the system can be express by the following equation:

G = 2ni(g;° + RTInP;) + Jnig;° + Ini(g;° + RTlnx; + RTIny) (1)
gas condensed solution

In this study, FeTiO;, B,0Os, and Al were used as precursors for the SHS reaction. The overall reaction
can be expressed as shown in Eq. (2).

FeTiOs(s) + B:0s(s) + 4.3341(s) = 0.33 FesAl(s) + TiBo(s) +241,05 , T,y = 2358.4°C )

637
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The equilibrium compositions of the FeTiO; -B,05-Al system was calculated using HSC® program [7]
shown in Fig 3.

From thermodynamic calculation accepting that, the reaction can be a self-sustained manner due to its
exothermic character, when the adiabatic temperature of the reaction is higher than 1800°C [8].
Calculations have shonws the adiabatic temperature of this reaction system is higher than 1800°C.

mol
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Fig. 3. Equilibrium compositions of FeTiOs- B,0;-4.33 Al system in Ar gas atmosphere

3.2 Effect of Particle Size and Compaction of Green Pellets.

Effect of milling duration of precursors on particle size distribution was shown in Fig. 4(a). When
milling time increasing from 0.5 hr to 1.5 hr decrease from d,, = 15.43 pm to d,, = 7.26 ym and the one
peak particle size distribution become there peaks. The smaller particles help promoted better heat
conduction that resulted in increasing combustion wave (V¢) as shown in Fig. 4(b). Both better heat
conduction and higher combustion front speed provide less energy and shorter time for grain growth that
resulted in smaller grain size of the product as can be seen in Fig. 6.

The compactation of the green powders plays an important role in the combustion synthesis reaction.
The compact ability of the system depends directly on the properties of the materials such as hardness and
strength. If the particles are not very hard they have a higher degree of compaction. Generally the large
particles produce a higher packing density and exhibit higher density at all compaction pressures, the
small particles are more difficult to compact [5]. A wide particle size distribution will increase the density
at any compaction pressure are listed in Table. 1.

Table 1. Parameter of pressure, milling time, gren density, and velocity of combustion wave

Pressure (MPa) Milling time (hr) Velocity of combustion wave, V¢
(mm/s)

60 0.5 0.45

1 0.52

1.5 0.57

80 0.5 0.45

1 0.51

1.5 0.58

100 0.5 0.5

1 0.53

1.5 0.63
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Fig. 4. (a) Particle size distribution of precursors at milling duration of 0.5, 1, and 1.5 hr. (b) combustion front speed at compacted
of 80 MPa; milling time 1.5, 1 and 0.5 hr

3.3 Synthesis of Fe;Al -TiB,-Al,O; Composite

Figure 5 shows the XRD patterns of Fe;Al-TiB,-Al,O; composites produced in the FeTiOs-
B,05-4.33Al system. It’s showing that the main components of all obtained products are Fe;Al, TiB,, and
AlLO ;. SEM micrographs in Fig. 6 shows the interparticle cohesion within agglomerated particles.

Figure 7 presents the results of X-ray mapping of the product cross-section. It shows the
presence of Fe;Al-TiB, well mixed surrounding Al,O;. The EDX pattern of the elements in a product
sample (Fig. 8) confirms the presence of the main elements O, Al, Ti, and Fe.
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Fig. 5. X-ray diffraction patterns of SHS products
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©

Fig. 6. SEM micrograph of the SHS products from FeTiO3-B203-4.33Al system at different milling time (a). 1.5 hr (b). 1 hr and (c)
0.5 hr
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Fig. 7. X-ray mapping of a typical product
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Fig. 8. EDX spectrum of the SHS products from FeTiO3-B203-4.33Al system

4. Conclusions

The Fe;Al-TiB,-Al,0; composite powder was successfully synthesized via self-propagating high
temperature synthesis from the reactants of FeTiOs -B,05-Al system with molar ratio of FeTiO;:B,05:Al
= 1:1:4.33. As increasing the milling time, the particle size decreased. The smaller particle promoted
higher combustion wave speed. The optimum result was obtained when 100 MPa pressed perform and
milling duration of 1.5 hr were used.
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