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ABSTRACT

The purpose of this research is devoted to study the effect of the coating surface
characteristic on a steel substrate that attained by the self propagating high temperature synthesis
assisted thermal coating and flame spray coating process.

The thickness of the steel substrate and pre-coating layer, binder and the
precursor systems are important parameters for the self propagating high temperature synthesis
assisted thermal coating process. When the thickness of the steel substrate and the thickness of the
pre-coating layer increased, the coating is less smooth and the adhesion strength of the substrate is
decreased. The coating surface displayed smooth and has good adhesion strength, with the used of
trace polyvinyl alcohol as a binder. When use the precursor system that has a high adiabatic
temperature, the coating surface is less smooth and has low adhesion strength.

In case of the studying in the self propagating high temperature synthesis assisted
flame spray coating process, the particle size of the precursor powder and the distance between
the substrate and the flame spray nozzle are the important parameter. When set up the spray
distance in the appropriate position and reduced the particle size of the precursor powder, the
coating surface is smooth and has high adhesion strength. For the effect of the substrate thickness

on a coating surface is similar to the previous process.
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1.2.1.3 HVOF (high velocity oxygen fuel) thermal spray process
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Gas flow : 20 Ipm
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Dr.Wiriya Thongruang
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Powder Spraying Torch Harris H87
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Scanning Electron Microscope ~ JEOL
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Fomamag YU mmu’%qﬂé (%) Awan
aUMA

Aluminum Powder (Al) 45 93 Himedia Laboratories

Iron (IIT) Oxide (Fe,0,) 97 Riedel-de Haén

Aluminum Dioxide (ALO,) 98 Riedel-de Haén

Titanium Dioxide (TiO,) 36.71 99 Asia pacific Specialty
Chemicals Limited

Boron Oxide (B,0,) 1017 99 Sigma-Aldrich Chemical
Company

Iron Powder (Fe) 99 -

Polyvinyl alcohol

Methylcellulose

Zinc Stearate

Calcium Fluoride (CaF,)

Distilled Water

Calcium Fluoride (CaF,)

Distilled Water

10 - 12 %Zn basis

98

98

Ajex Finechem
Sigma-Aldrich Chemical
Company
Sigma-Aldrich Chemical
Company

Carlo Erba Reagents
Company

Constructed by
Department of Mining
and Materials
Engineering

Carlo Erba Reagents
Company

Constructed by
Department of Mining
and Materials

Engineering




31

sin 25 Tfmﬁiwﬂamﬂeummimﬁuw%‘lumsmam
2.3 MIAVHUMINADDS

LW@ﬁﬂ‘HWI’JLUJTVINNaﬂiuﬂﬂﬂ@ﬂ']iﬁﬂlﬂi']uﬁW’JLﬂﬁ’f)“]J’JﬁﬂWﬁiJ‘]J’Ll 093U

E2
wdﬁd

mannd1 maguiumsiseasaiisdaenlfiseuailuaunsa 2.1 Judfisemaniildlu

au A J aaa A a aaa 9 Y Y o A
N1399Y Lu’E]Q%1ﬂLﬂ‘LlﬂQﬂ‘iEﬂ!,ﬂ111/1’mllTiaLﬂ@‘ﬂq;]ﬂ‘i811ﬂ1’m‘LJM’JEJGI’JLEN‘VIQQMQMQQM],QMEJ

~ a a a 3 a £ g a o Ia
!,WiwuqmﬁﬂuLL@LﬂHLLUﬂﬂﬂJﬂQS%UUQ‘QMﬂ LlagW\Iﬁlﬂaﬂ’ﬂﬁﬁg (FC) Gﬁﬂ!ﬂu!ﬂﬁma@]ﬂmmv‘

U

Y I @ Aa a A @ v A Qy @ 1
ﬁ'nJ']iﬂi‘]ﬂﬂu@?ﬂﬁgﬁ']uﬂﬂigﬂ'ﬂqWj!ﬂﬁﬂﬂjﬁﬂﬂﬁuﬂ‘ﬂW'J‘]fuq']u@'J@fn\‘]

Fe,0, (s) + 2Al (s) — 2Fe (s) + ALO, (s) 2.1)

Y
o

Y
TasmsAnyITeaziTuaULAZITMIAUTUNINAADIAIAD 1)1l



32

= v A A g
2.3.1 MIANHINISUVIUNMTNUIAADVIVDINY

A = I 9 o Ia A o ]
LWﬂﬁﬂBTﬂ')TllLﬂu"lﬂhlﬂﬂJ@Qﬂ”liﬁ\ﬂﬂin'ﬂNDLﬂﬁ@U’JﬁﬂWﬁNUH’Jﬁ@ﬂTU

y_ 9

< ' A v 9 P} A v (aaa 9 Y v
HANNAINIYNTISUIUNITNUIAADD AJYAITUIDU l,!,TJllGhﬂﬂﬁf]llwmﬂ?ﬂﬂﬂaﬂiﬂﬁlﬂﬁnﬁuﬁlﬂﬂﬁl

A0ANQUNNIYA

E]

2.3.1.1 DANIINA 1 : MIATUNTIUNANAIAY

= Av A A 9 1 = 1 3 9 Y
NANHINUIVSTNNSIVDINDUI NFIATONTIUNAUAIAUUTENOUAIIT DI
Y Y Y
TUADU AD NITIASHUHIVDITIUHTUFIAY LAZMTAAUUIAVDITIUNAUAIAUAINGT
= 1 g:' Y d:/l [ dy
MIAFBNTIUNTNAINY UV UADUAIL
v Y v
1. Famsasaeduaudadiuluaunsn 2.1
qgj ] 4 a Jdg &
2. vanaumasnadulddniudlemiesuaueaiadilunal 24 ¥ 1uq
a A A a a sY :’ ] o 1
3. iuasazatenunea hilaueanedodasosay 1 lagtihmiin ludadiu 1
[ [ a Qazl 9 1 o
09 1 NUUTUUVDININAUAIAY LAZUANTUADDN 24 ¥ 114
o 1 ) ¥ Y 9 A a
4. hahuwaui 1@ leuldudehguvgd 120 °C
\ A ' A q v o Y Amo &
5. uaa uraun ldonasadre Tnsauae e Iiaunaudsdunldny sty
Y A = 3 ° ] Y
Aouniivuialug Jvunadnawazannsoi llldaula
[ g.’l % I~ 1 o dy
MIAAVHIAVBATATIUNAHAIAY DZAADDNITIU 5 AIIAI1
1. vua 11N 105 pm
2. YUIA 75 - 105 pm
3. YUIA 53 - 75 pm
4. YUIA 45 - 53 pm

<3 1
5. YURANNI 45 pm

2.3.1.2 DANFINN 2 : MIAILNTUNUAIDEN

o ' a Y Aa Y A A A 9 Aa
1. AAUNUUANNATNUANUNUT 3 mm 1w1ﬂugﬂﬁma&mwuwmmmmﬂ 4 x10

2
cm



33

v A ] 3 @ I v Aaa o J 4 4
2. 5]]@W?ﬂl@ﬂlmulﬁaﬂﬂéﬁ@?@fl"l\?é]ljﬂﬂigﬂﬁyﬂ]ﬂ%aﬂﬂuﬂ'ﬁqﬂﬂlﬂﬂﬁ 80 Lﬁ@

v 9

LW:Uﬂ’mmmﬂﬁﬁmmmawmmﬁmmﬂ

3. guihanuazenluesd laudaniodansilayiin
a d' v A &’ Y
2.3.1.3 DaN5NN 3 : MINMADUIUDIAY

o 1 A dil 9 o uaz} Y A A d? I
MMsnaaesnunasesdy Tagnsimanauasauimsonyulaluvia
a { v 4 [ 4 > 4 3 1 v
waaAnnimsaeouiuNalvesiluan e ldlumstlouminanasdudigulan Tve i
] a a o ] { [ < 1 a 09//
viu'loond - eziwiau (HanulwdlFlumsdaman) neunlal Ivlizyasuidaninandsdu

[ YA o Aaaa [l g a ] < Y o 1
Llagﬂa@ﬂiﬁi\lﬂ'li‘ﬂ'lﬂg‘]ﬂiEl'l@fl'l\?ﬁhﬂu'imﬂ@u%gﬁﬂﬁ\i‘ﬂuW'J"U’fN!LWHLWﬁﬂﬂﬁWG]'J’E—JEﬂQ
=X A Y k4
2.3.2 MIANHINITUIUMIAADUAIYANNIDU
a d‘ A Y Y & v
2.3.2.1 AANTTINN 1 : NITVIUNMTIAADVAIYAIINIDUIVDIINU

mednianiu i 1dvesnszurumsmasudlronnudeununldnlar 1w

a o

[ Aaaa 9 Y 9 @ ~ A 1 [ A A
9181 ATe1N1IMINA8ANBINUHNY tazszydmsninanaMIdUATIZHHIARDL
[ dy Y d:l’ [ Y] dy
Taguauludosdu Tasliduaouninaaos deae il
v Y v
1. Faaenssaduaudadiuluaumsn 2.1
o Y aYY o Y A a ¢ g &
2. vanausaasasau it uaanIssuatoalan 1Wunal 24 %3 1ug
a A a a Y :} ] o 1
3. inasazatenunea hilaueansdodasosay 1 lagtihmiin ludadiu 1
[l @ a qul ) 1A o 9
@0 1 NUUTIUVOWBNNAUAIAY  uazUaNauAeon 24 $aTue oyl
Y
AuraufIduMUAINg
~ ' 3 Y o ' o ' 3 Y A
4. 1I9TOUUNLIVANNAIAIBENE 1AgMTAAUAUIHANAANNANNNUY 3 mm
< ~ > A Y Aa [ 2 9 1Y v A ]
HugdamasunumNNIVNAMIAY 4 x 10 cm” WIBNAUNT YARIVOIUIHY
= ) ' v aa P s o Y o
MANNAAIBINAENTZAIEIATANOUAS lUAIUDS 80 tazMTdUIIAY
a 9 d‘ Y a
a201A 1 ULH IAUAIUIATDI0aNT LTI

) 1 c?/l Y A A d? a ] < Y o 1 Y
5. mmuwaumﬂuwm’imeJumawummmuwumaﬂﬂmmamﬂ‘ﬁumm

Y
nudszana 48 pm (MuumnuaNuvuIveundle 1 ¥u)



34

' < Y o ' ~ A A ya A )
6. ﬂﬂllwulﬁaﬂﬂaT@ﬁ@ﬂ’]\iiu!@T@UﬂQﬂlW@‘u 120 °C LW@jﬁW?lﬂaﬂU@Q@u

¥
NI

a A A v 1 Y a as
7. i}ﬂizmﬂN’J!ﬂﬁi’)‘ﬂﬁ?@fJNﬂ’JEJL‘]Ja’JllW’EJ’E]ﬂG]f - LN aAU

2.3.2.2 Danssudi 2 : Anwmwansznuvesinilsaigg Aemsinde i

Y
daao llil

LY dl ) =
aalsnaulanianane luaudde

k4
v

MIANINANTZNUVDIAINATA19 ABNITIAAD VAT L TTUADUNITNARDA

o qul 9 [ 1 aan aa Y=
. Faensdsauandadiululgnseuainlesanwn
o Y 4 a J o o
. vanaussdsasduliidiudleniesuaueaiian iunan 24 42 Tus

a A a a Y 31 o (% 1
. mnmiazmwuwaa“hummaﬂaaaaiaﬂag 11ﬂ8u1ﬂuﬂ 11.1?{@1?{2114 1

1 @ a :: 9 ' o 4
Mo 1 ﬂ“lJ‘]Jiﬂﬂﬂ‘léll’E]\‘iW\‘iWﬁ'iJﬁ\W]u uaw@wmma?m 24"])”31‘110 %31@]

4
muwauﬁ’qé’fumm?fmmi

= 1 I FUY I o T < Y Aa A
L AATIULNULYANNAINIDY N IﬂElﬂTiGlﬂ!LN’HLWaﬂﬂﬂ1ﬂilﬂ’311ﬂ’iu1ﬁTJJ‘V]

o o A A A Y Aa 1w 2 9 o v A

ﬂmuﬂLﬂugﬂﬁmaﬂnwuwmmmﬂmmu 2 x5 cm WIDNNUNIT VAW
1 3 @ 1 v Aan o 4 4

ﬂlﬁ)ﬁlmut’l’iaﬂﬂ%Wﬁ?@ﬂWﬁﬁﬁﬂﬂ‘i%ﬂWH*llﬂcliﬁﬂfJUﬂ1§ulUﬂLU’fJ§ 80 LagnNI9

Y o ) 9 4 o a
ﬁummmﬁzam“luwﬂ@ummﬂ?m@amﬂmm

) 1 lel Y A A dgl a ] < Y o 1 YA
. uWﬁﬁuWﬁﬁJ@NﬁuﬂMifJiJ"U'LJ‘VHﬁQ“U’LJW’JGU@QLLWL!!WQﬂﬂﬂW]’Jﬂfﬂ\ﬂﬁiJﬂ’Nll

U1 1 mm

1 < Y o [l ~ a A ya A 3 9
. ’e‘)mmumaﬂﬂmm@mﬂmmaqumwgu 120 °C e lvHIAdo UAIAY

¥
LN

a A A @ [l Y a Aas
7. ﬂﬂi%mﬂW’JLﬂﬁ’e)‘Uﬁ’J’é]EJN@’I’JEJHJa’]UlV‘IfJEJﬂ“D' - 91N AaU

4
aov dulﬁ} 1

PILLD mumuwmupiumﬁﬂﬂﬁﬁhath

9
a Y Y a 1 <] @ [l
ﬂ'JﬁJWu’]GU@QW'JLﬂﬁﬂU@N@?I}u aszau ﬂ’lﬁL@I?ﬂwwjllwulﬁﬁﬂﬂg1ﬂ3981\3 mislﬁ!mm%}’au

