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Abstract

The purpose of this investigation was to synthesized the composite coating
materials for metal pipe from the natural ilmenite (FeTiO,), aluminium (Al), boron oxide (B,0,),
iron oxide (Fe,0,) reactant system by self-propagating high temperature synthesis assist
centrifugal technique (SHS-Centrifugal).

The synthesis and process parameter a stoicheometric of the reactants
(FeTiO,:6Al1:B,0,:Fe,0,, FeTiO,:7Al:B,0,:1.5Fe,0, and FeTiO,:8A1:B,0,:2Fe,0,), milling time
of FeTiO3 (1, 2 and 3 hr.) amount of CaF, (1, 3 and 5%wt.) and a rotation speed (1500, 1750,
2000 and 2250 rpm) on the composite coating product characteristic as well as the mechanical
properties (micro-hardness) were investigated.

The experiment results shown that the best condition to form separated phases
between Fe,Al+TiB, and Al,O, was 5%wt of CaF, and 2250 rpm of a rotation speed. In addition,
the amount of composite coating product were also varied by a stoicheometric mixture of the
reactants and milling time of FeTiO,. The micro-hardness of Fe,Al-TiB, was increase from 459

HV to 688.8 HV while, a rotation speed and milling time of FeTiO3 was 2250 rpm and 3 hr.

respectively.
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5199 1.2 A5 NTHaRonsTUIUNST SHS (http:/www.ism.ac.ru/handbook/shsfhtm AUAY
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Burning velocity 0.1-20 cm/s
Combustion temperature 2300-3800 K
Heating rate 10-10° KJs
Igniting fluence 10-200 cal/(cm’ s)
Induction time for ignition 0.2-1.2s

Ignition temperature 800-1200 K
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agaszia ldinaauienaunsznunalgnseimaen lifvesmsasdunauanlaougileg

< Y] I a o O’QBJI a A o KX A o A 1T Y
luaarznasumaitazidudrauiundndunsurIndaeuidanaNgaaanuiInelunea e
ALY HEaaegl 1.10 sazianevazinamsw Tnfveslgnsenazeglunuiuny
A A J a =) Y] Qa’l Y 9 Qa}l 1 o ~
yowsussndu i Tuiamaferdusuamsasduimswn ludvuanane awaaslugila

1.11


http://translate.googleusercontent.com/translate_c?hl=th&sl=en&u=http://en.wikipedia.org/wiki/Inertial_force&prev=/search%3Fq%3Dcentrifugal%26hl%3Dth%26rlz%3D1T4RNTN_enTH362TH363%26prmd%3Di&rurl=translate.google.co.th&usg=ALkJrhjQ7_BlbRR_nj0bj_r0fTFJgdzaVA
http://translate.googleusercontent.com/translate_c?hl=th&sl=en&u=http://en.wikipedia.org/wiki/Frame_of_reference&prev=/search%3Fq%3Dcentrifugal%26hl%3Dth%26rlz%3D1T4RNTN_enTH362TH363%26prmd%3Di&rurl=translate.google.co.th&usg=ALkJrhgGZbBC6v0Wh6rL06Y9Kr-VFsqIvA
http://translate.googleusercontent.com/translate_c?hl=th&sl=en&u=http://en.wikipedia.org/wiki/Reaction_(physics)&prev=/search%3Fq%3Dcentrifugal%26hl%3Dth%26rlz%3D1T4RNTN_enTH362TH363%26prmd%3Di&rurl=translate.google.co.th&usg=ALkJrhho_aLZ_Dx5rMPZWkOK_rdVHCa_aQ
http://translate.googleusercontent.com/translate_c?hl=th&sl=en&u=http://en.wikipedia.org/wiki/Centripetal_force&prev=/search%3Fq%3Dcentrifugal%26hl%3Dth%26rlz%3D1T4RNTN_enTH362TH363%26prmd%3Di&rurl=translate.google.co.th&usg=ALkJrhh3soBZnRw5wwpfoUuS8okc1QMM8w
http://translate.googleusercontent.com/translate_c?hl=th&sl=en&u=http://en.wikipedia.org/wiki/Centripetal_force&prev=/search%3Fq%3Dcentrifugal%26hl%3Dth%26rlz%3D1T4RNTN_enTH362TH363%26prmd%3Di&rurl=translate.google.co.th&usg=ALkJrhh3soBZnRw5wwpfoUuS8okc1QMM8w
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Centrifugal casting

Top rollers

Molten metal

Motor
N - " rn
'IJ A . /ﬂ— Mold

Bottom rollers www.substech.com

51U 1.9 anbaITNMsvae lansuuuIoe (http:/www.substech.com/dokuwiki/doku.php?id=

U

centrifugal casting FuAuiun 9 ﬁquwu 2553)

SHS tube centrifuge

Cetamic-linedssteel pipe

v
v A

3 U 1.10 anvweIF SHS-centrifugal (http://www.ism.ac.ru/handbook/61tt4 2.htm FuAuTun

10 4U18U 2553)
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Movement direction of combustion wave

Ignitor Rotation

51U 111 nuuaesfismienisinal§isen SHS-Centrifugal (AW Iuh 22n3ng1AY 2553)

_

1.2.5 MIIRTIEHumnamans

lunsfAnu FeTio, B,O, uaz Al 3ludm5uiinsen Aluminothermic SHS

P

UPnTemMaruaLaAIRIauNIsN 1.5
FeTiO,(s) + B,0,(s) + 5Al(s) —> FeAl(s) + TiB,(s) + 2A1,0,(s) (1.5)

v
1 ' v 9 . a
Glui%’ﬁ’)Nﬂig‘U’Juﬂﬁ SHS F¢UINT1TAIAU FeTIO3 B203 iag Al agina

DUATNTNAIANNTA (1.5) — (1.11)

6Al(s) + 3B,0,(s) — 6B(s) + 3ALO(s) (1.6)
4AI(s) + 3TiO,(s) — 3Ti(s) + 2A1,04(s) (1.7)
2Al (s) + 3FeO(s) —> 3Fe(s) + ALO,(s) (1.8)
Ti(s) + 2B(s) — TiB(s) (1.9)
Ti(s) + B(s) — TiB(s) (1.10)
Al (s) +2B(s) — AIB,(s) (1.11)

{ o J a I .
wugumsaiamanes wlaulindluszuy FeTio, - B,0, - Al Tagn1s

=

D] A I W 2 Y1 o A v g o
Glslfjﬂ5Llﬂi1]1/]'N‘ﬂ@llW'JW]'f)i')Lﬂ'J"lgwwa\‘]\ﬂUﬂUGlﬁaJﬂ’]ﬁ"lﬂq@%ul’lﬂﬂ\‘iﬂ\‘]ﬂ‘ﬂﬁgﬂ@ﬂﬂl'ﬂ\i?ﬁﬂ

Q
9
[

AR 1 A o A
nuuegiugurgl dwaawwalugli 1.12
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Y ]
{501 SHS MaduRIeAeuliogugiine@onuan (T,) ganin 1800°C

=)

dm5ulnsend (1.5) Tguugiue@eonnan 2133.8°C gan31 1800°C 15UAY Al vzHAAY

a

aaa o

U{A5e170 B,0, uazasdienst1lgnse1nn Feo uazTio, a2l a9 B Fe Ti 14

I [ g 4 aaa A 1 . <Al ¢; 1

U FeAl - B,0, — ALO, wasnunudveslgnzeni (1.9) (Mmsnegilves TiB,) sziaA1d1n
aaa A 1 . £ ' . a = ' .

Yo91RATe1M (1.10) (M3nD3UV049 TIB) Fanu1en11udn TiB, UANWAdININNI TiB T

] a 1 [ g 4 aan 1 Aaaa £

NN ) FQUUNN AINaIUIUdYelnTen (1.11) gendlaser (1.6) — (1.8) &9

wenwN AIB, luannsaneziluszunla (Niyomwas 2010)

] S00 1000 1500 2000 2500

(e

U4 112 wdsunud (6) dmiulfnser (1.6) — (1.11) awiladFuvesgungil (1)

U

(Niyomwas 2010)
1.3 NNV

9
Puszynski ttazamz (1997) Idimsdnyianumuiniusgnineguiundo
Tanzuaziwiiin (ezgiu) ¥unaninmsnedivesunassudanisw Indsznitens
[ d 9 [ v A v Y = = :J‘ 9 a A a
AUATIEHNTONAUMIAVTUBAAIBUTUNIL G TATIAT1gaMALAHINAB LD QUL
[ 1 a Aaan Aa A 9 4
noglluszriemsinailgasernisangilezqiifion anwdeuveseenladaiuise

A Y a A ' . . P
nlasuniladldTasms@uasouas i) iwu zrsio, Si0, Na,Cro, tazaisuou
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Fe O, + 2Al + Additives
Substrate pipe

Substrate pipe

(a) (b)

sUN 1.13 nszuIUNIS SHS centrifugal densification (11U Single 48 Multiphase : (a) Ni-Al