9 v 9 E4
nouMIasziiaRIndeUAIdY asauAun 1l udunanAIdu tazAnYUZYOIEIUNAUAS

du Tasdunlsuaa

%

IS) d’ d' 1 [ % dy

AN I Nau”lsuGlumﬁmamm!,mmﬂﬂumu
1 <3 Y o '
ANUNUIVDIUNUNANNAINIDYIN : 1.2 2 1A 3 mm
9

ﬂ?WNWHTﬂJ@Qﬁ?Lﬂﬁ@U@T@&IU ;1088 2 mm
g = 9 = (4
fmszau lumsAnewansznuvesdlseau aANYINANTENUVDIA?

v 4 Y
wilsHandutlsdesn Naenumaiiine yiavesdlszau daaIuvednd



35

szaulumsazaedilszau tazdviazanenlsluamsazarodd
24 o v e a A o s
sz Fadulsoeensauaziiou lulunsnaasidase 11l
a [y a a 4 a
1. wiadszenu : wed ltlaueanseed (PVA) naziwiairag lad
2. dadruaesdilszaulumsazaeditlszan  : Sevaz 1 uaz 2 o

v

Wrnpvosasazaenllszau
v o d‘ 9 [ :I Q'J a J
3. gaazanenl¥luasazaredllszany  Wnau uazienaueansdea
~ a ] < Y o [} =1 1 1 a ]
- MINTIUAMAUIVANNAAID619 ¢ U uaE IUMTWUNTWUUAIHY
< 9 o l i o w ' Y A Aa
mannaaegneuiidgledta I 1¥lunsmaouna

o

9 9 [ Aa A A 5 Y = (=} 9
- ﬂﬁi‘ﬁﬂ’ﬂlﬁ@ﬂﬂ@ﬂﬂﬁi}ﬂi3L1J¢]W’J!,ﬂﬁﬂﬂﬂﬂ§lu :mmz‘lam M35 1haw

4 Y

Y i’ 9 1 ) a A A v 9 9 A Y A
TOUIVBIAU NDUNINITIATSIUANIUATDUANAU Tﬂammsaumamuw

9 le @ l 1A a
TaunsuudIog19agNgagll 400 °C

U

LY a { 9 1 3 Y 5 LY a { Y 9 1
- msduaunlludiunaudsdy - Feasduaunlslunsnaass ldun

= a < ~ J J
pzglition ozgiivun mian Innudlowlasenleq uaz Tusouosn laa

£ a \ £ a Q 1 aAan = 1 49/
IﬂEJ’ETTH"G]’JLG]ZJLLG]ﬁ3Gl'Ji]&@liJ@ﬂNﬁﬂﬁ'Jusluﬂ{(]ﬂﬁmmll"llf]\iﬁllﬂﬁﬁf]hlﬂu

Fe,0, (s) + 2A1 (s) + xAl (s) = 2Fe (s) + xAl (s) + ALO, (s) (2.2)
Fe,0, (s) + 2A1 (s) + xFe (s) — (2+x)Fe (s) + ALO, (s) (2.3)
Fe,0, (s) + 2Al (s) + xALO, (s) — 2Fe (s) + (I1x)ALO, (s)  (2.4)
Fe,0, (s)+ 5.333Al (s) + TiO, (s) + 0.2B,0, (s)

—> 2Fe (s) +2.667AL,0, (s)+ TiB, (s)  (2.5)

4 @ 1 ;’f 1 3 a J
- ﬁ’e‘]uhlwmaﬂymzmmmumumﬁu : muwaum&}u%u@ﬂaaaaﬂmaz

FUAN
= | A
2.3.3 MIANHINTTUIUNMSNHIAADY

2.3.3.1 1ANT5UT 1 : MIANBINANILNUVDITZUUSAIAY

= A 9 ) Y 9 ' o Yy
ANNITANHINTEUIUNITAADUAIYAINIDUUWNAU WU TEUVFITAIAUY

9
o

<3| 1 1 o Ja @ @ <3 4
Wﬁlﬂu@ﬂWQNWﬂﬂ@ﬂWiﬁﬁlﬂi?gﬁW'Jma@ll')ﬁﬂWﬁﬂﬂu?ﬁﬂﬁWUlﬂaﬂﬂéjT Lﬁ@\?ﬂ']ﬂﬁzllllﬁ']ﬁ@]\i



Yy A v

V! ' A o Y Ao v Y A
ﬁmnGlﬂfl,uﬂixmumiwumaauuuuaﬂﬁ]mﬁlmmumﬁ“lwam‘ﬂmm’a %mmuqqumm -
9

= a = 4

~ ' o A YA (aa o Y a Y
Lﬂﬂlﬂ@]ﬂ‘ﬂQQﬂ'TI 1800 C LWﬂiﬁllﬂaﬁ81%@\1531]UﬁTﬁﬁQﬁulﬂﬂmuqﬂ@ﬂTQﬁNuim Tﬂflﬁﬁ]g

9 k4 9
MmsAnpangAnssums lvauazmsinalfnsovenanauasduaInszuuasaedulu

aan = d' aan IS d’ U \ dﬂl
Ugasenatiluaumsi 2.1 vazdasouaiiluaunsous dede i

Fe,0, (s) + Ni (s) + 8Al (s) + 3WO, (s)
—> (3W-Ni-2Fe) (s) + 4A1,0, (s) 2.6)
3FeWO, (s) + Ni (s) +8Al (s)

— (3W-Ni-3Fe) (s) + 4A1,0, (s) 2.7
FeTiO, (s) + 2Al (s) — FeTi (s) + ALO, (s) 2.8)
3FeTiO, (s) + 2Al (s) — 3Fe (s) + AL,O, (s) +TiO, (s) 2.9)

3FeTiO, (s) + 4C (s) + 6Al (s)
— Fe,C (s) + 3TiC (s) + 3AL0, (s)  (2.10)

Y 9
HazITUAoUNITNAABIAIT

v Y v
1. Faessaduaudadiulugumaainmmiua

Jd <

o Y aYY o Y A a <
2. vanausaasasau ldnnuaanIssuatoanan 1Wunal 24 %3 1ud
= 1 < Y o (] o ] < 9 A
3. I3 UNUNIINANNAIAIDE19 1AENTAAUALINANNAINYANINHYT 1.2 mm
<3| A A A9 A 1w 2 Y @ = a
AuglTnasuHuANLVNIAMINY 2 x 5 cm’ WIDUAUMIIATHUHINIY
A 4 - 4
Qou'lvn 2 lufangsun 5
) ng 9 d' = Y [ @ ] A
4. Mwanaudsdunes oy 13 alunsznhzveaivivnaon
Y 9 le @ [ $ A
5. T¥inMuIauUAFUIUAIDE QU N sEIa 400 °C
a :xl 9 9 a as 9 o 1
6. nszdansnauasaudlenlarlioons — ozaniau wiowludumsvu

A a Qy @ [} A A 9y
ma’aumuummawmmmammmmJ"I,a

a a = v =
2.3.3.2 NANTINN 2 : MIANHINANIETNUVDITSUSNMINUIAADD

1 [ a Q" [ ] A I~/ o d! d‘d
3282119 NIV UIUGIg 1Az ad IR ol udqualswitand

[ 1 1

9 a A = Y o ) OEJ} Yy A g
‘ﬂ')']?Jﬁ']ﬂﬂJ@l@ﬂ?ﬁﬂ@gﬂﬂlﬂﬂﬂjlﬂaﬂﬂ NulmfnmiﬂﬂaaﬂﬂﬂﬂﬁumﬂNﬁmm@umﬂuiz‘uu

9

=

9
@ a aaa l J v w1
asasdunansamalfnser laedsauysal uazldlaanuiiumaaon w4l



37

NIZUIUMTNUATOUNOANH INANTENUUDITLEZ MINUIAADUADAUA DD U TAANTY F9Y

NITAUITLOLHIN 5 10 Az 15 cm AUAAL
2.3.3.3 DONIINN 3 : MIANHINANIZNUUDIVUIAVDININTNAINU

Y k4
1 ' @ IS
mﬂﬂﬁwmmwumﬁamﬁmﬁ}uwu’n EU‘L!'IWU@QNQNﬁMﬁQg]}uﬁNﬁﬂiZVIULﬂH
1 1 v a = o =2KX o 2 a
E]EJ'I\‘]?J'IﬂG]@ﬂ'Iiﬂ@gﬂﬂl@ﬂﬂ?!ﬂﬁ@ﬂﬁlﬁﬂwau iN‘V]'lﬂ'li‘VlﬂﬁfNIﬂElﬂ'liﬂiﬂlﬂJﬁﬂu“ULlW]GUENPN
qul Y I ' Y dy
HENAIA T UEDIF VU AT
1. vuU1A 75 - 105 pm

< '
2. YUIAANNI 45 pm

A Y
2.34 ﬂ1§°ﬂﬂﬁﬁ)‘].Iﬂ31N1!ﬁﬁﬂlﬂﬁﬁllﬂﬁﬁ)ﬂ3ﬁ@WﬁN

4
U

= [ 1 dy
Nﬂluﬁ’i)uﬂﬁ‘ﬂﬂﬁ@ﬂﬂﬁﬁ@ﬂ,ﬂu

@ 1 @ ay % [ 4 9 @
m??ﬂumamﬂﬂammﬂ%mmmamﬂuumm’m LﬁﬂiﬂlﬂuﬂWﬂﬁﬂ"U’JN

—

Y
a [ [l 1 a v A v Aaa 4
VOITUNUAIDEN WAL FULATARINTNABATZATHTATANOUAS LA
[ o w 4 @ 4 o v 9
TagiaGesdwunnues vew llduvesaziBoanudrdudienuryu
o @ [l { Yo a 9 [ a o w
2. e lddariazideatiensinozgiiuivua 5uag 1 um Aua1eL
uumumgmmuﬁwﬁ’ﬂwmﬂ
o 9 2’ Q'/ o 2‘ O'J 9 4 %
3. Mmanuazeaaleil uazduimanuazoialuinaudlenIeidansi Tu
A
o [ ~ ~Aq ¥ ] dy
4. M linaasunnuuds Tagianizildénaaon dail
Y
WIHUNNA = 4.905 1IAU
NANALY = 10 IUIN
fasvenslunisiasesna = 100 1M1
UIUYANA = 10 A
=) - - z:‘ tﬂ‘ a a\ td'd
¥HUANINA = WanamwsJUnsadmmasuilsianiyulmeuvay 136
0971

1 [ a 4 o {
5. MIVIAMANULVILUUINNDT (HV) mummmﬁmm’u#ﬁ 2.9



38

HV =—0'1§?1F MPa 29
Lf;’il d= Lﬁ'umwmmmiaﬂﬂﬂ = (szdz) (mm)

F = usanlgna (N)

Y =<
2.3.5 MINAGIUANNMUNIUNITANTITO

a A A v =
5‘]]‘“ 2.6 Lﬂ5'fN11@Gluﬂ15ﬂﬂﬁ@ﬂﬂj’]ﬂ@ﬂﬂﬂ1ﬂﬂ’]ﬁﬁﬂﬂﬁﬂ

Y

k4
U

= 1 dal
TuapuMINagouaias 11/l
[ Y )
1. HIAT0INATBUANUMUINUMITANHIOAAAILUATDIVAAIDE1IAAULTA
Tuzil 2.6
n'J oy Y =1 3’ [} Qy (% ] 3 3 1 v o
2. Fuhmingaz i uNNINNEAYDIFUIIUAIENNANTININBUUATHAIIN
NSNAAOU
o 9 = =\ A 9 [ dy
3. i linagsuanudrumumsanvse Tastanznldnaaey dail
< 1
AVFINUKY = 200 TOUADUIN
v Aaa 4 o
ATZAHIATANOUATS UG = 1103 320

nalumMsnaasy = 0 15 30 45 1ag 60 UIN



39

2.4 m3autumsnaaslagagyl
9 v k4
an v 1 [ = =2 v A
AINIINAADILASUVUADUA N muﬁm"lugﬂ‘n 2.7932.9 AU

~ A Y, ¥ ) A o (aaa g Y Y o -
NIINAABIN 1 53'U‘]JﬂTﬁLﬂa@Uﬂ38ﬂ31u5@ullﬂﬂ1“]ﬁ!ﬂﬁ?1wﬂﬂ?ﬂﬂﬂaﬂi81ﬂ13ﬁu1ﬂ38@]3l@\1‘ﬂ

UMl
E] U U
)
NG RPN
v Y v Y
seuunlddrunaudaduniieng v seyunlddrunaudiduilunoaaons
\4 A\ 4
) A Sy v A
VANANARF1TAIAUAILATOIUA PANAUAEITAIAUAILATOIUA
\4 v
o a2 v R
ATIUAITUNIUAIDEN Wwuasazanevesdilseau uag
VANEUADDN 24 B2 Tug
\4
S z?/’ 9 a Qy
AT YUNIN A UAIAUBIUUAITUIY 4
F
INTINAIFUNIUAIDE1
\4
a a A 3 Y 9
yasziarunaouawdudelad Tyl L 4
v v F
e1FuYn3en SHS MAIUNANAIAUAIIUAIRIDE19
Y v A PN
wazav Inunalumeungumgil
\4
ASIVTOUANHUZANIE (SEM,
A a A K 9 o9
EDX, XRD) DRI e LI TN TN AT TN !
I werisuilgnsen SHS
v
A5IVFTOVANHULINNIE (SEM,
EDX, XRD)

9
o

i 2.7 duseumsindoudrennudounnuldlar Tvideodel fiserdnntdredei

Cah

UNYNYY



v

0INQUNNNYI

Qo

4
U

1N 2.8 71

UG

N

40

a ’ Ay ) v A o (aaa v Y
N1INAADIN 2 izll‘]JﬂTiW‘L!Lﬂa@‘]J@1’JfJﬂ’JUJii’JuLL‘]J‘]JGl“HL‘]JaTJ]lWVlﬂW{EJ‘]JQﬂiEJ”IﬂYJ“H‘Ll”Iﬂ’JEJ

Y
HE TR

\ 4

v 9

Y v A Y o
UﬂNﬁNiﬁHﬂﬂuﬂ?ﬂWﬁ@QUﬂﬂ?ﬂ@ﬂﬂﬂa‘NﬂJ24%31%@

Y
I3 JUAIFUNIUAIDE

\ 4

WA UAIUUAIDENAIINTLUIUMINUAADUAE

v
AITUIDU

\4

AT VANHUZANIE (SEM, EDX, XRD)

1 A 9 Y 9 A Y] aaa Y Yy 9 @ A
@]’6)1!ﬂ1'iWulﬂa'ETUﬂ’JEJﬂ’ﬂiJ‘ifJULL“U‘]JGl‘HL‘IJa'JllV‘IWfNﬁﬂﬂ{]ﬂi81ﬂ1’31’iu1ﬂ’38ﬁ’3m\‘1‘ﬂ



41

v 9 ]
PMINAaBdii 3 N3N ENFUNNENATOUANTAYOIR AT TaqHEN

QSI U 1
FHITUAIDYN
\4
A 4 A 4
@ Y I @ @ 1 1 Y a @ YA 1w v v Qy
A liIAuMAGAYI1UD 10819 LAz HADAIBIT T dalatvam I uFL Y
A 4 A 4
v a g v Aaa 4 v wa =2 a A
ardenIzmbiaganeus lug uazkaia NATRUAVIAMITANIZVOINUAADY
2gNUIMUAIND
v <
NATRUANIANNUIU

4
U

319 2.9 7

4 ]
ABUNITIATINTUNUNONATOUANLIAVDIHUATOU TAQHEY



a d
HWANIINAADINAL UATICHNANTIINAAO

av Q’j dy ] I 1 A 1 A & g o
wamm%iummumaamﬂu 3 87U Ao grunviaturansAIIe

9
a %

a 4 o a aaa @ {
AnTzingunwamaas vesmsnalgnsemsdnuidlednesigungiigauesdsag
9 1 [ ~ I o Ja A Y] Aa v
Auluszuvang daudasailunamsdunzirundouiaquay Tas TnszHanyuzng
1 ana a J 4 a I a
NENINIINNNAIEAINADIAINDA AT IZH IRz NOVVBIHINT DU TAgHANAIMATR
dy Y v A J a Jo o a 9 Y 4
MIAEAVUAITITONT  (XRD) 1Az IATIZHANHUZNNTUTIUINGIAINADIgaN5 3Ai]
ad 1 o w 1 <3| va a a
B1anATEUIUDABINTIA (SEM) audiau tazdrugameaijunamsanuauiainavein
@ 1 < < a Y
wasuaguay TagAny1A1ANLAL (MINATOUANNLIIVBIRNAAD D TAAHEN) 11AZAIW

< a @
umuﬁﬂumiﬁmmz (ﬂ'liﬂﬂﬁ@ﬂﬂ'ﬂTﬂJé]}'IHﬂ'IHﬂ'liﬁﬂW‘i@) ﬂJfJ\?W’JLﬂﬁ@U’JaﬂWﬁN
d d
3.1 Nﬁﬂ1§3!ﬂ51$ﬁﬂ1ﬁqmﬁ‘waﬂ1ﬁﬂi

a J @ @ @ a do A . e . .
114miamiwwmﬁﬂwaﬂmiwawmﬂuamﬁ’qm (gibbs energy minimization)

o Y 9 . . . A o P
Glumﬁmmmmmwmuﬁuqa (equlhbrlum concentration) mmmiwammmﬁmu

a

aaa 9 9 9 o A
NILUIUMIVRIUNNTEININIIAIEAUDINQUHIFI (Gokeen et al. 1996)

@ ' o t g
WAMIUeIN13Nogueses SUINIINNITaAaIv0UsToIMATUTY
o o ] a 1 o aq Y J (24 a
Hendulurreguugiiszrang 0 89 3000 °C wazlumsdnnuaundldiduannzunagaund
4

) a | [~ a
(ideal gas) UAZMIHAVVBLNAYANAR LazWAAIULUY  (condense phase) HUWaVTgND

@ a J (% !
NAINUNUTTINUDITS U ﬁ1N1§ﬂLLﬁﬂQVlﬁlﬂ\1ﬁNﬂ15ﬁ 3.1

G=>n(g; +RTINR)+ S g+ (g +RTInx, +RTIny,) G.1)

gas condensed solution

42



43

4 Y a o s o a LA
Lﬁ@ G ﬁ@ WANUNUATINUBITEUY, Q; ﬁﬂ Illa’]iu’]@lii’]uﬂl@\iwa\i\ﬂuﬂﬂﬁm@ﬂﬁ’]i i NAn
A

ANNAUIazgUYgl, N, Ao Swauluavesas i, x Ao dadiuluavesds i uaz y,fo
9

aag

4
duilseansuennInvesans i
) 9

A =2 o’j ~q Y (aaa A I Aaan [V
Lui’)\‘li]1ﬂﬂ”liﬁﬂH”lﬂiﬁu(lsb’ﬂ;]ﬂiﬂﬂuﬁi\lﬂﬁ‘ﬂ 2.1 Lﬂuﬂgﬂim‘ﬂﬁﬂ"ﬂﬂx‘lizﬂﬁ
[ Ia A [ @ <3 Y o o’j 2 o a L4 I 9
NMIAIUATICHHAAADUITANTUUUITATIULYANNAN muummmiamﬁzwﬂ’nmﬂullﬂllﬂ
4 o 4 = = [ c!y
NNYUNNAMTAATUDINITAUATIEN Tﬂﬁliﬁﬁlﬁ%l@ﬂﬂﬂ\‘lu
9
MnaumsUfnsedenaiuannsafiamguugiteRenuan ldaae
T1/sunsu HSC Chemistry® FIWAUNINY 3527.6 °C (outokumpu HSC chemistry® for windows,

HSC 5.11) 4aznuanns (5554 2552) ina Ufnservesssuumsdunsiziamisn

v
=

a aaa 9y Y dg’ JyY o A g aaa 9 = a = Aa 1
Lﬂﬂﬂg‘]ﬂiEl'lﬂ'l')ﬂu'lellullﬂﬂ’lﬁlﬁ’lmﬂ mmﬂuﬂgﬂiﬂmwmmmuwuqmwgmmmmmmqm’n

Y
4

1 4
1800 °C F491NMIAUIUTUNYD 52VUMTAIATIZHINguMglto@enUAngIN1 1800 °C

a

&K A o s o < 9y aaa 9 Y o A
i]\?ﬂ'f)')'li$'ﬂ'ﬂﬂ'l'i’ﬁ\?lﬂi'lgﬁullﬂ'ﬂlllﬂullﬂvlﬂmﬂﬂﬂ?iﬂaﬂi81ﬂ13ﬂu1@’)8@]3l@\1ﬂ@.mﬂﬂm’gﬂ

lusgnumaialfisendmiidieduesfigaugiques Fe,0, uag Al
dUAINIY (interaction) iz‘ﬁ’jNﬁulﬁﬂﬁmﬁﬂiﬁ}ﬁﬂﬁﬂ'fJg‘lJGUfo,’fTiﬂ‘izﬂﬂﬂﬁﬁﬂﬂmﬂuqﬂqﬁ
Tﬂﬂﬂﬁﬁ?&lﬂuﬁumuizwdnmn (intermediate) ﬁyummmﬁmam"lﬁ'ﬁ’nﬂﬂﬁmﬁav%uyu
msfanazmanziuaniulylidves§AsmanTusunsu  HSC chemistry” H191n13

[

o 1 Aaaa A I~ Qld' a 4?’ QBJI 1 =\ dy
annunun dgnsensianuiul)Idnnaduluduaouszrinananiiaa

Fe,0, (s) — 2Fe (s)+ 1.50, (g) (3.3)
Fe,0, (s) — 2FeO (s) + O (g) (3.4)
2Al(s) +1.50, (g) — ALO, (s) (3.5)
1.333Fe,0, (s) + 2Al (s) —> FeALO, (s)+ 1.667Fe (s) (3.6)
8.934Fe,0, (s) + O (g) — 18.868Fe, .0 (s) + 8.9340 (g) (.7)
8.929Fe,0, (s) + O (g) — 17.857Fe0, ., (s) + 8.9290 (g) (3.8)

~ Aaana 9 Yy 9 [ ~ a A [ d?l A =
ngIn 3.1 dgaseiamihaleduesngurgigusunegluuiesgn
guinlasNMaIves Al (660 °C) Taoh Al vz 1Jaagi) (reduced) Fe,0, ymiziviaoumad u
a 1 < a (% 1
VsaUIveIm s 1udl (combustion front) tazlimsnegiiilu Fe 8ersz waz ALO, Ausu

A 1 a 9 Y o Aaan [ 1 A =~ a dgl o Y a
Tueumsi 2.1 ualagilnaual Fe,0, 1ninnlgasennu Al neunazimsaazilinaau sirlvina



44

1 . . 132’ A aan =) dl 4‘ aan dy
MasernIenan (intermediate phases) mummuﬂgﬂimmﬂuﬁumﬁw 3.6 L‘Ll’f)xiﬁnﬂ‘ﬂg(]ﬂiﬁl”lu

= [ a o aan o' U [ a o aan d'
llWﬁ\‘I\‘l"luﬂ‘UﬁIﬂfJi’nJ"U@\iﬂQﬂiEJ”IG]Tﬂ’NW@NWUﬂUﬁIﬂﬂi’JSﬂJi’NﬂQﬂiElﬂuﬁllﬂﬁ‘ﬂ 2.1 uag

]
AadA o [ o

Aaaa = 4' q’j ] a dy Y 1 a =
ﬂi‘]ﬂiﬂ”llﬂllcluﬁllﬂﬁ@u“] uu"lummmmwuu“l@”lumqqmwgmmmimmﬁzwmmaau
A A v a I aaa A A [ aaa = A
Lui’)\‘]i]”lﬂllWEN\‘]"luﬂ“]JﬁIﬂﬂi?ﬂﬂlﬂﬂﬂgﬂi&ﬂgﬂi\l"mmamfJ‘].IﬂlI']JQﬂiEﬂLﬂiJiUﬁiJﬂﬁV] 2.1 uag

3.6

4000 §
— AN 21
—— N5 33
3000
—&— AN 34
o
. —— AU 3.5
——AUNEN 3.6
3 .
Y 000 —o— Uil 37
=
]
- —— AN 3.8
0
500 1000 1500 2000
-1000

-2000

Temperature,°C

d' [ % 4 1 [ a 4 aan =\ ~ =
3‘]]1’] 3.1 ﬂ’JHJﬁlIWH‘ﬁi%W’JNWﬁQNUﬂﬂﬁﬂlﬁlﬁﬂ{]ﬂ’iﬂ%ﬂuiuauﬂﬁﬂ 2.1 uog 3.3 99 3.8

Tur199ungiiTe a1 0 - 3000 °C (WUgIMMIAIUININ T15UNTH HSC Chemistry®)

aaan = d' 9 Y o aan dd’ dl 1 dld
u@mmﬂgmmmﬂuﬁumm 2.1 ua1 1@“1ﬂ§]ﬂiﬂ1lﬂh@u‘] NITAINANG
=<

1 [ a A o I FY a I 9 P
ﬂ@fﬂﬁﬂ@gﬂsll@\iW'JLﬂﬁ@ﬂﬂu’lﬁ'ﬂ‘:ﬂ;TULﬁﬁﬂﬂaTNWW%'ﬁﬂ!']ﬂ?TMLﬂuulﬂulﬂﬂTQ@‘ﬂ!ﬁwaﬁ']ﬁﬁﬁ BN

IS) =) % J dy
Eﬂ$NiWﬂﬁ$L@ﬂﬂﬂ\W]@Vlﬂu



45

A k4 b4
3.1.1 AITUIUMIUAADIVAIYAIINIDU

9
v 9

A o A 9 @ Ia A @
Wwehasasau lugunsn 2.1 llﬂ”lﬂf!umﬁmmﬁwwmmaauuma@gm

' ]
Yo

I~ ) 1T A A = =< Y 1 @ <3 Y
mannamun Andeud Iddulinnuaguse tazdame 18 liduuigagumanndi
A Aaaa = aaj 9 ~ 09/1 = o Aaaa 2K o Y
iosnnlnseuniivesansasduluaunsi 2.1 Tulinnuguusannvazihil§nse 1l
a = A o Yy = k2 = [ 2K o a v A
Aundouidunied Idianuuguse vazdame 18 iduuiaagu Seihmaauasdudu
a di Yya A = Y = [ slddgl v A

vutaas il e ldiundoulinnuugusziosas uazdamzigggiuldatu Tasasanan
{ A 091} 3 1 a 4
mdAvaa I luszoumsasduniuldun ezgiiun (ALO,) Innuiienlasenled (Tio,) Tuseu -

4 a < 5 1 a v A I
pon las (B,0,) prgiitiion (Al uazian (Fe) Fuaazatavesansanauszinnmiullla

' A o  Ja T o Y = J Yo w o
lumsnegilveswdasusinuanarany uaz latinsaneianudulllaiudrensdn

v v
a a v 9 o
Qmﬁgmgmaﬁu,mmmmiw‘ummmuuuq

Ugnseuai Qe NIIALLAD aumshi
(T,», °C

Fe,0, (s) + 2A1 (s) + 1Fe (s) — 3Fe (s) + ALO, (s) 3096.2 3.9

Fe, O, (s) +2Al1 (s) + 1Al (s) 3207.3 3.10

— 2Fe (s) + 3A1 (s) + ALO, (s)

Fe,0, (s) + 2Al (s) + 0.2AL,0, (s) 2847.9 3.11
—> 2Fe (s) + 1.2AL,0, (s)

Fe,0, (s) + 2Al (s) + 0.3AL,0, (s) 2678.4 3.12
— 2Fe (s) + 1.3AL,0, (s)

Fe,0, (s) +5.333A1 (s) + TiO, (s) + 0.2B,0, (s) 2919.8 3.13

—> 2Fe (s) + 2.667AL,0; (s) + TiB, (5)

o a = a 9 9 dy < J aaa 3 Y =
mﬂﬂﬁmmmqmmmmmmm@mmN@umzmmﬂunﬂ01 ﬂgﬂﬁmuumuu

a

= a 1 = ) aan 1 dal Y o Ia A 9
PUNYULUBIAYIVANFINIT 1800 °C mmmmmﬂJ;]ﬂ'immmu'lﬂhmmﬁwmma@uma