U

uag (b) Fe,0,-Al (Puszynzki et al. 1997)

msanyIManaeuneluiIvie Tanzuu Single 1ag multiphase HaAA931)
A Y 1 % a A 1 Aaaa Sld'd
#1113 Tagnszuaums IanuiudvesRundousz Il fnserniaw luddlinauiain
A ) S v
UIINYUIHIBY 9L 1FOYNIAMIVEIANTAIAY Al VAT 2a 5 um Fe,0, vuiailszina 1
um Ni v10135237198 5 pm Cr,0, ¥uIAlseua 1 pm ZrSio, ¥u1ailseuia 10 um: Sio,

YUA5ENI 25 pm Na,CrO, 18 pm uaz C YuAL5ENIU 0.25 pm anyULUDIIATIAI N

=

% a J [ 4 @
NiAl ﬁuﬂuwmmiwwﬁlw SEM e XRD Y93IN1TaUATIEHILDY Single phase !Lﬁﬂ\‘]ﬂ\‘lzﬂ

1.14 uag 1.15 awany uazl§n3e1ued Multiphase HAAIAA1
Fe,0, + yCr,0, + 2(1+y)Al + 4/3yC —> 2Fe + (1+y)ALO, + 3/2yCr,0, (1.12)

3 dy a d‘ =\ aaa 1 % v cf/l 9 [ Aaaa dl
Mumsauasau o wazilgnsenenuniuamsdsdundnyealnien
a dgl a I A ) d?’ a = saq YR tiy 1
mevuase iunalnifinnududeuuniu Usinmvesiasitionoon laanldfnuiiuanaig
[ 1 oy @ A A A 9 a :} o
AUTEHIN 10 1Az 30 % Taevhmiin uazansou o aaudn Tl ludSunm 15 - 30% Taeimiin
1 9 v
(10-18 ZrSiO, %wt, 3-7 SiO, %wt, 1-3 Na,CrO, %wt) Faa1smariiiminfiuanaeny

ZiSio, ANeliuljsgurglgaiinuaemsianseuveIHIAADY SiO, 1Az Na,CrO, 1A
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P4
R

A [ dy a Yy ~ o ] lez Aa <3 a Y.
maﬂsuﬂquumn1ffl,u“lw3Jﬂ’nmiauuazuﬂﬂqﬂﬁuaﬂmawummammzazguuﬂﬂmu

a9 Cr,0, uaz C Aol sl snaauiiamdlanzuazisin

319 1.14 Tﬂiminmiﬂmﬂmawummaﬂu NiAl 1875 SHS centrifugal densification

(Puszynzki et al. 1997)

4500
4000 -
3500 -
3000
2500 -
2000 -
1500
1000 H
500 -

HNial

Absolute Intensity

AN

25 30 35 40 45 50
Two-Theta

=
—%: MNi Al

o b Nial
@ [yNial

5

517 1.15 ¥an1531A5121A0 XRD (X-ray diffraction) VosFuAAdeY Nial Tag33 SHS

centrifugal (Puszynzki et al. 1997)

[ < = Aq ¥ o g 1
3$ﬂ‘um1mmi’0ﬂumiwuumwﬁ/ﬂﬂumiﬁ\uﬂiwwﬂgizﬁan 1000 -
9 U 9 9 a v A
2000 rpm Tﬂﬂﬂizuaumilm"lmjﬁ]xLLWimﬂﬂmwmulﬂiu‘nﬁmmmuumﬂuuamuaiﬁu
A < A ] A a o Ia A < v I A a
mamm&iﬂum’imgumam"luqawewiaNamﬂmmmmaa‘umuﬁUL’iamu”l‘iJmlﬁGumL%iWﬂ

1 Y Y { < 1 <] [ '
uaz Tanzaz liaansonenesniuld uaasdegi 1.16 () wivlaiulamanszgninedlu
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ogj a vy A <3 A dgl a Y L4 [ A
FUUDIUHEITUN LMGTL‘Wllﬂ'NllLi’Ji'ﬂUVIQ’Q"UHﬂ15ll8ﬂlfl/\|ﬁi]g’,!,ﬂﬂ]lﬂﬂﬂNﬁiJ‘]aljim Llﬁﬂﬁﬂ\igﬂ‘ﬂ

a 1

[ 09/, g a 1 { I~ o a a
1.16 (b) ﬂQuuﬂ'liLﬂﬁﬁ]‘u"lﬂlNﬁﬂﬂiﬂﬁzﬁ@ﬂ!ﬂﬂﬂq\iﬂﬂ'lﬂi']ﬂl,i’,)‘lflﬂﬁ}l,ﬂﬂﬂ'lillflﬂlli!’]m

U

serMUETInas Jarz Iz F10aaNanIENUUDINTVINIAINIANUTouN luwidu uazwa

k4 1
ninmsneglvesiuRundovezgiuaatnazii 1.17

(b)

4 1 ad 1 o Jd a o 7 '
5‘1J‘ﬁ 1.16 ﬂTIN'EHElfmﬂﬂé}f)\iﬂlaﬂﬁiﬂullﬂﬂﬁﬂﬂﬂ31ﬂﬂlﬂﬂﬂ1§ﬁﬂlﬂ§1$ﬂwaﬁﬂﬂ!“ﬂﬁﬂ?']ﬂl‘i\i"llf]\‘]

U

15284 (2) 58G Lz (b) 233G (Puszynzki et al. 1997)

v
a ISl

v 9
31U 1.17 Taseadavossuirezgiunnegl lunszuauns SHS densification (a) A luga

Y u

tag (b) AIUATINANVDIFUIYIINN (Puszynzki et al. 1997)
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Y o == [ o an
Hua ttazaae (1999) ”lﬂ‘i/nmiﬂﬂy1ﬂ§$‘1J’Juﬂﬁmm’iw?ﬂ%’mmi SHS g

'
A o A o U

matansMIeaniigud usawiuilyeiSend1 SHS-centrifugation 1O O1IBAINA1IN

9
2

o a a 1w a 1 < d v v oA a o
ﬂﬁ$Qﬂﬁ1%Na@W3WﬂﬁﬁﬂNﬁﬂJIﬂEl'J%ﬂ”liLﬂﬁ@'U‘V]@L“ﬁﬁﬂﬂé}”lﬂ”liﬂﬂuﬂﬂ‘]fuﬂ’mﬁi”lllﬂi’JiJﬂu@N
~ o 9 Aa wa A 1 3 9 4 A 9 ~ T =
u,ﬁﬂﬂugﬂw 1.18 1/]1clﬁlﬂﬂﬂi1!’ﬁllﬂﬁ1ﬂﬂﬂ]i’)x‘]‘]ﬂf’)&‘ﬁﬁﬂﬂﬁWﬂTiUﬂu‘ﬂllﬂilgilﬂ’ﬂﬂ‘ﬂuﬁ@ﬂ"ﬁﬁﬂ
@ 1 Y Y A Y ' 9y 421 v 9
%0 NIINANIDU mwmau"lﬂmmzfjﬂmqmﬂﬂmummm”lﬂmumﬂmu TAgnN135IUA L
o 1 a 1 3 4 @ :/} a a 1 LY aaa qg;l
Sg]}')ﬁlﬂui3‘147]1\‘1W’J‘V]E]H’iaﬂﬂ'liTJ’E]‘L!ﬂ‘]J"]f‘L!W’JL"Jﬁ'lllﬂﬁuflgﬂUﬂaﬂiEl'lsllﬂﬂﬁ’liﬁ\‘lg]}ullﬁguiﬂ

A aan ~ 9 o 4 [ ~
YN ﬁllﬂﬁ"ll?NﬂQﬂiﬂ1%1%ﬁﬂlﬂi181’ilmﬂﬂﬂx‘iﬁiJﬂﬁ‘VI 1.1

Fe,0, +2Al AL O, +2Fe

R AN

319 1.18 AN SHS-centrifugal (Hua et al. 1999)

vinavestemannildinufivinaduriiuguénaie 89 mm ¥l 5 mm
1aze1 155 mm 1FU11AeYN AR Fe,0, < 5 um 1ag Al ¥1U1A0UN1IART AL 100 — 200 pm N3
ARSI MU IBIATTIMS T 113 nuhaussmyuviesiinng auiinl¥nsada
ﬂjm‘w'am%ﬂﬂéﬁm‘i{uauﬁu%uﬁmm1ﬁﬂ5ﬂ€f’;ﬁuuﬁuuazﬁﬁaﬁwafﬂwﬁw G N 150 -

250
G=rx(2m)’ /g (1.13)

HUNETA G = U5 UNIBY (Centrifugal force)
1<
n = ANULITINTHYU (Rotation speed)
U = 1
r, = saneluvoanie Taviy

g = ANUT s 1109
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k4
1 1 v A 1 < @ o
ﬂ')"lllll@]ﬂﬁ"l\ﬁgﬂﬂl']ﬂcb'uwflﬂ'lflgluﬂﬂlﬁﬁﬂﬂé}'lﬂaﬂﬂ"lﬁ'ﬂﬂaf’N ATULUIAAUIN