QU

a Aaaa 9 Y Y o ~ a 4
LﬂﬂuﬂﬂgﬂﬁEﬂﬂTJ“ﬁuWﬂﬁﬂﬂﬁL@ﬁﬂ@ﬂlWﬂquqﬂ

U



46

| A 'Y k4
3.1.2 PITUIUHMINHIAAIVAIYAIINIDU

Unseunil gaungiueAauAn  aunish
(T,», °C
Fe,O, (s) + Ni (s) + 8Al (s) + 3WO, (s) 3406.8 2.6

— (3W-Ni-2Fe) (s) + 4AL 0, (s)
3FeWO, (s) + Ni (s) +8Al (s) 3093.3 2.7

—> (3W-Ni-3Fe) (s) + 4ALO; (s)

FeTiO, (s) + 2A1 (s) — FeTi (s) + ALO, (s) 2053.0 2.8
3FeTiO, (s) + 2A1 (s) — 3Fe (s) + TiO, + ALO, (s) 2861.3 2.9
3FeTiO, (s) + 4C (s) + 6Al (s) 2379.3 2.10

— Fe,C (s) + 3TiC (s) + 3AL,0, (s)

° a = a aaa A A Y
namMsAaungiuems  tuanveslfnen  Tuaumsaiinlyly

v
9 K

] A Y 9 1 aaa 1 dy a aaa Y J Y
NIZUIUNMITINUIAGDUAIIAITUIDUNDIN ﬂ;]ﬂ'immmummmmﬂﬂgﬂiEnﬂnwmﬂm"lﬂmEl

@ A | aaa A a = a 1

[2RIBN LquFﬂ’lﬂlﬂuﬂaﬂiEI'WIquﬁﬂ"ﬂll@!ﬂﬂllﬂﬁﬂﬂ'lﬂﬂﬂ'l 1800 °C
d o

3.2 HANSAATIZHANHUSMIMEMN

Y] dy a L& Aa = A o 9
Glu'ﬁ')u%33!ﬂ51$1’7ﬁﬂ‘]§1ﬂ!g‘ﬂ%iﬂ']ﬂﬂTW“U’fNW?Lﬂﬁ@ﬂﬂﬁﬁlﬂinﬁﬂlﬂiuigﬂﬂ

' v ' v ' A o a
AN AWRNTNDIYIINNABDIDIINTNDITUAN Iﬂfﬁ]gwFt]’lim']ﬁ\jﬂ:]’lilﬁu’]lﬁu@m@\iW?lﬂaﬂuuaz

Y]

=< a A [ dy 9 d! 1 Aa 1 tﬂ' [ dy
miﬂmmzmmmmaamma@gmﬁlumamu Gmfﬂwmwmﬁmﬂmmawau"leumu
A Y Y
3.2.1 PIZUIUMINAIVAIYANNIOU

3.2.1.1 HANSTNUUBIANUHUIVBILNUIHANNAIA 0L



47

T <} Y 1 J 1
ﬂTﬂﬂTiﬁﬂH"Iwaﬂigvl'i_l"llﬂﬂﬂ'NN‘Viu”I‘Uﬂﬁ Llwulﬁaﬂﬂé}'] @'J'E)Eﬂ\‘iﬁﬂﬂ'ﬁﬂﬂzll
a A = = = o N Y <] Y A
VDNHNIAUNADUY IﬂﬂﬁﬂB'lL“]JiEI'LILT]fJ'LIﬂHiuigﬂﬂﬂi"lﬂmulﬂaﬂﬂﬂ'lﬂﬂ')'liJWu'l 1.2 2 18% 3 mm

1 A A Y < Y o 1 A d? a A A o 9 ~
NUN mamaﬂ16111,mumaﬂﬂmmammummwmmﬂmu N?Lﬂﬁ@ﬂ%ﬁilﬂﬁz?ﬂﬂﬁ]zﬂJﬂ’J'lll

[

dg} =< v A Y 9 o w [ A A
VIVITNINVULAS i]zfJﬂLﬂ'l$ﬂﬂW’J?ﬁﬂﬁ'luulﬂuﬂﬂﬁwniJﬁ'lﬂﬂ muﬁﬂﬂugﬂm 3.2 14BN

] < o ] [l { A -4 [ A
ﬂ')'lllﬂu'ﬁl@ﬂlmul‘ﬁaﬂﬂé}'lﬁ'cl'ﬂfJ'NfNW@ﬂi8‘VI‘UﬁQﬂ’J'lll%@Hﬁ!ﬂﬂﬁu‘lui%ﬂﬂﬂ'liﬁ\i!ﬂi'l%ﬁﬂ?

A 1 3 Y o 1 A 1 ddy A A 9 14
NI Iﬂﬂ UAHIUANNAT I INNUAIUURUININ NI %Zilwuﬂiuﬂﬁ@,ﬂﬂﬂuﬂﬁ'miﬂu Ul,ﬂ

9 ' o o o

v ay Y T Ao Y 9 (=1
UINNNFUIUAIDYNNUANUUUIUDYNIN 1/1ﬂwm’Jmmuﬁzﬁuiuizuu"lmwm NOHINITU

9
v 9 v W

a Aaaa 1 4 a A 9 o Ya A A o Y o
manalfnsoednauyssivesduadoudedula naziliiuadeuidunsizd 1a dudady
a o Y 3 9 = o 9 < = 1A = v A Y
A iaag Idiisaantios ez ldanundnss lumsdamzszrinaimanfounuia Tde

9
gudiatesasaudidy (Tasingannnms 1Fulsameaniaes darmFunudleganasi

A Aa o
NISIAADUNITUT)

(2) (b) (c)

d' a A A o 9 ~Aq ¥ 1 3 Y o 1 A
g‘l.l‘i’l 3.2 W'Jlﬂa@‘ﬂ‘ﬂﬁﬂLﬂﬁ?gﬁﬂﬂQWﬂﬂ15ﬂﬂa@\1ﬂﬁlcﬁ UNUIAANNAT S0 NNUANUYUL a) 1.2

mm b) 2 mm 8% ¢) 3 mm



48

a A :3 Y
3.2.1.2 HaNIENUYIANNHRUIVBINAUAADUAIAY

k4
fl]'lﬂﬂ'liﬁﬂkl'INaﬂingll"U’ﬂQﬂ'J'lﬂJﬂu'lleﬂﬂNﬁlﬂﬁﬂﬂﬁﬁﬁu@]ﬂﬂ'ﬁﬂﬂgﬂmﬂiW’J
A a = = [ A A a = :/, Y 1
a0y IﬂﬁlW‘i]'liiu'l wseumey ﬂuGlmzuummaummaaum@mwm 1 U 2 mm WUN
A = a A :J‘ Y ~ 1 aan a A 3 Y a d?‘ 9
TSUUN W TYUAUATDUAIAUY NANTUHUININ NI ‘]Jg(]ﬂiEJ'I"]J'ﬂQN’JLﬂa@U@Q@]uﬁ]&ﬂﬂﬂluqﬂ
J 1 1 < =2 v a o Y v 1 @ A
FUYITUNINNIN mmmmmmmﬂumiEJmmszm 093U Ulﬂu’i]ﬂﬂ’)'l muﬁmiu Z.i.ﬂ‘ﬂ 3.3
A 4 a A A g 4 g da o J o9 a &
HDNINITZUUNATIURUAADUONAY NAIUUUININ muﬂmzuu‘mmmmuiu 5uan
1 a Aaaa us.z} Yy =K 9 9 " R o ya = A o 4
UINNIN Gl,uﬂ'liLﬂﬂ1JQﬂ5EJ'I‘U’8\1’L‘T'liﬁ\i@]ui]ﬂvl"]fﬂﬁ'mjﬂull'lﬂﬂ’ﬂ fl]\iﬂﬂ‘l’iﬂ’)&ﬂa’ﬂﬂﬂﬁilﬂi'lzﬁ

Y a a ) 0 9 < = v Aa o 9
]lmmzmuum’m@gm"lﬂuaﬂ 1/]'1114ﬂ'J'llI!L"UQ!Li\?Gluﬂ'liElﬂl,ﬂ'lgﬂ‘UW'J’Jﬁﬂi'luu@ElaQ

ANAAY

(a) (b)

d' a A A o o’ll Y Aaa A osz' 9
g‘l.l‘i’l 3.3 HAUAGDUNAUATIZH 1AINNITNAAINUNAUATD VAN UYI UL a) 1 mm 1AL b) 2 mm

Y '
PUFUNUAIDINNUANNHUT 1.2 mm



49

3.2.1.3 mansznuvesndszau

lumsfnymansznuvesddlizaudomaneglvosdunaey  szdAnylu

v
srazdeavesnlsdons 3 dutlsae 11
mansEnuveIrHaveInszau

NNMIANYINANTZNUVDIFTAvEIIIszauRenInag vesdundeD Tag
a = = @ ~Aq Y a a 4 a I @
Ansaleudieu duluszuuildwed lilaueanseed ( PVA) nazmiamaglad Hudd
1A { o A a | @ Aa A
Uszau wuh Anndeuiduniizd 1ann szuuilfuiawag lamiudlszaagiinnh
' = A o Y v " a A Ao sy ¥ dq9 A
yjusznImazdamzuuiiagguld desnhiduadeun dunsegd lavinszounldwedl
a J o [ @ A a IS @ { A wa
Haueanesoaudilszauaaanalugzil 3.4 mazwnawag lastudlssauntaniia
@ dy Y A 1 a a 4 = o Y [ P 9 a
Tunmsgaduanuduld dndmed lhilaweanesed e ldszuumsduasizinldwiia
= 9 o aaa @ :ll 9 ' A ) Y
wag Taagapde anwiou Ivaginlfaser nuvesmsasduunnd e vxihanuiou

1 z o w dy A 1 a A Qa’/ Y XK o Y 9 [ d A ]
mmuummimmm%umagiummaa‘umﬂu i]ﬂﬂflﬂﬂ311]3’81‘!11!58‘1J‘]Jﬂ13ﬁ%ﬂ‘51$1’i llblll

a ]

= 1 o Aa aaa 9y Y 9 @ A 4 ° 14
LWﬂﬁWﬂﬁ@ﬂ1iﬂ1Luu1ﬂﬂl@\1ﬂ§]ﬂﬁEﬂﬂTJ’HuW]'Jﬁlﬁ'Jl’t)\iﬂqm?iﬂﬂ@ﬂ'lﬁﬁﬂu‘.imllﬂgﬁiﬂlﬁu’t’]”lﬂ

U

Y a { o { a a J a
51 3.4 Aundeuiidunsizd 1d0nszuunls a) wed hilausanesed uaz b) wiaiwaglas

Fudalszau



50

wansznuvasdaaIumdszanuluasazanaiilszau

NNMsAnYINanszNUveIdadIudlszauaensnoglvesiunaon Tag

a [ { a a R~ [ 1
nnsalsoumsusuluszuunldwea lhilavoanseealulszauludadiudosas 1 uaz

oy v LY 1 d‘ 9 a =Y o [ 1 d'
2 Taeimiin lumsazateditszaiy wud ssuunldwed ilatoanssad ludadin N

1 = a A Y 1 d' Y o [ 1 ~ 1
MNNTANNYTVIZVOIRIATOVTToaN 1 szl 1dalszauly dadiunnnnii ag
o Y LY =1 A " R o Y :J‘ Y A [ d‘
Mmldasazaeanlscamlinnuniagani i Inasasduiimanseanedi luasazaien

= 1w g a A 09/‘ Y A o Yy 9 9 = 09/’ 9 A a A '
AN muummaaummwmumi‘mlwmea3%33Jmimmummaagiummaaumﬂmw

a [

1 Y (Aaaa Y Y Y LY d' a Y o U d'
’dﬂWﬁi‘l’iﬂ@]ﬂiEI'Iﬂ'I’)Viu'Iﬂ’JfJ@l’JL’E]W]QmﬂﬂNQ’Q ﬂ'IL‘L!‘L!llﬂiﬂi'lﬁll!ﬁzﬁimvimiﬂﬂﬂ’n LHBIIN

U

aaa FY a

o Y oA Y Y w = v v ' '
anlszanudidavrnemsauiullveslgasenmihdiedieshgungigeldiesndn ua

U U
'

a A Ao Y HAq ¥ ay_ a % o 1 A v ! A
W’Jlﬂaﬂﬂ‘l’]ﬁ\uﬂi'lg?ﬂﬂﬂ'lﬂ IeUU ﬂﬁvwaa"l’ma IRLIRRERN °luﬁﬂmu NUDYINIT ITUAIY

]
% A 1

< v A 4 =~ @
udauselumsameiiifaggu Aand ilesnninnueuazauluszuumsdunsed

= a

wnn hldRuadeuansadamzuuiaggulaandwanaslugili 3.5

(a) (b)

51U 3.5 Aundeunduniizd ldanmanaassnldmsazaedilszamuninedlaiia

Y

J @ 1 9 :I v 9 r?l @
eaNegen IudaaIu a) 7989 1 Tagtimiin uag b) 3088 2 Tagtimiin



51

wanszNUYBIrHavasiImazaelumsazaaiilszanu

NNNMIANYIHANTZNUVBIFTAvEIIITazaerensnegvesdunde Tag
a B ~ [ A 9/5‘ o a J 3 v o
Woselseumeunulussounlmihndu uazienateansgeailuaiazaigluaisazay
@ A A A o Y Aq ¥ :j v & ) =
Milszanuwud Anndeundunsizd 1dnn szouildihnauiudhazatedl anwvgusy

a A 9 U =1 J d' a A 1 LY A d' % 9
VBIRUAADUUBDYNIN LASUAITUADIUBDIVDINUAADUNINNIN LLG]W’JLﬂﬂ’ﬂ‘lJ‘V’IﬁQLﬂﬁZ?iﬂlﬂiﬂﬂ

a o

Hq ¥ & o o a A Ao Y A < =
53'1_|‘1Jﬂi“ﬁl'ﬁ)‘ﬂall@aﬂ@a@ﬁlﬂu@]ﬂﬂ’lﬁ%ﬁ’lﬁl W’Jma'ﬂﬂﬂﬁﬁlﬂﬁ’lgﬁﬂlﬂ Nﬂ?WﬂJll“\JQ!LﬁQiuﬂ’lﬁﬂﬂ

v a o ' a J @ o 4 ] A o Aaaa
LﬂT%ﬂﬂW')')ﬁﬂiTuaﬂ’ﬂ L‘Wﬁzz’a“ﬂmmaﬂaa’amﬂummazmﬂﬁi}zﬁmmﬁm blﬁ)ﬂ'ﬁ‘lfl'l ﬂaﬂifﬂ
9
v 9

o = 2 2 o qoa Y = o q ¥ =
NUUYBITTTAIANUUANNTULUITININUY fl]\ﬁ/'lﬂ‘l’illﬂ'J'Iilﬁ'E]uGl‘l‘li3’;‘1J1J1]']ﬂW’E]1/]ﬁ]$1/]'Ii1’iﬂ'lﬁﬂﬂLﬂ'l$
a o A 1A A A o Y Aqwd L & o e 'Y
‘UuW’J')ﬁﬂiﬂuﬂﬂ'ﬂW')Lﬂﬁ@U‘l’lE‘T\‘llﬂ313‘Viﬂlﬂ“'l]1ﬂiZU‘]J‘VIGl%LﬂﬂﬁunJuﬁ’J‘Vﬂa%aWEJ LAY
aan £ o Y a < a o A a 42/ o Yya
zuuiwmﬂg‘]ﬂim iN‘VﬂGh"i NANII ﬂizmmzﬂixmu vouanannuNNNAYY i]u‘l’lﬂﬁﬂ’)

wasuAFunTzd latanuaeiiisafutesnndwaaslugii 3.6

(a) (b)

v v v ' Y g
51/ 3.6 Aundeuiidunsizid Idnnnsnasssildmsazaedanlszauid a) vindu uaz b)

a 7 I v o
naleanodea 1Wualiazay



52

3.2.1.4 HANIZNUVDINIAILNA MW UIKIANN A0S

@ 3 9 9 < 1A A A o Yy
i]'lﬂWﬂﬂ'liTlﬂﬁ'ﬂ\W’ﬂ\W]'JLL‘lJi‘VNﬁ"IiI"]J'I\W]‘Lli]3L°Vi°L!’J'IN’Jlﬂa@ﬂﬂﬁilﬂi'l%ﬁﬂlﬂll
= < =< 1A o R o I Y A A !

ﬂ’J'IlIGUiq51153LLE"I%?Jﬂ’J'IﬂJLHNLLiQiHﬂ'ISEJﬂLﬂ'IZthﬂ‘L!ﬂ 29911 UADIN MINUNTZUIUNITIAT O
a 1 < Y o Il Y A Y Y == Aw A
muwumaﬂﬂam’Jamam“lﬂ“luﬂizmumimaaumﬂmmiau INNITANHINAIIUIYN
A Y K& A D] ' ' Ya ! < Y o 1A
NYIVDIWUADN Gl‘]fﬂi%ll’)uﬂ'li‘wuﬂi'lﬂ (luﬂ'liﬁlf’,]fl 1ﬁW3LLWHLﬂaﬂﬂﬂ1 AIBDYWNUAINUEIY
Q‘ dgl d! o Qlddy dl v v @ U a A v A ay % ] Y d%’
IWUUU cmfuwﬂwnwuﬂumianwaﬂuiw’mmmaauﬂumwmmmamq l'l@lll'lﬂ"U‘L! Iﬂﬂ
a =) = o d‘ = a U -dy d‘ d‘ U A ) Q’J U 1
wmmuﬂiaumamuiu 2 Nau"lmmﬁmmummu L\‘]’E]‘Ll]l"l]‘ﬂ 1: YANIVDILUNUBUIIUNIDYY
9 v Aaa o o o a Y d' [ a
ﬂﬁﬂﬂi%ﬂ'l']elﬂlﬂcﬁaﬂﬁluﬂ']ﬂllﬂmﬂi 80 Lmz‘1/'I'lf’]3111@'5@19]11!63%1@]1!@’)8&?]5@\1 ﬂﬁ@]i'ﬂ‘ﬂ)’uﬂ
A ~ Y ] ay @ 1 9 v Aaa o 4 ] 9
uamau"lw 2: YANIVUDUIN U UITUAIDYN msmixmywwaﬂ@um{"lmm@s 80 NUAY

aa 4 o a Y A [ a
neFaneus lua tazianuazeialuesdlaudlromsosdansilaiin

(a) (b)

d' a A A o 9 A A a Qy o 1 A A
5‘].]1’] 3.7 Wﬁlﬂa@‘ﬂ‘ﬂﬁﬂLﬂi?%ﬁ(nlﬂ‘mﬂﬂ15ﬂﬂa@\1ﬂlﬂiﬂuW'J%HQ']H@]'J@EJNW]JJNE]UU],GU a) N'E]L!hlell

Y

1 uag b) @ou'ly 2

~ 1A A A o S Y A A
ZﬂTﬂE‘]J‘VI 3.7 U WAAADUN FUATIEN Ilﬂﬁ]'lﬂ ISUUNUNTINUNISUIUNIT

=) a Qy [ L] 9 ] d‘ = Y 1 =
TN IFUNIUAIDYNAIYNITNUNT Y ( Nﬂull‘lJ 2) HANTUUTUVISUDBY NI UasH AN



53

1 A o J = I = v Aa o R ~ sldyd
ADIUDINUUINNI ua:ummummsﬂumiﬂmmzﬂumm@gmmﬂ NI G]NNEWIIIWL! nJu'liJ

a A vy v
@nuﬁumgwuvnwllammu

Y 14 \ a A A ) Y
3.2.15 Nﬁﬂi%‘n‘I.I‘lli?)ﬁﬂ1ﬂ°r‘iﬂ?]13»15i?)‘Hﬂi?)‘l»!ﬂ'liﬂﬂi%!ﬂﬂﬂ?!ﬂﬂﬂﬂﬂﬂﬂu

[

a { A 1 A <
i]'lﬂﬂ'liﬁﬂ']&l'IWﬁﬂTuﬁﬂﬂﬁlﬁﬂ?%}ﬂﬂllé)ﬁWU?] UBDNIINNIT FNUAIULLUILIN 11!

a [

mstamgszrinAundeunui Jaggu lddremsimiuanuvenuuesindagguuds oz

=

A < Yy ) ) ) 1y o 1 o
a”]ll’]ﬁﬂlwuﬂ’ﬂmmmLlj\icluﬂ'ﬁElﬂlﬂ’lzllﬂﬂ'JElﬂ15Gh’iﬂ')’llli'ﬂu&ll'ﬂﬂ@]ullﬂﬂfuq']uﬂ'lﬂﬂ]\iﬂﬂu'ﬂ']

'
a A

a A A 09./‘ 9 A A aaa Y Y Y v A 9 A
ﬂ'lii]ﬂizmﬂN’)!ﬂaﬂﬂ@]\mum’ﬂlﬁuﬂaﬂiEJ'Iﬂ'I’JﬂH'Iﬂ’JfJ@]’JLE]W]Qﬂ!ﬂﬂﬂJQQ IHBIINAINNIBDUN

U

A 9 o o c!y 9 ' 2 ya = a iy a a
LWNiﬂi%UUﬂﬁﬁﬂLﬂﬂ%ﬂ ui]m"lﬂllﬂ"]filil msw“lwmmaauwmiwaam YU UaZINIZAAUUNT

[

Y 42/ =2 1 Y ~ a o J a ay [ ll dd%l o ya
ﬁ@@;m"lmwmu mmwaiwﬂmﬂsmmaw\lﬁwammcnuum%mmmammmu LL@%‘VHGI,WW’J

A [ v Aa o 9 42/ [ 3 a A dlw YR A a
INADU AUNT NUWIITAATIU hlﬂiﬂﬂ"llu ﬂ\ﬂ‘luW'JLﬂa@'ﬂ‘VI@T\?LﬂﬁTgﬂﬂﬂﬂQNﬂ31ﬂJﬂJ§ﬂlizﬂlﬂﬂW'J
9

= =~ < = v a o a2
NAaDUUBYAN l!a$3Jﬂ313Jllﬂl\ﬂli\?l”ﬂ'ﬁﬂﬂ!ﬂ’]gﬂﬂW'J'Jﬁﬂﬂ"llu

(a) (b)

= A A A o ] ™= ] 9 ' A A
;3:1]7] 3.8 leﬂaﬂﬂﬂﬁﬂlﬂﬁ’lgﬁﬂﬂ%’]ﬂﬂ’]iﬂﬂﬁ@q a) hlllilﬂ’]ﬁﬁlﬁﬂ'nuﬁ@uﬂ@'IJﬂ’lﬁﬂqﬂ'iglUﬂN'J

A Y =} Y Y 1 A A A 3 Y
ANDUAIAULLIAL b) 3Jfﬂﬁi‘ﬁﬂ'ﬂll'i’E]‘l!ﬂ’é)uﬂ']'i%qﬂiglﬂﬂN?Lﬂﬁﬂ‘ﬂ@]ﬂ@u

h3]



54

[

A 1A A A Y A Y Y
"lﬂﬂgﬂ'ﬂ 3.8 WU WAA[DUN \1Lﬂi18ﬂﬂlﬂiuizﬂﬂﬂuﬂﬁiﬁﬂﬂﬂiﬂu

P
9 =~

E4
A @ U a [ v A
Lﬁﬂﬂﬁullﬂ%uﬂ'lu@’)@ﬂﬁ ﬁﬂ??ﬂﬂliﬂ]igﬂ]ﬂﬂwﬁuﬂﬂﬁﬁ !mgﬂJﬂ’J'lill,!"lJQlﬁﬂcluﬂ'ﬁﬁﬂlﬂ'lzﬂﬂW')

[

dd?, a Y a 14

A AU I Ideaunagu 1
v A d'a \ o k% a d
3.2.1.6 Hansznuvesms RNl udumnaudIdus innoaaoan

= @ :/l Y o 9 9 < 1A A A o e’Lls} 9 =
nnmsAndwlsnena feduaziiun Aundeundunsizi ldey deadl
@ A ya = = 9 a 1 A @ g = <
msdsuilse e lvAundeulinwuguszdosas innuaeiiloanuuniiu taginuudausg
4 v ]
TumsBamziuiiagge a3u JehimsAnpindeyamu@uie  WI5Ms dmsums
9 9 [
Ysuilgsautiadenanldavunud mawuasduauas i ludrunaudsdu e ldensdudu
' qa// 1 a ya A A o Y ay Y v v A o Sidd%}
maniusroasuliiundeuidunsgd Idnasudutazdudaiuitaagiu ldaau
A 9 g’ o @ o @ = a
Tuszvy nlmihndudiesmelumsasasdnlszas  fnwl Tagwoan

=1 =1 ) A o a 1T Aa a I v Aa ng;} 9
L‘L]ﬁEl‘ljmEJ‘]Jﬂui‘ui$1J°U‘V]‘l/ﬂfﬂimmlﬁ%I'IJJLmJ63@11u1L1J1!ﬁﬁﬂ’l!@]ﬂiﬂi%ﬂﬂﬁﬁﬂﬂﬁl&

(a) (b)

H Aa { o 4 :’ o I~ ) a " Aa
517 3.9 Anndounduniizi ldnnmanaassnlfnihndudludiiazmeonaziay a) ludu

Y

AIAUAN uaz b) 1 Tuaezgiltiioy



55

A 1A A A o y A Y1 3 Y A
ﬂWﬂNﬁgﬂ‘ﬂ 3.9 NUN W’Jlﬂaﬂﬂﬂﬁﬂlﬂﬁzﬁﬂlﬂmﬂi%‘].lll‘l/lcl‘lfﬁ’n!N’dﬁJ@Nﬁu‘Vlll

a a a 1 1 < v Aa
msan 1 Tuaezgiitiony awuguszuoadinnn i ualanuudwsslumsdamziui

Aa A

= v ~ 9 [ 3 9 ~ = a = d'
aﬁ@mﬂmwmmaau‘n"lﬂmﬂmuwﬁummuiuizuum”lmmmmazamuﬂn LUBDNDIN

U
v

e

9 a

a A ] 9 9 [ 4 A = 4
pzgiitiouaziin llvelianuiouazanluszuumsdunsizininiu Aundouidunsizi
lavsansoilenuuraiaggiuldnn

{ a o I v o [
luszuunldenaweansgediludiiazareluamsazaodilscay  dnwn

a [ o a a a < T Aa v A
TagnnanlSeudisunuluszuuiinmsauezgiition @uman vas lu@uensauanlu

Y
FEUVTTAIAY

(2) (b) (c)

d‘ Aa A A o Y AqQY A < v o a
gﬂ‘n 3.10 W?Lﬂﬁ@ﬂﬂﬁﬂlﬂi’]g‘?ﬂﬂ%']ﬂﬂ’]iﬂﬂﬁ@\?ﬂ‘lcﬁlﬂﬂallﬂaﬂﬂﬁ@a!ﬂu@ﬂﬂ’]aga']ﬂuaglﬁn

1 a v A a <
a) luuens@au b) 1 Tuapzglition tag o) 1 Tuaman

d' 1T A A d' [ 9 d' o a a A =
mﬂgﬂ‘w 3.10 UM mmaauwmmmw‘“lw Tuszuy NNMNI AN QUILINY

[

[ = v A as o A= d” A a A
ﬂ’nm!ﬁll\u!,iQaluﬂ'liflmﬂ']%ﬂﬂN’J’Jﬁﬂ%"luﬂﬂﬁﬂﬁ]"lﬂﬂ\‘]ﬁ"mi%ﬂﬂ‘l/lﬁﬂ’]el”lu HUDNIMNBSAUIU YN