[

[ ~ 3 Aa o =1 9 = ~ I ]
uandAegi 1.19 YurrTagueauianunulssua 1 mm AuvNveaezln 1.19 Wune
< 9 £ [ Aaan 9 ) Y Y X a [ < A
MannAaIuNaIuIzHaon laslfnsenmennuiouiln laseasisgaaanuman (U5

A 9 9 A Q) a 1 q’j Aa < a a
A39na19310 1.19) tagmeduigiailuezgiun mineglvesyurunanuazezgiuuna

] Y v
MolAusanyumIes 1ezNaIATIZHA0 XRD Yoadur Yaquautaassagili 1.20

oAl O;
= -FeAlLO,

wl

Ej ok J\ IK_ JUU\ JL»_)\J\J\_A_/\JU\\_,_MIW
20 40 60 30

20, deg.
‘llﬁ 1.20 wamiamﬂm XRD Guawummaau (Hua et al. 1999)

9

Xi tazag (2003) 1dinsAny Inssaduganiauaz auiABanavesuini
1 < Qﬁ: a A [ A a 9 . £ A A 9
NDHANTAURATUASFUAUAADUITANTUNNAAAIYNTSUIUNT Centrifugal-SHS “]Nﬁ\‘l‘l’lhlﬂ
2 v a A X v ]
Av 58UANI1ARREZANMHHENNNAY Taglsnelanesnanszring Al Fe,0, Cr,0, CrO,

. = 3 v A 9 A 1 Y a o 4 A a

1ag NiO 9nNIgUaY CaF2 L‘lJ"IUhJGluig‘]J‘]JLW’E)GB'JfJGlWNﬁﬂﬂﬂl“ﬂﬁﬂ??%ﬂﬁﬁ@ﬂlﬁajmﬂﬂ"lill‘ﬁa

[ 9/::3 [ ~
m"lﬂmm UEANANTNNIIN 1.14 - 1.17
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Fe,0, + 2A1 — 2Fe + ALO, , AH=-836 kJ (1.14)
Cr,0, + 2A1 — 2Cr + ALO, , AH=-530 kJ (1.15)
CrO, + 2A1 — Cr + ALO, , AH =-1094 kJ (1.16)
3NiO +2A1 — 3Ni + ALO, , AH =-928 kJ (1.17)

vinavesemanamuaai ¥ iduiguinataniouen 76 mm A
11910 4 mm 1agAWe12 100 mm Tagtinows lavgwanusspdi lunelune nazdinig
asziindsaniaainu Faldanusisenvesmamisslusevieiinal§asoumn Indiss
aumsii 114 - 1.17 aaﬂ"lcvﬁﬁymmﬂzgﬂmgﬂ Al vieouan wionnunsneglveslans
Fe Cr Nilag ALO, vusufiemanauaalasasadedadinnumnmivd adeaily
unszuIunmImeaIdeuiigamgi 1000°C ifuna 20 1d ediuanuud s sdens
Fa @amsedi 1.3 wazqUit 121 amenmsdiagied TEM wansTuAemdnmaiaad
Usznoumemlaesamu Tusinazies 15 TasuSnaveundesamu luisglinnumunniu

a @ 1 Y < 1 A 4 @ o .
ﬂl@ﬂﬂﬁimﬂ‘]ﬂuqq lﬁ\iﬁ\iNaiﬂﬂ'ﬂﬂlﬁlﬂll‘i\i@]ﬂﬂTﬁﬁﬂ quﬁuwmmﬂm Solution treatment

M 4 H
31U 1.21 2118 TEM uaaaduiin lang stainless HAIWIUNTLUIUNIG solution treatment 9

ganigil 1000°C 1Furan 20 WIR (Xi et al. 2003)
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v Y
M3199 1.3 auiaranaveds Ul Tane stainless ADULATHAT ATLUIUNIT Solution treatment

Higamgil 1000°C Wuran 20 w# (i et al. 2003)

Materials Tensile strength  Proof stress,  Elongation
iMPa) 0.2% (MPa) (%)

Before solution treatment 316 2635 8

After solution treatment 473 259 21

Y
Du tazame (2005) lakimsAnyduiiasdsznousilinuunenouag
(CLCCP) $3WanA10n32UIUN1T SHS-centrifugal N151@% Si0, CrO, Na,B,0, t1az Zr0, #11n
@ ] < ~ A dgl va o ' 0 9 @
FTAUANVUILUY AT AN o nuTY guguanas audaninaiir 1 deatu
a § aan Qs: a ' IS [ {
NISINANTT Crack 11ag Flakes lagiugiuueslinsoruudsuninonosuauiudeannisi

(1.18)
3CuO +2A1 — ALO, +3Cu+ 1194 kJ/mol (1.18)

vinaveuduiuguinasvesnouenuazmeluniedld fe 110 mm uag 90
mm AWAIAY HI CuO YUIA 100 — 200 mesh 1AZ YUIARS Al YU1A 100 — 200 mesh CuO 1Az
Al vzgnrauagrindifundiussydrldateluoneanas Mniuie droa s
aunszitansii uda 191l Oxygen-acetylene yaszibaiiioldmswn ludidunamwnnnds 10
T F2932AUANIMEITO VBT UHIBY B 800 - 2500 rpm taAIagUT 1.22
dnTwannmady Sio, uay Cro, uaaslifiudi cro, Iwasl¥aigngu
<

3 Y '
anad 1HazAmANNIIANBIUOY 1Y 1325 - 1350 HV naaenagili 1.23

517 1.22 15219UN1T Centrifugal-SHS : (1) INF0INYUIHIGD (2) NONDIUAL (3) ENTHANAT

L]
9 A A a = a
AU (4) NAUAADUNDILAY LLAL (5) HAAADULEIIUN (Du et al. 2005)
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1350 - T .
\ e —
1300 - \

1250 4 \
-\ /: —a—si0, .
41 —e—CrQ, \\ . el 12007 *—CrO; \

1150

Porosity / %
oo
Hardness / Hv
o

0 2 4 6 8 0 2 4 6 8
Additive amount / % Additive amount / %
(a) (b)

319 1.23 5 1luaaInavLINITIAY SiO, tag Cro, (a) LAAIBNTNAVDIAUANADAIINNTY

U

a a v A 1 3
1ag (b) LAAIDNTNAVDINUAUADAIINLUUL (Du et al. 2005)

Y o =< @ J
Menga tagaaig (2007) lakimsnyinszuaumsdunsignaislsznon Tag
an a Aaaa 9 Yy 9 o ~ al [ a ~ ~ o
Fmsmnalfasednihdiedesiguugisiuiumatiaus wileawiigud (SHS C-T
Qg: a a 3 a % 4 v 9 us.:} a . { 1 [
process) FURNTIWNIAZFUA TarizHANYNITONADAIBFUAT Intermetallic NOGITTNINNAI
§ aaa < @ 4 9}3 a a o u’j
Tagiuguvealfnsoasdsznouiuliasaums 1.1 &ldsurnadon ALO, Badanuyu
a A 1 Aqy A Y @ o
Anadon Tans Medldazlvaduiiugudnaraniely 82 mm wisnenui 5 mm wazo
2’ o ! ' a 1 o F4 v 4
200 mm AT TURBgUVHINEIZgNIIANNAZ DI IsdITazaenTALazIndedan1 Tall

Tagoymansasnaniliznounie Al Fe,0, CrO, Ni Ti uaz B,C asaumsh 1.19 - 1.23

Fe,0, + 2A1 — 2Fe + ALO, (1.19)
CrO, +2A1 — Cr+ AlLO, (1.20)
3Ti+B,C — TiC +2TiB, (1.21)
Ni+Fe — NiFe (1.22)
Al+Fe — AlFe (1.23)

pansnaaodinldnsuinlodn Ti Ni uaz B,C szsomvauiading
' sldd? A A Aq Yo @ . e Y 3
V0910 11ATU 1nToleN 1¥d 11T UNTZUIUNT SHS-centrifugal Tun1sNAast len1152
¥ > a A Ay v o A Y
WUTOUUUINNY 1960 rpm RIS NV0IFUANATO DN IAuaasdegli 1.24 nazlasead
o a . o d' v g &
9an1AVBIFUAD Intermetallic 1anaasgl 1.25 Usznoudromldianlasyidury Ao FeC uaz

Y Y
1 o 1 a J
FeB dauiilounan Ao Fe ALFe AICrFe tiaz NiFe daulaseaieganiavesdunosvla
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9 v Y
FENINFUAY Intermetallic Hag Ceramic HAAIRIZUN 1.26 VTV 1 A0 FUHI Intermatallic,

a a o a os/l a
VTN 2 A dwmesd USIW 3 A0 FUAQ Multiphase ceramic

(a) (b)

' 9
31N 1.24 1AAIRAVNFURINOTAAWEY (a) HUIAAATI LHAZ (b) HUIAAVIN : (1) base metal

U

(2) intermetallic layer (48 (3) multiphase ceramic layer (Menga et al. 2007)

310 1.25 Tas9a31990719 V09U Intermetallic (Menga et al. 2007)
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v 9
517 1.26 Tnseafeganinvesdumes asz iU Intermetallic 11A2 Ceramic : 5119