A3 9 £l

& = o 1 & =2 o q¥ Y  dq 9 o q Yo
L‘]J‘Lnﬁﬂ‘mli}ﬂﬁaﬁ)mﬁaﬁmﬂﬂmaﬂ ﬁN‘Vlﬂ‘Hﬂ?mJiE)u1/1Glslfﬁluﬂ151/]1114@3&6@14@1611!,14@13!!,@15
a aaa g Y Y o A a Ay ' < ' = Y
Lﬂﬂ‘ﬂgﬂimmTﬁNMGﬂﬂllﬂdﬂ’qmﬁqnq\i HUBDYNIUUAN ﬁ\‘lwaclﬁnﬂj'luiﬂuclua'gUUﬂ’ﬁ



56

@ L4 1 o a 3 Qy a a Qy @ 1
AUATIEN LﬁEN NOADNIT 1/111?’1’mmﬁ'emuuﬁa’omﬂmngmmﬂ"lﬁ’ﬁuum FUINUAIDYI
dy 9 [ v v 1 Y a
u@ﬂi]'lﬂuﬂﬁ]'llli@uﬂiﬂa'I’JEN"'I)"J?JGlWilﬂ'IiLLfJﬂW\lﬁ"’lJ@QL‘V\IﬁE]ZQ?J‘LJ'IE]’E]ﬂi]'IﬂW\lﬁ‘]J’BQIﬂW&Wﬁ'll
Y @ =2 9
llﬂﬂﬁl'lxi"]fﬂliluﬁlﬂﬂ?ﬂ
dy Y =K A a a =~ 4
Lmzuﬁlﬂi]'lﬂu"lﬂ ﬁﬂi&l'llWllLGﬂllIﬂfJﬂ'lﬁ mmmamlmlgaa"liﬂ (CaFZ) ENI‘L!
1 09/} 9 dldoy < v o a (YA A 1 v A 9 gl o
FunauauN I udua iz ae Tﬂm@m“lummumgmmaﬂu Ao 30802 0.5 IﬂEJ‘L!'WiLlﬂ
Y 3’ o o w 1A A A a =~ J a A
iag sogay 1 Tﬂaumuﬂmumﬂu NWUN W’Jmﬁ’ﬂ‘ﬂ‘ﬂilﬂ'Iimllllﬂﬁl‘]fflll‘ll\lgﬂﬂllﬁﬂGluﬂill'lm‘ﬂ
d? o Y (Aaaa 3 Y a 421 o [ d' g dy
ll'lﬂ‘llu%11ﬂﬂ§]ﬂiﬁl'lﬂlﬂ\1ﬁ'li@]\i@]ulﬂﬂﬂ’J'I‘JJEHLL?\‘IM'IT’]"UH@]'I&I@'IWLI ﬂ\illﬁﬂ\ﬂuzﬂ‘ﬂ 3.11 MU
d' = g 9 = Y dgj o Y (aaa g 9
Lumi]1ﬂuﬂa%ﬂuwgaa"lmﬁma‘lngumawa@umm"lmmmu ‘1/]'1(114 ﬂ%]ﬂiﬂ'l"l]’ﬁ]ﬂ’ﬁ'li@lﬁ@lu
a dg, Y < o Y a 1 421 1 Y Aa o 4 1 <
Lﬂmm"lﬂamﬁ’smn Lm%‘ﬂﬂﬂlﬂﬂﬂﬁﬂi%ﬂ’ﬁlEJ'NEHLL?Q"UH mwaiwwammmmamuﬂizmu
Aa A

pon 1l luszrin ilgnsen Aundeuidunzilate i lineemitane wazlinaw

< =2 v A ay @ 1 9 o w
LLSINLliﬁiuﬂﬁﬂﬂlﬂ1$ﬂﬂW’JG]ﬂN1u@3@ﬂ1ﬂu@ﬂﬁﬂ1ﬂﬂ1wﬁ1ﬂ‘ﬂ

(a) (b) (c)

H a { o 9 {q ¥ g’ v 3 ) a (=Y
514 3.1 Awndevndunsizi ldninnisnaassilshnauiludiazatenazify a) lidy

v A JY 3’ @ 7Y
MsaudAy b) unadeuilgos lsasesaz 0.5 Taethmiin uaz o) unaBouiigeslsadovas 1

v
Tasimiin
w \ & £
3.2.1.7 HANSENUUDIANHAULUDIAIUNTNAIAY

P A 9 o Ja A =
ﬂ?ﬂlﬁﬂﬂﬁﬂﬂ?TNi@u Gll! 325‘]J‘1Jﬂ"|3ﬁ\iLﬂiT&’WN'JLﬂaﬂ‘]JhlﬂJLWfNWﬂGlu

A Y ¥ Hq 91 Y A = = A a
ﬂ551J'Juﬂ’]5Lﬂﬁ@‘llﬂ'l'(’Jﬂ'l’]i]ﬁﬂl‘!ﬁgﬂﬂﬂshfﬁjuWﬁu@l@ﬂu%uﬂﬂ@aa@ﬂﬂ ANINITANHUNULIAY



57

Ay v Y S v Adg A aa a4
ch«!ﬂ58‘LI'J‘Llﬂ"IiLﬂa’f)llﬂ'JElﬂ’J"IlliﬂuiﬂﬂisﬁﬁQUWﬁﬂJﬁQWUWLﬂuNQ L‘W'E)‘ViTJ‘ﬁiL!ﬂTi‘ViﬁﬂLﬁﬂQﬂTi
@ 9 o aaan @ qu} Y @ A Y 9 1 g
‘Uﬂsll’JNGl,uﬂ'liL‘lJ'l‘VI'll]@]ﬂiEl'lﬂu"]J'ENﬂ'li@N@]u"l]'lﬂﬁ')ﬂi%ﬁ'lu uazmalwmmiauiumuuu

[ a < Yo Aaaa QBJ‘ 9 A Y Aa aan Y 4 A = A
ﬂa“]_liJ'lmﬂJmﬂJclﬂﬂﬂﬂgﬂiﬂ?ﬂl@\?ﬁ?iﬁ\iﬁﬂlWﬁ]i‘Hlﬂﬂﬂ&]ﬂiEJ'IUlﬂE]EJ'NﬁiJTEI‘im HOLUBDANHINIUN
:/' a Qldy A A A o 9}:.: = @ = @ 1w g
manmgm"huwmw mmammmmiwﬂﬂuuummw;umqq LLﬂ%iJﬂ'li"lﬁJﬂQiJﬂ‘LlLﬂ‘Ll
< A ] 1A A A o FY = Aq ¥ 09/} ¥y A g
LA ‘VIﬂJ"]JH'lﬂclﬁilluﬂ'J'lN?Lﬂﬂﬂﬂ%ﬁ\ilﬂi']%ﬂﬂﬂ%']ﬂﬂ?i ﬁﬂ}l'l(luizﬂﬂﬂi‘lfﬁ'ﬁﬁﬂﬁuﬂlﬂu

J 1a = A o 9}:? = < =< v A ay a :/‘ dy
ADavdYA LmNﬁlﬂﬁﬁ)ﬂﬂﬁ\ilﬂi?%ﬁﬂlﬂu%Zilﬂﬂ'llll,!,m\‘lllix‘icluﬂ'liflﬂlﬂ'ﬁﬂllW') FUITUANIT NIU

A 9 A a d? o I ~ 1 o 9 a o 4

LHENi]'Iﬂﬂ')'Ill5’8Ll‘ﬂLﬂﬂ"ULlGlui31J1_|ﬂ']i’L’NLﬂi'l%‘l’i‘lJiJ']ﬂLWEl\'iW’E]@l’E]ﬂ'lﬁﬂ'ﬂﬁLV\IﬁNﬁﬁﬂmW]‘Viﬁ’E}N

[

E4 v
wuazimzaauuA Iaggu ldedunumiv dawaaslugili 3.12

(a) (b)

H a { o 9 { 9 1 3 9 I~
51U 3.12 Anndeunduns gy ldanmanaaosnlddunaudadiiu a) KaUuaz b)

Y

4
AoAADYA
3.2.1.8 HANIZNUVDITIA AN NF I HAIUNATHAIAUB HANS

1 A 9 [ Yya A = Y =
!,Glfu!,ﬂfJLlIfJﬂ’E'Nﬂﬁ‘]Ji‘]J‘]Ji;\?Gh’iW’Jlﬂﬁ’é)ﬂ‘ll’é]\iﬂﬂ?']ll‘llﬁ;ﬁll‘igl‘!ﬂﬂa\‘l HagunNY
1 d' [ da‘ o Y a v A Y 1 QBII 9 d' Y
ABDIUDINUNINVYU mmiam'lﬂiﬂﬂmimumimmumqmm'lﬂ“lumuwammu elvans
v A [ 1 9 ] aaa 3 9 o ya A =
GI’JWIllﬂQﬂaTJ!"lﬂ"l‘]JEIf’JEJaﬂﬂOWNEHLL'J'Q‘IJfNﬂQﬂiEJ'I"U’E]\‘]ﬁ"li@l\i@lu mlnAunaeuaNIsaYn

a Qy [ 1 9 dgl = 1 d' d?
Lmz‘uumﬂsmmm’oﬂn'lﬂmﬂmmmwmmmmmmﬂmu



58

v EA
asduaui1Flums dnwi1aun ozgiun Innudlonlavenlad  Tuseu

[

-4 a A < a A A o 4 A o A
’E]’E]ﬂ"l‘;]fﬂ DTQUIUYY Lagtran Iﬂﬂﬂﬁlﬂﬁﬂﬂﬂﬁ\uﬂi'lzﬂ AozlanyMzAsUN 3.13

U

(b)

(d) (e) (®

Y

¢) 0.3 Tua azgin

517 3.13 Fuadoundunizv ldnnmanaassiay a) luduasauay b) 0.2 Tua oz

Qi



59

d’ 1T A A d’ 9 d’d a a o
mﬂgﬂm 3.13 WM mmaa‘um“lﬂmﬂizuummimngumﬂmau 0.3 Twa

]
[

I a A A v v v A Yt A = A
L‘]J“L!W’JLﬂﬁE]‘U‘VIlIﬂ'liﬁiJWﬁﬂﬂW"J’Jﬁﬂi'm"lﬂﬂﬂﬁﬂ tazumsuenlaues maezalvioanain

Q )

Y 1w A A < a

A i ) A a A o A
w\lﬁiamwmllﬂamwm%u‘mm DI UTEUY NENTAIAUNDUNN UBIAYLUANAINGA

a U
9

A A o a = a 3 9 1 AR o Y a o S 421
WamgunUUnuIDLAY - mmﬂmmmmmuimzuummu mmﬂmvxlﬁwammmmﬂagﬂmu

9
a

v Y
anudoumnnwenazifansnaouey tazimeanuuRIzuau lddie uazausousnma
pzgiiuoon lnodndany
~ = A a a ~ 4 1 :/I Y 9
uazlimsanyunuan TasmsiauuaaiBouges lsaasludiunauasdudie
1 1 Y Y
Fanmaauludadiunuanaany 1dun Sesaz 0.5 Taotihmiin uazdosas 1 Tasrimiin
o " A A d‘d a = o a dl dg, aan
awday nunarnde Tuszuu AllmaAuuaadeugos lsa lulsmanmniu - U{aTe
3 Y A ) ~ o Jy3I a A =1 < 1 Aa A A o Y
YoIInIauLANNToInnnenazi IR artadouivinafn n AR UN AT 12 18
9 Y csy = < = v Aa ay I 1 déj o
Tumsnaassdauil taglinnuuiaws s lunssame fAumFuudognvuaaaslugl
~ d' = g Y a A a Y 4? []
#1 3.14 ilosnnuaaiBouilgen lsaseldmsnasumarvesezgiitiouna 1dde Yu nazsae

9 Y
TUgnsovesasasduinaiuldedeauysal

(2) (b) ©

d' a = d' [ 9 d’ a [ =Y v a =
;a:l]‘i’l 3.14 N?Lﬂ@@ﬂﬂﬁﬂlﬂinﬁﬂlﬂ%Wﬂﬂﬁ“ﬂﬂaﬂﬂﬂmu a) llﬂJL@liJﬁ'li@]’JW]iJ b) LARALEYN

J oy @ J oy @
Wgoelsaiesas 1 Tamimmin uag o) unaifeurlgen lsadovaz 1 Tasimiin



60

a A gs Y d' Y :-’l Y a
3.2.1. HaNITNUUBIANNHHIVIIN AN UAIAU (‘531J1J7ﬂ‘lfﬁ1‘§ﬂﬂﬂu‘lﬁ-!ﬂﬂﬁ)

9
NNNUITYVDY Muye QgAML Lag Xuanyi LagAme WU ANUARUIVOITU

A A <y ~ 4 A A4 Yy 9 A qy ) a
leﬂa@'ﬂﬁ\‘lﬁuﬂ?iNﬂUTNWUTNTﬂﬂJUﬂTﬂlﬂllcﬂmflﬂﬂyfluqlﬁl\j@u LW@iﬁﬂﬂTﬂJi@uiuigﬂﬂﬂ

[ 1

9
2 o a [ o a a a
ﬂi11Tr;umﬂwaGI,uﬂ151/1ﬂﬁ’gwﬁwaﬁﬂmmwaamﬂmngmzmuummﬂgm L!,ﬁgﬁWiJﬁﬂﬂi’Jg‘]J

2 A o JAyY Y 7R o = o A Y
L‘lJ‘L!W\lf’fWﬁ@ﬂm“ﬂ'ﬂ@]@ﬂﬂ'livl,ﬂ@ﬂ'lﬂ’ﬁﬂuim i]\W]'lﬂ'li!‘]Jaﬂ‘LlLL’lJﬁﬂeUu@’E]‘L!ﬂ’li!,ﬂﬁﬂﬂﬂ’wﬂ’ﬂﬁ

Y Y
Founvuldlarln Taslineaz@eavestunoumsnasunianase 1

1.
2.

o qul 9 [ 1 aan Adq Y o
Faasdaaumudadinlulgnseuaiinleau 120 g
S Y 99y o Y 4 N &
vanaurm s lidnualsnIesuatoaiiaa (unal 3 ¥ 1u9
0 ' <3 Y o oA = a Y A = a Aa
WWHUHANNAAIENNNIUNTIAG suA LA TuReu lymsmT surINa
ra o 4