Y
AuveIdUmeTIa : USII A AD FUAT Intermatallic YT B Ao dumosive wazuSm C

A9 FUA? Multiphase ceramic (Menga et al. 2007)

Y o o Ia 1
Lee Hazame (2007) laminsanminsduasizinnnasunielune lany
1 @ { n Y a . 3 Y 3 19 :l Y g
wuReINUaNMIN 1.1 ua ldan Sio, aslumsnauasduawadosaz 5 Tastiminau 'l
Y 3 Y} s { ¥ o
Taglonomannain1sueu NIV UIAEURIUAUINAIN 54 mm WU 3 mm 819 300 mm
< [ v A [ 9 1 a aaa 9
ANNTIMYUILYNUTUIZADN 110G (G : AT TTIND) Hazgasziialfnsedisadn
@ ) Qs’ . { Y <
neaau tazthruau linagon XRD SEM tag Vickers hardness 910307 1.27 ueael iy
v Y )
N3 A Sio, FuRNAToUIIINIZTANUUUILIY 2.8 - 3.0 gem” uaziiiofioUn U
a . Y :JI Aa a ] 3 Y <
1A Si0, 080T 4 NFUFHIAADUIYTIWNILHANUHUMILUY 3.6-3.75 glem’ NIHANWG YU
o Ll 9/3 A Aa ] ] ~
2000 rpm 31 1% IdFumINTnNuLiuANAge
v Y
MISIAN Si0, UBNIINILHFIBNUANINHU MU UYDITURAATOULA) Tadana
9/3 a A = 3 ~ A A A d? = c?/l a A A d? 9
TAFURAAR ULANUUAIELANVESURAITNNIY DNIINITAN SiO, MWVAUTosaz 0 1 3
1 03: Aa 9 d? Y A < 9 o A
uaz 5 92FannNNNTHYITURY IdunTunaz lamnsuniivuamnasdie uaaaegin

1 I 3 Aa 1 -4 o w % [ a a
1.29 ﬂTﬂ')']iJ!HNGUﬂQGHuN?Lﬂﬁﬂﬂﬁﬂ'lgﬂ‘ﬁﬂﬁTllaTﬂﬂ Gdﬁ\‘ifﬂgll‘llﬁwuﬂTMﬂ']'i!@ﬂJ‘]JﬁiJ"lﬂ!‘ll@Q

SiO, HaARg1li 1.28
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$ouas 4 (Lee et al. 2007)
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w
w

3.0

Apparent density (gfcms)

[a%]
wm

oo
S O
i (a)
| I I I T T T |
20 25 30 35 40 45 50

Filling ratio (%)
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d‘ ] d‘ % 1 =) . d‘ 1 % LY =)
1 1.27 mmwumuuﬂimgmamwmumimu Si0o, NUANANNYU (a) luay way (b) 11U

1750

1700 -

1650 |-

Hardness (Hv)

1450 |-

1400

1600 |-

1550 |-

1500 |-

O—QC—-09Q—0

51/ 1.28 AmdsFuveAundon (Lee et al. 2007)
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v E 1
517 1.29 Tassadwvesiurasliniiay Sio, (a) Seeaz 0 (b) Sesaz 1 (c) Seonz 3 uay

Y

(d) 59882 5 (Lee et al. 2007)

HANIINATDY Vickers hardness Yo4HUANA SOV TN 118 Intermetallic
Compressive strength 118 Shear strength vostuvionow TnAALERsT I3 19T 1.4 ﬁqﬂ"lﬁ'ﬁw‘?u
Multilayer voanonou INGalia1 Vickers hardness Compressive strength (182 Shear strength g3
e Yequaaiiady auiidaFnadananiinaiisuAundeuntelurefinundas

A 2
INUYU

M319N 1.4 aufranavesne Jaguay (Lee et al. 2007)

Specimen Vickers hardness of Vickers hardness of Compressive Shear strength of the
ceramic layer (HV 1pp) intermetallic layer (HV gg) strength (MPa) metal/ceramic interface (MPa)
Multilayer-lined composite pipes 1300-1800 390-540 340-380 14-24
Fe-Al,O5 composite pipes 1100-1400 200-280 220-300 10-15
G-S composite pipes 950-1100 - 160-240 8-14
Al>O3 composite pipes [3] - - 320 21

. Y o @ 1
Niu tagang (2010) 1dtimsAnyinisindeuidananszyile WC uaz Fe
<] 1 A a 1 A ' @ o d Y
VUHANHADINT NUAINUYIUT 3 mm TﬂfJWlﬂuﬂﬂ']i'ﬂaﬂlﬁﬁﬂﬂ'i')llﬂuﬂ13ﬁ\1lﬂ51$1’ithWiﬂiJ

o 9 o ‘i‘_l 1 o A Aaaa £ dy dy Ay 1] A <
nu Iﬂﬂi%a')ﬂﬂﬂﬁlﬂlﬂ uuﬁaﬂﬂﬂﬂnuﬂﬂgﬂiﬂ’] BUUDNUNADINITAUATIEVIADIVAN LA
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a

Y] 4 | [ =) A A 4 vAa 9 9
mgmﬂmﬁmum{"lml (WQ) WUANATUUTI D AATITHANTANIINTOUAIY DTA UNHN

G
v

4 3 ' [~ 1 {
ﬁmuwﬁmjmm’immaﬂﬁaamma@umm ﬁ@ 1300°C Wf‘]fﬂi‘ﬂﬂﬂﬂﬁllﬁﬂﬂiﬁ!ﬁu@uﬁﬂﬁu
[ A ] 1 1 dy dy A g < Aad Jd o <
GUEN'JETE]Nﬁllﬂilﬂ')"lﬂ\l‘ﬂu”llluuﬁ'?]uslﬁﬂlui]gﬂizﬂﬂﬂlu@‘wuﬂlﬂulﬁﬁﬂleﬁllﬁ‘ﬂﬂll!ﬂﬂﬂ“l]ﬂﬁﬂi1
/S Y o M s A A g & 9 = A
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INDOUTAHENAITT Pin-on-disc-were

Pouring ladle Pipe mold (a) Composite ! (b)
4 v coating
- Tungsten
wire net
Pouring
basket St

Pouring

runner Specimen

location
Cast iron

3 [ o a 1 1 {
31N 1.30 HUNMUAAVAZNMTAUATIZHIAAOUAING (2) LNUATWNNITHABIHIYI 1Az (b)

a5 NoUVD99HIY (Niu et al. 2010)

A [ Ia A 1 a A ~
1317 1.30 (2) HAAINTZVIUMIFUATIZHHAATOUND NANINITIAABUN
[l v 9 1
Yosmanyutazianyuzamumsmdounludnsazasmindunielune ¥0181a10H)
= 1A =Y Y o @ Qy 1 a A o Y 0 a Jq Y=
wasuneluneiamsdududiimsdasudiunsnaidunsgd ldunmhmsims i 19T
9 [ L4 % ~
YNAFUFIFUINAN 6 mm 17 25 mm A3 1.30 (b)
a 4 ~ 09.:} a A [ 9
HaEMIAATIZHHA XRD (3UN 1.31) vessurunaeuiagruanszilsznouaiy
WC, Fe,C, FeQl taz M,C B9z lilimlavesisenauiod luduadouas dutygiuimsina
4
a a [ J a
aasunss We azannsonatulunszuiumsdunsizianiedd Centrifugal casting 113

E4
a v

J o a aaa 1 { a
WosuAIve9 Fe,C mmglﬂﬂﬂaﬂﬁﬂWﬁﬁfJﬂJLﬁaﬁﬁgﬁ'}"N C uae Fe ﬁ@‘ﬂ!ﬁﬂﬂ 1160.12°C BUWI

QU

wasuidunsIed Iduaasfagzla 132
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© © a-Fe
O WC
= M,C
Vv Fe,C

Intensity [a.u.]

| IR Y I N o Db S IR e V! VR
30 35 40 45 S0 55 60 65 70 75
CuKa26[°)

51 1.31 waAinT129 XRD vosAuadeuTaquay (Niu et al. 2010)

1]171 1.32 mwemmnmawuma’omaﬂme (a) Tﬂimﬁmamﬂmawmﬂm (b) Tasaada
gamaﬁwé’wmaqwmwmﬂ WC uag (c) Tmmingamﬂﬁwﬁwmﬂqwmaumﬂ wC

(Niu et al. 2010)
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Y o axt A v 9 <3 a 4 ax
Watanabe LiagaAus (2004) ”lﬂu”|Lﬁua’J‘ﬁwamamamﬂmaﬂazgu“luﬂ Iﬂﬂ?‘ﬁ

a

dy = o as a aaa 9 Y 9 Y d‘
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Crucible o
Heating Furnace Crucible

Molten Aluminu /St/eel Pipe
Inlet 4
™~ Mold
Mold Heating
Furnace .\
Ni Powder

Mold
Shaft

(a)

IMANNAITURG Ni (Watanabe Y. et al. 2004)

steel pipe
L/ pp

Ni-Al intenmetallic compound

Y Iy @ [l o o [ a o Y
5‘].]‘?] 1.34 %uﬂ1u@3@ﬂ1ﬂiutlu3ﬂﬂm3’mﬁ’]ﬁ51]ﬂ’]ﬁ'JLﬂi’]g‘ﬂIﬂﬁ\‘]ﬁﬁ'Nﬂaﬂ']ﬂ (Watanabe et al.

Y Q

2004)

. YR a A Aa ! =<
Antsiferove UagaAMe (1997) 1afAnu1BnTNaveq CaF, NUAAADNITOUNUN

I~ 1 o Y A g A Y o < [~ o Ao Y
VBILHaN Cr-Mo WU CaF, 1/]11’71!11/][]_]1!@113ﬁﬁﬂﬁu1ﬁﬂﬂ6ﬂ@\1l!5ﬂﬁ llagﬂﬂlﬂuﬂﬁ]%ﬂﬂﬂflﬁ‘ﬁ']ﬂ
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= 9 = = 4?’ = =< I 3 d"
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=
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=1

a A a a I [+
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9 a 1 = [ dy () . ] a U 1
Melagangil 200 - 300°C TusznNuABIRULUNY fluorine vz08 Iug1DaATEIzHINIMINDSY

24 { v A v 3 %) 1
ﬂl@ﬂllﬂﬁllﬁzlﬂaﬁlugﬂﬂl@\i CaF, aUUBYITUNNIUNE fluorine LiAE CaF, UHAADNIZUIUNIT

] [ J o =< 9
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Ay Y ' a o Y 3 A
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U
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wiindag TangNTMaaYy CaF, nuiide TaneNTnsiAy CaF, 9z 318msaumunuion
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1.4 aNFUAITNINYIVOY

Pignocco LazAME (1978) (U.S. Pat. No. 4117868) ldsiin1sanansiinsh
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c‘f;wzcl%’mgmﬂwﬂam@@ﬂ"lcnﬁﬁﬁmumﬁyuwi -35 mesh 11 1311 +325 mesh
uazde;mwﬁﬂﬁmummgmﬂ@%md -100 mesh ua lalifin +325 mesh vuravesvie Tanzild
Anplvinaduriuguénais 31.75 mm 012 101.6 mm AoURINITNAADIABITIAIINEZDIA
favie Tanzified1sauazandauantaounifetn nndedulfasodunsisigaiiuly
AWM 1.1 wazasseuify 1500 rpm dauMINARRITY 9 93 iinildeuns
Tanzoonladou q sy

- @aumay (1) ABl Ni0 21.3 g Al21.3 g taz ALO, USum 552591889 g
ANMUSITOUWIAY 2250 rpm
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Furunaeu Tarsnan (M 40) da i uguHIAfe U NN (Mineay 42) Tagdu

9
mmﬁ@uﬁwm%?jmmmumﬂﬁumﬂumTam (Muamv 30)
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Odawara (1982) (U.S. Pat. No. 4363832) lafin1sead@nstinsiineddesiy
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msanIMsnejlvessuAnrslinnelune Tanearemsnauns Al tazimanoon laq i
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Al Mg ag Si iUANANHANUAAIAINIT 1NN 1.5 B9 Al Dyanasuiadfgangil 660°C 1141
o < @ Aaaa
fviuald Aldudnuaulumswn Indvealfasedae
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winden1d si iludrnrugumsn ndvelfaserenndesldguigiiganii
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o 3 mm a1saeAui 1iiimin o8 guiuilume A178 g Fe,0, (200 mesh 11ag 50 mesh) 20 g

a

A [ o 1 o aaan Y qﬂzj 9y Y
auguungl 120°C Wuna 24 ¥ Tue newhl§nsemsenlud aeniniulianuiounas
< { o Y
WHUAIBAINE 2000 rpm LFINYUINIBT 150G 191981 10 w1l aunseane Tanzidudiag
v ' < A = = A
uazlanuanusa1un151iyuToU 1000 rpm 130 100 rpm 3 TUTIHYUINIEL 40G 1150

£ o Y ] 1 < A Y o ~
0.4G cmmwﬂﬁmﬂ:mJwumuuuazmmmumaﬂm LLﬁﬂQﬂWﬂllﬂﬂQ@ﬁN‘Vl 1.6

] Y Y
M990 1.5 11ninveIansdedu (Odawara 1982)

{kilojoules)

Reducible

metal Strongly reductive element
oxide Al Mg Si
Fe203 - 418 323 311
Fe304 408 36 298
Cr0, 265 221 —
NiO 464 153 73
MnQO3» ' 439 337 339

4 1 ] 1 3 A d o <
ﬂ151\1ﬁ 1.6 AANUHULUY mmmum‘ﬁlﬂummﬂﬁmUﬂmuliawﬂgu (Odawara 1982)

Rotation Centrifugal Apparent Hardness,
r.p.m. force, G - density, g/cm’ H,
100 0.4 3.2 1000

1000 40 4.0 1400-1700

2000 150 4.3 1400-1700

Karmarkar tagaaie (1991) (U.S. Pat. No. 5025849) laviimsaadnitian
A 9 @ [ o J 3 a A 1 Y @ ] an
MEIVDINUMIAUATIENNINOTUAIVRIFURIATOVYDIND Tans Ao Taqua 15U Fanou
o J . . a A A an J A o a
A15 1U4 (Silicon cabide) Wazozaiition (Aluminium) TABITNITHABINIGY TAQIATUITS
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9 1 =& a o 0,0911 a A 1 a A [y a 1 Y] 1Y)
msussydn il luve FwmdasuiruRundounoszlilSinavesd uasuuswana19nu sEa
< =q 9
A5950UN 1% 900 - 1000 rpm
an A o A Yy v ] A
ATUTN AD NITHADNAZAIVDIANATULT WAL TansNauIA8nUNoUN
vsspan lmeluneneuneg 1iussmyumies wansaslugali 1.36 Mhanasuns waz Tavy
nauiviaouazaney (e 7) Basuudunaslunsie Mu1e@ay 9) LagiIug e (M

=S Yy [ £ 1 A < o QSJI o A 9 (Bl
11) 1Az oN N3 OUTLAUHINOUN lare HANIZIUVIAD {l]']ﬂul!Iaﬂzﬂﬁﬂgﬂanaﬂﬂﬂl’]q%@
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1 v o 4 o $ Y] Y] <
luvaznyunlesdio@ T unaouYeIBIADS (MNIAY 15) Faa1130lSuszAunIE)
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Moo (e 17) Aaug ldfuman (munemy 19) wazilsznoudnnu Tuansanszuen
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v
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Trarunsae (muaay 31) 1w lwauvazvasuazaisnielune Tans
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R Y .

s

e

d' [ ~ 1 Y YY) a ~ 9
i'].]‘ﬂ 1.36 ﬂ1§1"iﬁ'€]£1’i"§ﬂ\1ﬂ18611!T]@Iﬁ“ﬁ$W5@Nﬂﬂﬁﬂlﬁiﬂlliﬂllﬂ31a°ﬁ$Wﬁuﬂﬁﬁ@uﬁ%ﬂWﬂq’J
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ADUIEAD (Karmarkar et al. 1991)
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51 1.37 Mmivasmsanmelune Tavewdoudums laduasuusauaz Tangwan (Karmarkar

Y

etal. 1991)
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Gy STUY fanils
) naadu wandun G n P YAND (mm) Uszanne
(rpm) 0 t 1 Fe | Cu | SS
1| Nio, Al ALO, - - 2250 | (350-325) | 3175 | - | 1016 |V
2 | Co,0, AL ALO, - - 2250 | (351¢325) | 3175 | - | 1016 |V
3 Fe,0,, Al Fe, ALO, - 1500 | (35)-325) | 3175 | - | 1016 |V
4 | Fe,0, metallicAl | Fe,ALO, | 150 | 2000 | 50-200mesh | 70 | 3 | 100 |V
5 Fe,0,, Al Fe, ALO, | 150250 | - 5200um | 89 | 5 | 155 |V
6 Fe,0,. Al Fe, ALO, - - - 76 | 4 | 100 v
7 Cr,0,, Al Cr, ALO, - - - 76 | 4 | 100 v
8 Cro,, Al Cr, ALO, - - - 76 | 4 | 100 v
9 NiO, Al Ni, ALO, - - - 76 | 4 | 100 v
10 Cu0, Al Cu, ALO, - 8002500 | 100-200 | 110 | 20 v
11 Fe,0,, Al Fe, ALO, - - - 82 | s | 200 |V
12 Cr0, Al Cr, ALO, - - - 82 | s | 200 |V
13 Ti, B,C TiC, TiB, - - - 82 | s | 200 |V
14 Ni, Fe NiFe - - - 82 | 5 | 200 |V
15 Al Fe AlFe - - - 82 | 5 | 200 |V
UYWL - G = Centrifugal force

n = Rotation speed (rpm)

P = Powder size (mesh)

0 = SANVDIND

t= ANUHUIVOIHIIND

1= A2UE1IVBIND

av 9 Y [ 1 o Y 1 1 v 9 9
nuITedduaInanmlannunlasaiu nguarsy lgnszuiunis
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3%V : FeTiO,+6A1+B,0,+Fe,0,