Malungdiasinns Tlé

a 9 1 < Y o ll Y a a 3 9
T58AIMTNVONUIHANNAITIDENAIHITNING LASINHINANAIAUAY

ad laud i

o o Y g 9a "oy Ao A ¥
. ﬂﬂVNWﬁi]ﬁ\‘lﬁuclfﬁllﬂj’lillluu@]’]ﬂjﬂlﬂﬁa\i@ﬂiuulﬂl!ﬂul@ﬂj Iﬂﬂslf']f

UFIDAVUIANIND 30 kKN

vy ) { 9 .2 o v ad g
- Tanudewdosduunduaudiedns Tagldgangin - 400 °C iilu

DAY 2 WA

a 9 a as Iya A [ Y]
. yaszdedroan lvleend - oxaniau vz ladundeuTaqnauawaaly

51 3.15(0)

dy [ =Y A A d? =\ =< Aa [V 9
AINNITINAADNUNUIN W'Jlﬂa@‘ﬂ‘ﬂﬂ@g‘ﬂﬂlui]ﬂTiﬂﬂlﬂ?%ﬂl&ﬂ’)ﬂlﬂﬂ’)ﬁﬂﬂ?l&llﬂ

1 Qy @ ' 1 Ay ¥ 9y 9
NWﬂﬂ?WGHUQWUGI']fJEJNGluﬁ%“U‘UGING] ‘n“lﬂmamslummu



61

(a)

D .

a A A o 9 A a A oaj Y
gﬂ‘ﬂ 3.15 mmaawmmiwwﬂlm MMINAB0d IUTTUUNIANUHUIVOIH AR UAIAY

91191 2) 1 mm 1AL b) 3 mm

4 o a v A [ ] a a <
LﬁﬂﬂWﬂWiﬂﬂﬁﬂﬂlﬁNﬁWﬁﬁ'JLG]?JG]'NG] YU @$Q3~llﬁﬂll EQNUT LYIaN I“]J‘J’E)'Ll -

J = s 1A A A o 4 A a a
E]E]ﬂulclfﬂ uaz"lwmmﬂu"lﬂ@@ﬂ"lcmwum W'Jlﬂﬁ@’U“VIET\Hﬂ‘ﬂ%Wﬂﬂ’mﬂi%‘ﬂﬂﬂﬂﬂ1imﬂfl$gwu1

7 A

o I a = A a o 1w & A A Aa
IUIU 1 Tua HJL!W'Jlﬂﬁf)‘]J‘V]Lwﬁwaﬁﬂﬂl“ﬂﬁ'lﬂ'lﬁﬂl“]f@ﬂﬁ@ﬂu!ﬂuW'J!.ﬂﬁf]ﬂ“l/lllﬂ'ﬂllﬂu1

[

k4 a Y. { 4 [ 3 1%
Uszana 3 mm Iduazlimsgamzuuirizag i ldangaionsouieunulunsausz oo

L]

S v

A A I ~ = a =Y A A A ] o 9
Llﬁﬂﬂgﬂ‘lﬂ 3.16 mmmmﬂmwuwmmmun JUNHULBIAYIVANTIWIINDADNIT “I/IﬂﬂW‘lﬁ
Y

a o Jd dg‘ Y J ~ [ L4
wammmm;ﬂﬂm‘l%mmuuﬁm Az UANUIBU ﬁ%ﬁﬂiuigﬂﬂﬂﬁﬁ\‘llﬂﬂgﬁ mnwaiums

[

o Y a o 4 ay a a Y =] 1 Yya A A
ﬂ11ﬂlﬂﬁﬂﬁﬂﬂm“ﬂ NADNLIN LASTTINITD INIEAAVUNI ITAAT U hlﬂ\ﬂfl %\‘lﬁ\‘lWﬁi‘HW’JlﬂﬁfJ‘U‘n

949

[

[ Y 3 = v A @ Aa A
ﬁ\iLﬂi?%ﬁﬂﬂﬂﬂ?WﬂllﬂNu’Nﬁluﬂ1’ifJﬂ!ﬂ']$ﬂ‘1JN’Jﬂlﬂ\‘]’)ﬁ@]ﬂ'luﬂﬂ mﬁm“lugﬂ‘w 3.16(d)



62

() 6))

'
A o

3 Aa Y] { A 1 Aa v a a
51 3.16 Aundouiduniizd laninnanaassiiin a) luduaisdudn b) 1 Tua ezgiliiion

U

a 1 9 9 A A a
o)1 Tna pEQNUT LAY d) MWDIYATUIWUDITSUUNHN 1 T:ua 2TANUN

9
*ﬂ1ﬂﬂﬁ1/]ﬂ’dENﬁ\iﬁﬂﬂiuﬂi%ﬂ’)ulﬂﬁﬁ]ﬂﬁ’wﬂ’lﬂl%ﬂu ﬁ'll]'liﬂﬁj;‘ﬂwﬁﬂig‘ﬂ'ﬂ

Ed
voadmlsanee ldaane i

d‘ o 1 A 9 Y
M13149% 3.1 ﬁéﬂwaﬂigﬂum@\jﬁjllﬂiﬂqqq Gluﬂigﬂ'JULﬂﬁ@Uﬂjﬂﬂ’J'uJiﬂu

fals doulviia
ANUHUNVBIHUINANNAIGIDE1 1.2 mm
AN AR IR 1 mm
ftlszau
- ¥iAveRIlseau wed hilaueaneded (PVA)

Y
- dadauveIallseaiu Fouaz 1 Tasiwmin




63

~ v @ ' A Y Y
M1319N 3.1 (79) ﬁqﬂwaﬂiwmmmuﬂimm “lmszmumaaumﬂmmsau

dmils weuluna
Y ]
- @Mazany WINaU
=\ a ] < Y o 1 A ] AAa ] < Y o L]
N51A5 URILNUIHANNAIN D1 UM NUNT AR AU ANNATAIDES
Y 9 dy Y lay [ L] = Y 9 Ay 9 vay [ L]
M3 19ANUT UL UUNFUNUAIDEN Ims1danusouod UL FUNUAIDEN
v A v A d‘ Y dd‘ A a
A15ANAY msanauilvinadnan A ezalun

q U

v Ay v

3.2.2 NIZUIUNTNUAADUAIYAITNIOU
v A A g

3.2.2.1 HaN1ITNULAADUVIVDINU

= ] A 491 9 1 Qs: Yy A a Y
INNITANHINTEUIUNIT WHIAADULIUDIAUNUIN mwﬁmmuwwm‘lmm

[ !

ng Y aaa { ] 9 1 Y
dadruvesasasdululfasenatinnaumsi 2.1 Tuawnsaldlunszurumsviuadonla

v Y ] 1

A A =2 o o o Yt o s

anunaeuniiog 1hmsfavuInvesRIHaNAIdu IR lvaaae 11l

1. va 119N 105 pm

2. YWIA 75 - 105 pm

3. UYUIA 53 - 75 um

4. YUIA 45 - 53 um

I 1
5. YUWIAANNIN 45 um
qazl o Qa’/ 9 1 1 ' A 9 o 1 1
nnuhmwauasduluuaazssra lnaassrundoudreiisunu i

Qa/l Y A 1 Yy 9 o 1 oAa 1 & qu/ Y Aa I '
N\?Wﬁh@l\?ﬁu‘ﬂﬁ13\11§'ﬂ1"|u@’0ﬂu11ﬂ AWININUNUDY LﬂUNQNﬁﬂJﬁ\‘lﬁu‘ﬂﬂJﬂlu1ﬂlaﬂﬂ’ﬂ 75 pm

b4
=~

[ d‘ ] 9109: 1 c; @ d' :JI 9 d' a Y o % Y 9
uarannuesnu Idiu liadinaueiin tiesnnmnauaidunnaa ldiui 13 lvada 1dloe
9 dyd o Y 1 Y] GBJ} Y I~ 1 1
1N Mg 1 ms Inadveswamanasduiinansenuiluedis 110 710
ATZUIUMITHUIADDY
[ =® Y] Y o @ 1 wvAa % qs/l 9
aouve N Tnanudaydeauiians Inadvesmnaudsdy  Taonis
9 Ao

A Y (aaa Ada :}1 vAa A (] a a -4
Lﬁ’t‘)ﬂcl‘b’llg]ﬂiEﬂlﬂ3J1/]1]ﬁﬁ@N@]U“I/Ii\lﬂ’il‘]_lﬂsluﬂﬁﬂﬁ@ﬁuqq U UNINQ IiJ'iE]L!’E)ElﬂUl“b’ﬂ g

% o A = Y 1 A
ANTUDU ﬂﬁllﬁﬂﬂiuﬁﬂﬂWi“ﬂ 2.6 09 2.10 mﬁlﬂuﬂszmumiwumaau



64

3.2.2.2 NaNITNUVBITTUVAITAINY

o S Y A ayy Y A =
i]'lﬂﬂ'li‘l!'ll?NWﬁ’ﬂJ@NGlHT]Wf’l@]"lﬂﬁ]'lﬂizﬂﬂﬁ'liﬁxmuﬂluﬁﬂﬂﬁﬂ 2.6 939 2.10

1T aA J g A v Y 1 1 A o A 3 9
WU WWIIFDITCUUIMUUNTINTONY 99NN Ulﬂ’E]EJ'I\Wl’E]Lu’éN HUHUAD izuummmuiu

AuMIN 2.8 uag 2.9

A o ' A o v Ayy ) ~
LﬂJ’E]‘ﬂ'Iﬂ'ITVIﬂa’OQWHLﬂa@UWQW’ﬁll@]\1@]u‘1/]1ﬂ%1ﬂi$ﬂﬂﬁ15@]ﬂ@]u1uﬁﬂﬂ15ﬂ 2.8

a a A A o ] ' A o v Yy @ T AA
51]7] 3.17 W'Jlﬂa@‘l]‘ﬂﬁqlﬂi'lzﬁﬂlﬂﬁﬂ']ﬂﬂ’]iWUlﬂa@‘UPNWﬁllﬁu@]u‘llu‘;]fuq']u@nﬂﬂ']\iﬂllﬂj']il

Y

U1 1.2 mm

g 1A A Ay Y o 1A A Ayny
mﬂgﬂﬂzmum N’Jlﬂaﬂﬂﬂﬁﬂlﬂi']wfﬂﬂilﬂ’J']llﬁil']L’s’fil’é]il']ﬂﬂ’)'lw’llﬂﬁﬂ‘ﬂﬂhlﬂ
A Y 9 nay Y] 1 =\ A 1 A =\
AMNNISUIUNTIAADUNIYAITNIDU LI ﬁ‘D”L!\‘]'luﬁ’JfJfJ'I\‘liJﬂ"I'iL‘]JﬁfJug‘thl‘]J‘]J'Nﬁ’JuL'IJEN%Wﬂll
9 Qy o 1 a { o ] o Y v Qy
AUIDUAS U Glmsmm AIDYN mﬂmu"lﬂmmzﬁmmiwumﬁau wﬂwﬁummawmm

frograasuuilaslal
3.2.2.3 HANIENUUBITZZMINUIAADY

v Y
mﬂmimamwumﬁeuﬁmumﬁﬂﬁ'mmm mm%’auﬁzﬁamu%mm

aednlulsmanmninunevaziimsnuedeuiinansznudemsauinvesigagv 3914



65

o =< dl 9 ] A d‘ Y =3 ] d‘ 1
MMsAnEINaNTENUVDITZezN 1T lumMInaae e 1N U s o WHNHLIL duaABNIS
1 a [ 4 d‘ [ a Qy @ ] 1" o Yo =
ﬂagﬂmmmﬁwammm LaZinasuUa 'l‘}J!,mzuummawmmmaﬂwTﬂﬂ"lnwﬂmﬁ@gmu
wa s Y
AUUANADYAN
A o 1 A S 9 Anw S v =
Lll’E]‘VI'Iﬂ'Ii‘V]ﬂﬁ'ENWHLﬂﬁ@UPNWﬁllGN@]uTlllﬂi]'lﬂi%ﬂﬂﬁ'li@]\iﬁuluﬁllﬂ'liﬂ 2.8
9
o J 3 v @ v v a A @ ' I a
HagMIMsLUsATLILHNTZHINHINUNVRIFUNIUAI810T U 5 11ag 20 mm %zllﬁ'mmﬁau

dao o 4
nanvazAwanlugili 3.18

(a) (b)

a a A A o ] A ' A " W
gﬂ‘i’l 3.18 W’Jlﬂaﬂ‘UﬂﬁQmﬁwﬂﬂ%mﬂ1i1/lﬂﬁ’e‘N‘l/liJi$Elzmiwmﬂa’e)m“mﬂu a) 5 mm LAY b)

20 mm

] 1A A Ay Y Aq ¥ ] A 1w

mﬂgﬂﬂzmmw mma@w"lﬂmﬂmimamﬂ“mwzwumaammﬂu 20 mm

= o < = v A Qy @ = 1A A A Y
uﬂamfmuauauazmmtmgmiumsmem:ﬂ‘umm@wmmmammmwmmaaum"lmm

{ 9 1 | - 1 4 ) 1 Qy [ 1
ﬂﬁ‘l/lﬂﬁ@\i‘ﬁcl‘lﬁgﬂZWHLﬂﬁ@‘UL“ﬂ"Iﬂ‘U 5 mm LmLﬁa‘n1mmﬂamwumﬁauawu%mmmame
A Y 9 ] A [ Y [] [ 1 a A A
NUANUHUUMNY 1.2 1ag 3 mmTﬂfJGleiszzwumafmmmu 5 mm HUNU WU NAAADUN
Iy c'. 1 [ 1ra A d' A a Qy Y 1 d'd =
"lmlmmammnemm AU LA NAADUNAADUUUNITUNUAIDIWNNUANUKNUYL 1.2 mm U
[ = o a o o a1 A = A A a & o T AA
mmzmuiﬂumﬁmemszmwammf)emﬂﬂ31mmammmaauuuwwmmmammu