Reactant FeTiO, Al Fe,O, 39
Molar Ratio 1 6 1 7.7989
Wt, Ratio (g) 2.1797 2.3254 1.0000 2.2938 17.9512
Wt. (140 g) 39.1278 41.7442 17.9512 41.1770 140
STV : FeTiO +6AHB,0,+Fe,0,, Iy CaF, Jouaz 1 Taenihmiin
Reactant FeTiO, Al B,O, Fe,O, CaF, 3
Molar Ratio 1 6 1 1 - 7.7989
Wt, Ratio (g) | 2.1797 2.3254 1.0000 2.2938 - 17.9512
Wt. (140 g) 39.1278 41.7442 17.9512 41.1770 1.4 141.4
STU : FeTiO+6AI+B,0 +Fe,0,, 1) CaF, Jouaz 3 Tagiimiin
Reactant FeTiO, Al B,O, Fe,O, CaF, 33
Molar Ratio 1 6 1 1 - 7.7989
Wt, Ratio (g) 2.1797 2.3254 1.0000 2.2938 - 17.9512
Wt. (140 g) 39.1278 41.7442 17.9512 41.1770 4.2 144.2
STU : FeTiO +6AI+B,0 +Fe,0,, 1) CaF, Jouaz 5 Tagiimiin
Reactant FeTiO, Al B,O, Fe,O, CaF, 3
Molar Ratio 1 6 1 1 - 7.7989
Wt, Ratio (g) 2.1797 2.3254 1.0000 2.2938 - 17.9512
Wt. (140 g) 39.1278 41.7442 17.9512 41.1770 7.0 147
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S¥UU : FeTiO,+7AHB,0,+1.5Fe,0,, 1A} CaF, 5080z 1 lagiiviin

Reactant FeTiO, Al B,O, Fe,O, CaF, 33
Molar Ratio 1 7 1 1.5 - 9.3334
Wt, Ratio (g) | 2.1797 2.7130 1.0000 3.4408 - 14.9999
Wt. (140 g) 32.6948 40.6946 14.9998 51.6106 1.4 141.4
SV : FeTiO+8AHB,0,+2Fe,0,, 1A} CaF, 3ouaz 1 Tagniitih
Reactant FeTiO, Al B,O, Fe,O, CaF, B
Molar Ratio 1 8 1 2 - 10.8680
Wt, Ratio (g) | 2.1797 3.1006 1.0000 4.5877 - 12.8819
Wt. (140 g) 28.0784 39.9416 12.8819 59.0982 1.4 141.4




Y

Yoyanunnmsiamanuudavesyui unaeula Fe AI-TiB,

99

32UV : FeTiO,+6Al+B,0,+Fe,0,, auls : ansaseu (rpm)

AHUS 1500 1750 2000 2250 A
1 403.4 540 451.1 513.7 221.4
2 459.8 458.4 468.4 502.5 228.4
3 397.5 390.6 465.3 489.1 194.5
4 461.3 464.2 501.2 490.3 210.3
5 390.4 435.1 545.7 442.6 187.4
6 412.3 420.9 452.4 451.6 189.3
7 405.1 441.6 442.1 453.1 192.9
8 398.6 406.8 389.4 4322 210.2
9 415.4 429.4 369.2 421.7 199.4
10 411.8 410.2 404.3 401.9 186.2
Anag 415.6 439.7 448.9 459.9 202.0

5%V : FeTiO,+6A1+B,0,+Fe,0,, mils : 12 10aaz08av09 FeTiO, (1I119)

273

AHH 1 2 3 Ao
1 522.9 465.7 655.2 215
2 527.3 534.5 687.1 206.2
3 515.1 493 .4 631.2 201.6
4 512.5 455.5 624.3 201.3
5 473.2 4732 741.7 206.9
6 410 506.6 691.1 240.7
7 595.5 523.8 718.5 235
8 510.8 558.9 679.2 231.9
9 464.2 515.1 721.4 226.9
10 438.2 660.1 735.8 229.5

Anag 497.0 518.7 6%8.6 219.5
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STUU : FeTiO, +6AHB,0,+Fe,0,, s : Usmnaiudn CaF, (3ouaz)

AHUS 1 2 3 Ao
1 390.2 327.3 353.6 216.7
2 350.5 3114 416.5 203.9
3 3974 335.7 366.3 145.5
4 372.9 420.4 383.1 139.9
5 468.2 319.2 445.5 225.1
6 495.2 347.5 386.6 147.1
7 458.9 330.1 422.5 145.3
8 367.9 388.4 390.2 201.6
9 468.2 302.7 404.9 205.3
10 492.7 301.5 314.6 231.2
Ainde 426.2 338.4 388.4 186.2
Fanls : SanaumaEIIHaRy (ua)
@WMHUS | FeTiO+7AHB,0,+1.5Fe,0, | FeTiO,+8Al+B,0,+2Fe,0, TR
1 487.1 462.8 241.2
2 408.8 459.8 234.7
3 527.3 429.6 196.5
4 540.0 425.7 137.6
5 470.2 437.5 190.3
6 457.7 412.4 201.7
7 548.4 430.9 198.9
8 574.7 405.7 214.5
9 522.0 465.7 221.1
10 529.0 464.2 213.1
Aunae 506.5 439.4 205.0
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32UV : FeTiO,+6Al+B,0,+Fe,0,, auls : ansaseu (rpm)

AHUS 1500 1750 2000 2250 A
1 989.0 926.0 868.7 843.0 221.4
2 982.2 758.3 835.9 707.3 228.4
3 841.2 846.6 828.8 825.3 194.5
4 966.6 921.8 1340.0 962.2 210.3
5 830.6 811.6 683.1 786.7 187.4
6 893.7 741.7 932.2 727.1 189.3
7 786.7 878.2 911.6 772.3 192.9
8 993.6 907.6 1051.2 861.3 210.2
9 818.4 940.6 940.6 730.0 199.4
10 775.5 913.7 820.1 756.8 186.2
Anag 887.8 864.6 921.2 797.2 202.0

5¥UY : FeTiO,+6A1+B,0,+Fe,0,, mils : na10aaz08av09 FeTiO, (HI119)

.05
AU 0 1 2 3 Ao
1 843.0 1097.7 1225.4 1369.0 215.0
2 707.3 936.4 1136.1 1130.5 206.2
3 825.3 913.7 1284.2 1147.4 201.6
4 962.2 811.6 1124.9 1058.7 201.3
5 786.7 850.2 1074.1 1076.7 206.9
6 727.1 1103.1 1197.6 1173.6 240.7
7 772.3 861.3 1061.3 1531.2 235.0
8 861.3 1066.4 1227.4 1188.5 231.9
9 730.0 1173.6 1203.7 1156.1 226.9
10 756.8 1002.9 1161.9 1136.1 229.5
Anag 797.2 981.7 1169.7 1196.8 219.5
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STUU : FeTiO, +6AHB,0,+Fe,0,, s : USmnaiuén CaF, (3ouaz)

AHUS 0 1 3 5 Ao
1 843.0 966.6 923.9 806.5 216.7
2 707.3 1103.1 846.6 835.9 203.9
3 825.3 962.2 942.7 1092.4 145.5
4 962.2 1017.0 928.0 923.9 139.9
5 786.7 1063.8 791.6 798.1 225.1
6 727.1 1066.4 971.0 793.2 147.1
7 772.3 1206.7 1026.6 1071.5 145.3
8 861.3 1247.8 865.0 1002.9 201.6
9 730.0 1455.0 1206.7 832.3 205.3
10 756.8 1257.5 1340.0 756.8 231.2
Anag 797.2 1134.6 984.2 891.4 186.2

framils : M5AIAUIZUD FeTiO, : Al : B0, :Fe,0, (), finl CaF, $0a1az 1 lagiimiin

AU 1:6:1:1 1:7:1:15 1:8:1:2 Ao
1 966.6 1562.5 1287.5 241.2
2 1103.1 1087.1 1014.6 234.7
3 962.2 1066.4 1430.8 196.5
4 1017.0 1247.8 1628.0 137.6
5 1063.8 1212.9 1467.3 190.3
6 1066.4 1548.9 1851.2 201.7
7 1206.7 1234.9 1500.9 198.9
8 1247.8 1247.8 1164.8 214.5
9 1455.0 1200.6 1415.0 221.1
10 1257.5 1505.1 1159.0 213.1
Anag 1134.6 1291.4 1391.9 205.0
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Abstract. Steel pipe lined Fe-Al intermetallic-TiB,-Al,O;3 composite were prepared by
centrifugal-self-propagating high temperature synthesis (centrifugal-SHS) process from FeTiOs;,
B,0s, Fe0;, Al and CaF, as raw materials. The standard Gibbs energy minimization method was
used to calculate the equilibrium compositions of the reacting species. The effect of adding CaF; to
the precursors on the result product were investigated. The phase separation between less porosity
Fe-Al intermetallics-TiB, with Al,Os layer were affected greatly by adding CaF,. The phase
compositions and morphology were characterized by X-ray diffraction (XRD) and scanning electron
microscope (SEM) couple with energy dispersive X-ray (EDX), respectively.

Introduction

A combination of the SHS-method and centrifugation techniques (centrifugal-SHS) to produce a
composite tube by coating a common carbon steel tube with a ceramic liner, depending on the
exothermic reaction (Fe,O3; + 2Al — Al,O3; + 2Fe + Q) and the centrifugal force. Products of these
processes have been utilized widely as conduits for cement, oil and coal slurry [1, 2].

The centrifugal-SHS process can be used to coat thick ceramic layers in the inner surface
of metallic pipe or cylindrical vessels, make them better performance of high resistance to corrosion
abrasion, erosion and heat [3]. Synthesis material using SHS have characteristics of low energy
consumption, short synthesis time, high product purity, and no environmental pollution [4].

Titanium diboride (TiB;) is an intermetallic compound with a high melting point (~3220 K), high
hardness (Vickers hardness 15-36 GPa), high elastic modulus (541 GPa), excellent mechanical and
chemical properties, and it can withstand an oxidizing atmosphere up to 1850 K. This make TiB, and
its composite such as TiB,-SiC and TiB,-Al,O; useful in a variety of applications including cutting
tool, ware-resistant part, and light-weight armor. Similar composites and TiB,-Al,O3; have been
prepared by SHS, a process noted for its simplicity and feasibility of using low-cost raw materials [5].
SHS is based on systems capable of reacting exothermally to form a self-sustained combustion wave.

Calcium fluoride (CaF;) is a material possessing high chemical and thermal stability and can
improve the fluidity of the molten steel [6].

In the present study, layer coating inside steel pipe by centrifugal-SHS technique from
FeTiO3-Al-B,0s3-Fe, 05 system at the different weight ratio of CaF, to the precursors content on the
microstructure, phases formation and phases distribution of the coating product were studied.

Experimental

The raw materials used in the experiment were FeTiO; (Sinrae SaKorn Co.,Ltd.), Al (Himedia,
99.7%), B,03 (Aldrich, 99.0%), Fe,Os (Riedel-deHaen, 97.0%) and CaF, (Carlo Erbr, 98.0%)
powders. The experimental setup used in this work is centrifugal-SHS machine and controlled speed
motor as shown in Fig. 1.

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of TTP,
www.ttp.net. (ID: 101.109.101.203-19/03/12,18:41:30)
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The outer and inner diameters of the steel pipe were @ 48 and @ 42 mm, respectively. The length
of steel pipe was 150 mm. Rust and oil film were removed by acetone cleaning solution. The two pipe
ends were plugged with wood-block to hold the liquid during the reaction, and adjustment speed were
2250 rpm. The FeTiOs, Al, B,O3 and Fe,O3 powders were weighted in a stoichiometric molar ratio
(FeTiOs ; Al: B,Os : Fe;O3=1:6:1: 1) with varied of CaF, weight ratio at 0-5%. Reactant powder
were intermixed in a planetary ball mill (250 rpm) for 30 min and enclosed into the steel pipe, which
was then installed into the centrifugal-SHS machine. When the centrifugal revolution speed reached
the required speed (up to 2250 rpm), the sample materials were ignited by an oxygen-acetylene flame.
The combustion reaction took about 10 s, after 5 min the centrifuge was stopped.

n @ 6 Q) (&) ©)
i r=a :
v
T =

Fig.1. The schematic diagram of centrifugal-SHS machine: (1) rotation direction; (2) wood-block;
(3) center rest; (4) steel pipe; (5) gripper; (6) controlled speed motor.

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

Results and Discussion

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 evolutions of species were calculated for a reducing atmosphere and as functions of
temperature in the temperature range of 0-3000°C. Calculation assume that evolved gases are ideal
that they form ideal gases mixture, and condensed phases are pure.

The synthesis of product Fe;Al-TiB,-Al,O; composite with the centrifugal-SHS process was
performed under the overall reaction as shown in Eq. (1).

FeTiOs + 7Al + B,0O3 + Fe;O3 = FezAl +TiB, + 3A1,05 T.a=2587.9 °C (1)

Thermodynamic calculations were performed using computer program based on Gibbs energy
minimization method to determine the most stable phase as a function temperature [7]. It can be seen
in Fig. 2. that TiB,, Al,O3 and Fe-Al alloy are stable phases at the whole temperature range of 25 to
3000°C
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Fig.2. Equilibrium composition of Fe3Al-TiB,-Al,O3 system.

Synthesis of Fe-Al Intermetallic— TiB; — Al;O3 system for lining steel pipe. Figure 3 shows the
schematic represent the cross-section of the metal matrix composite (MMC) lined steel pipe prepared
by centrifugal-SHS process. The figure shows two layers of coating and a base metal layer. The
coating layer compound of MMC Fe-Al intermetallic-TiB; layer and ceramic phases layer of Al,Os.

base metal

Fe,ATiB,

AlyOs

Fig.3. Cross section of the ceramic-lined composite pipe

Figure 4 shows the XRD pattern of coating layer that can be identified as Fe;Al -TiB;-Al,03
composite. It is showing that the main components of all obtained products are Fe;Al, TiB,, and
AlLyOs. There is also a small amount of Ti,O3 intermediate phase left in the system. This pattern did
not show the compound of CaF, due to it was completely decomposed at high temperature SHS
reaction.
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Fig.4. X-ray diffraction pattern of FeTiO3-Al-B,03-Fe,O3 system



Advanced Materials Research Vols. 488-489 471

SEM micrograph in Fig.5 (a)-(d) present the results interface of cross-section composite pipe
between steel pipe and (Fe-Al-TiB,) intermetallic layer with varied of CaF, molar ratio from 0%, to
5%. In the overview, the higher density phases of Fe-Al intermetallic were fall to the bottom which

connects to the steel pipe surface ( oy, ,, =6.06 g/cc), while the lowest density phase of ALOs were
float to the top (p,,,, =3.950 g/cc). Meanwhile, TiB; (o, = 4.380 g/cc) has density in between

intermetallic alloy and alumina phase was trapped in the Fe-Al intermetallic alloy. All conditions of
adding CaF, were resulted in TiB; hard particle appeared in the area of Fe-Al matrix. The larger TiB,
hard particle were regularly distribution in the Fe-Al matrix when the use of 3 wt% CaF, (see in Fig.5
(¢)), which confirmed by EDX technique in Fig.6. These phenomena may have come from the higher
reaction temperature when increasing weight ratio of CaF, to the system. It can be proved by bigger
particle size of TiB, that came from higher temperature and longer time to growth when increase
CaF, from 0-3 wt%. But when 5 wt% CaF2 was added, ceramic phases were trapped in the Fe-Al
intermetallic layer and the interface with Fe substrate were parted (as shown in Fig.5(d))

Fig.5. SEM micrograph of cross-section intermetallic composite layer varied with CaF, molar ratio:
(a) 0%, (b) 1%, (c) 3% and (d) 5 %.

Figure 6 presents the results of X-ray mapping of cross-section of the intermetallic coating layer
on the steel pipe. It confirms that the coating layer presence the main element of Fe, Al, Ti and B
which is Fe;Al matrix phase and TiB; dispersed reinforcement phase as being confirmed by XRD
pattern in Fig.4.
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Fig.6. (a) EDX spectrum and (b) elemental mapping of cross-section intermetallic coating layer.
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The proposed mechanism to form composite lined steel pipe can be expressed in Fig.7.

Alzos Alzos

+
+
B .

(Fe-ALTi-B)

L]

TiB 5
Fe-Al Alloy

*
-
Centrifugal Force

Fig.7. Schematic Mechanism

Conclusions

Steel pipe lined Fe-Al intermetallic-TiB,-Al,03 composite coating was successfully produced by
centrifugal-SHS process from the precursor of FeTiO3, B,Os3, Fe,O3 and Al. When increased weight
ratio of CaF, to the precusors from 0% to 3%, the particles size of TiB; that were trapped in the Fe-Al
intermetallic layer were also increased.

Acknowledgements

The authors are pleased to acknowledge the financial support for this research from Ceramic and
Composite Materials Engineering Research Group (CMERG), Faculty of Engineering, Prince of
Songkla University (PSU).

References

[1] H. Wu, L cheng and W Lianbo: Materials and Design Vol. 20, (1999), p. 229

[2] Q.S. Meng, S.P. Chen, J.F. Zhao, H. Zhang, H.X. Zhang and Z.A. Munir: Materials science and
Engineering A Vol. 456, (2007), p. 332

[3] Y.F. Wang and Z.G. Yang: Materials Science and Engineering A Vol. 460-461, (2007), p. 130

[4] Z.D. Hanguang F.H. Fu and Q. Xiao: Materials Letters Vol. 59, (2005), p. 1853

[5] S. Niyomwas: International Journal of Self-Propagating High-Temperature Synthesis Vol. 19(2),
(2010), p. 152

[6] W. Xi S. Yin and H. Lai : Materials Processing Technology Vol.137, (2003), p.1
[7] N.A. Gokcen and R.G. Reddy: Thermodynamic (Plenum Press, New York 1996)
[8] Outokumpu HSC Chemistry” for windows: HSC 4.1 (Outokumpu Research Oy, Finland 1999)



Key Engineering Materials Il
10.4028/www.scientific.net/AMR.488-489

Effect of CaF<sub>2</sub> in Precursors on Steel Pipe Lined Fe-Al Intermetallic-
TiB<sub>2</sub>-Al<sub>2</sub>0<sub>3</sub> Composite Coating by
Centrifugal-SHS Process

10.4028/www.scientific.net/AMR.488-489.468


http://dx.doi.org/10.4028/www.scientific.net/AMR.488-489
http://dx.doi.org/10.4028/www.scientific.net/AMR.488-489.468

Available online at www.sciencedirect.com

SciVerse ScienceDirect Procedia

Engineering
ELSEVIER Procedia Engineering 32 (2012) 642 — 648
www.elsevier.com/locate/procedia
[I-SEEC2011
Preparation of Steel Pipe Lined Fe-Al Intermetallic-TiB,-
Al,O3; Composite by Centrifugal-SHS Process
a,c . b,c*
P. Kerdkool™ and S. Niyomwas
“Department of Mining and Materials Engineering, Faculty of Engineering,
Prince of Songkla University, Songkhla, 90112, Thailand
*Department of Mechanical Engineering, Faculty of Engineering, Prince of Songkla University, Songkhla, 90112, Thailand
‘Ceramic and Composite Materials Engineering Research Group, Materials Engineering Research Center),
Prince of Songkla University, Songkhla 90112, Thailand
Elsevier use only: Received 30 September 2011; Revised 10 November 2011; Accepted 25 November 2011.
Abstract

Steel pipe lined Fe-Al intermetallic-TiB,-Al,O; composite were prepared by centrifugal-self-propagating high
temperature synthesis (centrifugal-SHS) process from FeTiO3, B,0;, Fe,O;3 and Al as the raw materials. The standard
Gibbs energy minimization method was used to calculate the equilibrium compositions of the reacting species. The
effect of molar ratio of precursors and rotating speed on result product were investigated. It was shown that the
composites layer had less porosity as higher rotating speed was applied. The phase composite and morphology were
characterized by X-ray diffraction (XRD) and scanning electron microscope (SEM) couple with Energy dispersive X-
ray (EDX), respectively.

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

Keywords: centrifugal-SHS; Composite pipe; Ceramic-lined pipe; Fe-Al intermetallic-TiB,-Al,O5 composite

1. Introduction

A combination of the SHS-method and centrifugation techniques (SHS-centrifugal) to produce a
composite tube by coating a common carbon steel tube with a ceramic liner, depending on the exothermic
reaction (Fe,O5; + 2Al — ALO; + 2Fe + Q) and the centrifugal force. Products of these processes have
been utilized widely as conduits for cement, oil and coal slurry [1, 2].

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

Tad 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

The centrifugal-SHS process can be used to coat thick ceramic layers in the inner surface of metallic
pipe or cylindrical vessels, make them better performance of high resistance to corrosion abrasion, erosion
and heat [3]. Synthesis material using SHS have characteristics of low energy consumption, short
synthesis time, high product purity, and no environmental pollution [4].

Titanium diboride (TiB,) is an intermetallic compound with a high melting point (~3220 K), high
hardness (Vickers hardness 15-36 GPa), high elastic modulus (541 GPa), excellent mechanical and
chemical properties, and it can withstand an oxidizing atmosphere up to 1850 K. This make TiB2 and its
composite such as TiB,-SiC and TiB,-Al,0; useful in a variety of applications including cutting tool,
were-resistant part, and light-weight armor. Similar composites and TiB,-Al,O; have been prepared by
SHS, a process noted for its simplicity and feasibility of using low-cost raw materials. SHS is based on
systems capable of reacting exothermally to form a self-sustained combustion wave [5].

In the present study, layer coating inside steel pipe by centrifugal-SHS technique from FeTiOs-Al-
B,0s-Fe,0; system at different rotation speed were studied. The effect of different rotational speeds on
the thickness, porosity and density of the coating were studied; the finding was the higher rotational
speeds had resulted in the better coating properties.

2. Experimental

Raw material used in the experimental were FeTiO; (Sinrae SaKorn Co.,Ltd.), Al (Himedia, 99.7 %),
B,0; (Aldrich, 99 %) and Fe,0; (Riedel-deHaen, 97.00 %) powders. The experimental setup used in this
work is centrifugal-SHS machine and controlled speed motor as shown in Fig. 1.

The outer and inner diameters of the steel pipe were @ 48 and @ 42 mm, respectively. The length of
steel pipe was 150 mm. Rust and oil film were removed by acetone cleaning solution. The two pipe ends
were plugged with wood-block to hold the liquid during the reaction, and adjustment speed were 1500,
1750, 2000 and 2250 rpm. The FeTiOs, Al, B,O; and Fe,O3; powders were weighted in a stoichiometric
molar ratio (FeTiO; ; Al : B,O; : Fe;0O3=1:6:1:1). Reactant powder were intermixed in a planetary
ball mill (250 rpm) for 30 min and enclosed into the steel pipe, which was then installed into the
centrifugal-SHS machine. When the centrifugal revolution speed reached the required speed, the sample
materials were ignited with an oxygen-acetylene flame. The combustion reaction took more than 10 s,
after 5 min the centrifuge was stopped.

The obtained products were characterized in terms of chemical composite and microstructure by XRD
(Philips, Cu-K, radiation) and SEM (JEOL JSM-5800 LV analysis with energy dispersive X-ray
spectroscopy (EDX).
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Fig. 1. The Schematic diagram of centrifugal-SHS machine : (1) rotation direction; (2) wood-block; (3) center rest; (4) steel pipe; (5)
gripper; (6) controlled speed motor.

3. Result and discussion
3.1 Thermodynamic Analysis

Thermodynamic were calculations for equilibrium concentration of stable species produced by SHS
reaction were performed based on the Gibbs energy minimization method [6]. The evolution of species
was calculated for a reducing atmosphere and as a function of temperature in the temperature range of 0-
3000°C. Calculation assume that evolved gases are ideal that they from an 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;) + Zhig;° + 2ni(g;° + RTInx; + RTiny) (1)

gas condensed  solution

The synthesis of product Fe;Al-TiB,-Al,0; composite with the centrifugal-SHS process was
performed under the overall reaction as shown in Eq. (1).

FeTi03 + 74l + 8203 +F€203 :FegAl +TiBg + 3A1203 Tad =2587.9 UC (2)

Thermodynamic calculations were performed using computer program based on Gibbs energy
minimization method to determine the most stable phase as a function temperature [7]. It can be seen in
Fig. 2. that TiB,, Al,O; and Fe-Al alloy are stable phases at the whole temperature range of 25 to 3000 °C

3.2 Synthesis of (Fe-Al) — TiB, — Al,O; system for lining steel pipe

Figure 3 shows the schematic represent the cross-section of the metal matrix composite (MMC) lined
steel pipe prepared by centrifugal-SHS process. The figure shows two layers of coating and a base metal
layer. The coating layer compound of intermetallic layer of Fe-Al and ceramic phases layer of ALOs-
TiB,. Figure 4 shows the effect of rotation speed on morphology of the coating in which the higher
rotation speed of 2250 rpm produced smoother and denser coating layer than that of lower rotation speed
of 1500 rpm. Even though SHS reaction produced high exothermic heat of reaction but with fast reaction
of about 10 s and heat sink of metal base steel pipe, ceramic phases and gas were trapped at the inner
layer of the coating. At higher rotation speed, the centrifugal force was also higher that may result in
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higher density phase of Fe-Al moving faster to the pipe surface and produced denser coating layer as
shown in Fig. 5 and 6.
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Fig. 2. Equilibrium composition of Fe;Al-TiB,-Al, 05 system
iy
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Fig. 3. Cross section of the ceramic-lined composite pipe : (1) base metal, (2) Fe,O5 layer and (3) TiB,+ALO; layer

(@) (b)

Fig. 4. Coating layer of steel pipe at different rotation speed of (a) 1500 rpm, (b) 2250 rpm
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§

Fig. 6. Microstructure cross-section of ceramic line pipe rotation speed 2000 rpm ; A : Base metal, B: MMC

Figure 7 shows the XRD pattern of coating layer that can be identified as Fe;Al-TiB,-Al,Os
composite. The XRD data show that the main components obtained from the production are Al,Os, TiB;
and Fe;Al and there are also formations of Fe,B and Ti,03, and intermetallic alloy of Fe,Al,.

Figure 8 shows the EDX pattern of the cross-section of coating layer. It found that the coating layer
composed of the elements Al, O, Fe, Ti as major elements and trace element of Si, C and Mn which
originated from mineral of ilmenite.
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Fig. 8. EDX spectrum of cross-section coating layer.
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4. Conclusions

Steel pipe lined Fe;Al-TiB,-Al,0; composite was successfully produced by centrifugal-SHS process
from the precursor of FeTiO;, B,0Os, Fe,O; and Al. At high rotation speed, denser and smoother coating
layer was obtained. Because of high quenching rate, there is still has some ceramic phases trapped in the
intermetallic layer of the coating.
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