1 Y v b v
AMNUKUT 3 mm 1HBINNFUNUNTANUHUINNANTRUN IUMTazauaNUTaUNINAI 91



66

Y v
Tranwfouazanlusuaudedalulsmamnauildiimsufeunaglslad denn
Y A o slay ~ 1A Y 1A ' o b a o o A
uazdremg v Tdsuauinnnhiinnudou lufisaneaemsi ldmlandasusinndon

9 v
auume IdauurFuanudedauaaslugli 3.19()

(a) (b)

[

H a { 9 Qy o 1 ay Y 1
5‘]Jﬁ 3.19 W’Jlﬂﬁﬂﬂ‘ﬁ Qlﬂ‘ﬂw’ﬂﬂ a) FUAUAIDYNHUT 1.2 mm AL b) FUINUAIDYNNHUT 3

U

mm

9
[

v .
ﬂ\1uuGlu’ﬂig1J'J1Jﬂ'liwulﬂaf)ﬂﬂ'35!aﬂﬂGb'u@’]uﬁﬁﬂ'ﬂilﬂu'lﬁﬂﬂc] LHagnNIT
= ' A ~ ' o ' A iy a A Y Ya
ANHINITZYZNITNHIAAD UMV UIETUNDUNINITNULAFDUAIU UV UITUIT !W'ﬂbl'ﬁul@wq

A A a a Aaa
Lﬂﬁ@ﬂﬂﬂﬂﬁgﬁﬂﬁﬂWWﬂﬂﬂQ?’l
a d a v d a A
33 pamsAazHanann eI unaoU

A oy v
3.3.1 AITUIUMIUAADIUVAIYAIINIDNU

q ¥ o Y A ¢
3.3.1.1 Nﬁfni‘nﬂﬁf’)\ﬂﬂiguum“ﬂﬁ?uﬂﬁuﬂﬂﬂu‘”uﬂﬂﬂﬁﬁ@ﬂﬂ



67

a 4 a [ 4 a = Y a dy Y v A
NHANTUATIZHINTNAANUNVDINUADDUAIYNALANT AN UAIYTIE
-4 ' a o d a A Y a
A% (XRD) WU wlananfuivesnunaeuilsznoualeme Fe aase la ALO, azivla Fe
) a 4 I'd aaa =1 ~
+ ALO, Fuilulmwwamsimsizinsguunamaasvosdgnsouailuaumsn - 2.1 uaz
a o’dy 1 [ (=) A L] a [Y] 4 a A d‘
nnwamsansiziin N mavesialszenu lilimdosglumlandanusivesiunfond
[ 4 A o [ Ja A q’j = 9 a d?' a
dunazn mazvasiimmsduaneiiunasuiulianueunayuluszuunnnuge
[ 1 dy o Y 0o v w 9 [
naouaveIalszeumantl uazannaum ldannsomdadilszant oo lildod

¢ o =
auysalaaaalugilin 3.20

22000 =
m AlLO,
20000 A 4 FeAl,Q,
— s Fe +2A1,0,
* Fe
16000 -
14000
m
5 42000 4
o
8]
10000
5000 -
£000 -
4000 A a) Colloid system
2000 . . ' '

2Theta

d' a J a o Jda A 9 a dy Y v A 4
3‘1]7] 3.20 naM3s AT I ARAN U AAATDL ABNALA NITIAENVUAIGTITONS (XRD)

a A Aq Y1 3 9 a J Y a Y
vosnunaou luszuunlsarunauainurianoaaoss (ﬂiW\lLﬁu (a)) UATFUANY (ﬂiW‘ILﬁu

(b))
PR v Y A
3.3.1.2 Namiﬂﬂaaﬂuizvmﬂ‘vﬁ’mwﬁumﬂmmam

a J a o J a A Y a dy Y =}
NNNANTAATIZ TN ANAAN UNVDIHAATOUAIUNALUANTIA NV UAIYTIT

oA (XRD) dauaaslugdi 3.20 wuh lawdnsusivesdundeuilsznoudionla  Fe la



68

2 g a J J aaa =
ALO, mazwla FealLo, Fuilulimuwamsimaizingurnamaasvesljnsouaiilu
ANMIN 2.1 15UNY
a 4 a [ 4 a A Y a dy 9 (Y=t
NAHANITIAT N TN UNVDIRNAAADUAIINALANTIAGIUUAIYTIT
@ o ) o o ¢ Ya A Ao
(9N (XRD) YOINIEADITLUVINAUND I MapdszuumMsdansiznogIviunaounlime

a o sa A [ 1 v A ' . . Hq 9
NAANUNIHNOUNY ANNWNEUNaIZ1INNa N (intermediate phase) Tagszuunlsarundw

a

3 & < % a o J Y
asduatiansr ilananaailu  Fe + 2410, Fuvandasuniianulndifoasumle

]
1Y s ¥ v o A

9
a Y] 4 o
NaRAUNNADINTIN aaiudeiiaudouluszuumsduasizianniu i lima

a o 4

[ Y o dy v A Aa o P 9 9 3
nannuwinegi lasdsauysainniu Mune mandanusin ldezisznoudreman tazozq -
9 v

a 1w ) o ~q 9 1 uaj Y a s 2 A a dgl A A
UUIUNTUU mmmzuuﬂ%muwﬁmmmmﬂﬂaaaaﬂﬂ wleananasiinavu Ao FeALO, 93

Py ) o o ¢ , Aq 9 o Y A A o qu
33@'E_]\1Glch'ﬂ'J']ll5@ublu53°U1Jﬂ'liﬁ\uﬂi']zﬂﬂ'lﬂﬂj’ligﬂﬂﬂiqfﬁjuWﬁﬂ@ﬁ@u“ﬁu@ﬂﬁ LW’EJT]ﬂ‘H

I 9

' J I a o 9 a 79 9 slo Y

!fl/\lfﬁZ‘I"i’JNﬂaNﬁﬂ@gﬂlﬂulﬂﬁﬂﬁ@ﬂmcﬂﬂﬁﬂﬂﬂTiblﬂ !Lﬁ$ﬂ1ﬂNﬁﬂ?i’llﬂi1$ﬂm1\1ﬁuﬁﬂﬂﬂ
J A Y z Y a = Y a 4? 1 A Y qgj 9

NINUN iw‘uw"l%muNammu%uﬂNmmmmummumﬂmﬁzun‘ﬂ%mummmu

a s A I .dy (=Y 9 o o A aan
FUANDOADYA l‘LlEJ\1i]'lﬂ!,‘]J‘L!53’1J‘]J1!13J3JG]'J’1J53’(,T'IHLGUHJ'IGUWU’JNfﬂi@'ll,uuhlﬂ"ll’f]\‘lﬂj‘]ﬂiﬂ'l

a =

Y Y Y o { o (Aaaa o a oY o o
ﬂ’l')Wu’lﬂ']ﬂﬁ']L@Qﬁ@qﬂ!ﬁﬂquq GUiL!31|ﬂ15‘1/]’lﬂ§]ﬂ581ﬂu"11ﬂﬂW?LﬂﬁﬂUﬁ\?ﬁu ﬂ\'iuuGlUﬂ'li

U

o Y a Y~ o ' v A qu Yy Aa & o
Wl 145 sezdesdimsmuquaiuisane Imunzean e lnanudouinaduvmgi

aan [ 3 Y 1 1 (] o a [ 4
ﬂ;]ﬂiﬂWﬂuﬂJ@ﬁﬁﬁﬁiﬂumNWﬁMﬁ@ﬂTiﬂ@gﬂfJElNﬁiJ‘]J"‘iﬂl"UfNW\If’fNﬁﬁﬂﬂ!“ﬂ
v =) Vv 14
3.3.2 PIZUIUMINHIAADUAIYANNIDU

4 a A o N\ Y 1
Gluﬂ'lﬁﬁﬂﬂ'l@\iﬂﬂﬁgﬂﬂﬂellﬂq leﬂﬁﬂ‘ﬂ ﬂﬁ\‘lmﬁ'l%ﬁllﬂgﬂ'lﬂﬂigujuﬂ'liwu
Ay p, £ o g o ' o v A )
A UAIYAITNNIDOU G]N‘Vl'lﬂ'lilﬂ‘llﬁ'ﬁf]fn\ﬁ]'lﬂﬂ'l'ﬁ‘ﬂﬂaﬂ\‘lwuW\Tﬁqﬁﬁ\?@uiu5$ﬂﬂ‘ﬂuﬁ13ﬁﬁﬁu

) 4 1 1 < @ :I 3 o o 1 ~
Faaunaain 2.8 uaz 2.9 rulad 1l vazilaesldan aqlududa lusih niuidedian

<3 Qldy a J J = 9 a d’l Y o
LﬂUhlﬂuhl‘]_]3Lﬂ§1$ﬁ@\1ﬂﬂﬁ$ﬂ'ﬁ]‘]JVﬂ\Hﬂllﬂ']fJWlﬂUﬂ XRD u@ﬂﬁ]’lﬂuhlﬂﬂ']ﬂ'lﬁﬂﬂaﬂﬂTﬁﬂWQﬁTﬁ

9
v 9

dld 3 9 [ dd‘ 1 tﬂ' a Y a o aaa
mﬂucluiwummmmummmmmm 2.1 murﬂm"l‘ml LW@@@ﬁ%L‘]Jﬂiﬁlﬂﬂﬂﬁ“lmﬂ;]ﬂim
1Y os: 9 ' J 9 [ 2} o a o o a 7
AUVDIFITAIAU ﬂemz‘ﬂaaﬂ“lﬁ@mm"lﬂwumium uazmmma@mm«wllﬂamﬁw

J a9 Y 1 Aq ¥ qu Yy Ax < J
29A15ZNOUMUANAIBFUNY WU 3$1J‘1J‘1/1616]5 WNT AN ‘VliJL‘HaﬂfJfJﬂul“Iiﬂ (F6203) uae

= I 1 oaj 9 aa = 4 =
2LAUUEY (Al Wudaiudsenou (ﬁﬁﬂ\iﬁlﬂl&ﬁllﬂ”lilﬂl]ﬂ 2.1) Hoendsznoumaniing

! ua/‘ a 1 a J 1 < J
awi laaeauuaginld ua Tunmsiasiziwanudn § mlavoaunan’ls - asen’leq (Fe(OH),)
4 ]
=2 A Y

a S A 9 A @ % :’ 1
1.]31ﬂ§]51]u HOINNN AU HAANN NUAIN FDU NN LAADUAN a\illﬂﬂﬁgﬂgﬂﬂ HIBYN



69

Yy 9
[ [ a o =X [

<Y ' S =2 o Y a 0 aaa [ 9
RUNAUUASINANTITHUIAIDYINTIALTY i]x‘I‘Vlﬂ“Vilﬂﬂﬂﬁ‘im‘ﬂ;]ﬂiMﬂ‘UuT”Uu mwa“lwﬂsmgMa
@ v d? a 4 [ A
ﬂﬂﬂﬁ”l’ﬂllﬂi!ﬂ”lii]!ﬂﬁ%ﬁﬂﬁ ﬂQLLﬁﬂﬂuzﬂ‘ﬂ 3.21

a s o A o 1 A )
U,ﬂgWﬂﬂTiﬂLﬂiTzﬁ@ﬂﬂﬂi%ﬂ'f)‘]_Wn\uﬂllsU’fNﬁfJ@EﬂQ 11&531J1|‘V] WINTU AN U

=N 4 . Aa A I 3 9 1 A Aa o z
mam"lm (FeT103) uazazgmuﬂu (AD LﬂUﬁWi@\‘lﬂuWU’ﬂ JeUUN mam"lu G]blLlNQNﬁlIGN
Yy |a ~ 1 o q U1 < A o o Ay Yy oA
Gluﬂiﬂﬂmﬂﬂﬂﬂﬂ’ﬂ i]%‘l/]”liﬁﬂi’)qﬁjﬂlﬂu LWﬁWﬁ@ﬂmWI AIINTN ‘V]G]ﬂ\‘lﬂﬁllﬂuﬂflﬂ’ﬂ LHDIIN

9

3 9 ;I A a = a o v I ' o Y
FTUUMTAUMNTADNITSUUUNYUNHULDIATIUANATININTSUULITN Wueg1aun mﬂmmm
v

4
LY aaa

] o a 1 4 1 a 1
fouluiisawalumsildesdsdu dunadfnsenldedwauysel dwald inaulasznin
E4

A .

. dgl == @ = ;I Y A 1
NaN (Intermediate phase) YU U AB FeTi,0,, uaz aAl Msdedunasmaseg luszuy

smamnndaaaslugin 3.21 wunu

1400 m FeTiO,
i TiO,
1000 4 + AlLO,
a) 3FeTiO,+2Al | | ® Fe0s
200 4 w FeQ
0 o Fe(OH),
=
S 600 -
0
400 +
200
D .
c) Fe,0,+2Al
0 20 40 &0 a0 100

2Theta

[

d‘ a 4 a A A 9 a dy 9 [TAR= 4
sUN 3.21 wamsuns e ananduy FIA[0L AMUMANA NFIAENVUAIYTITONS YOI

Y

a o JAw v ' A Y Y
Nﬁﬂﬂﬂl“ﬂﬂﬁﬁlﬂﬁW%?ﬂﬂﬁﬂﬂﬂ?ﬁwumﬁ@ﬂﬂ]ﬂﬂ’ﬂuﬁﬂu
a d Y a A

34 Waf’ﬂﬁ]!ﬂi1$ﬂiﬂ’§ﬁﬁ’§1@§ﬁﬂ1ﬂﬂlﬂ@ﬂ3!ﬂa®ﬂ

3.4.1 NIZVIUNMSIAADUAIUANNTDU



70

d‘ Y1 gs Y a d
34.1.1 wanmsnaaedluszuunlfaunaunsdurtinnoaassn

a s o A g s a A Y
i]"lﬂNﬂﬂ”ﬁ3Lﬂ§1$ﬁﬂ1’§ﬂi%i]”lﬂ@]?ﬂl@ﬂ‘ﬁ”lﬂﬂlﬂuﬂﬂﬂﬂizﬂ’f)‘]JGU’ENN’JLﬂﬁ’E]lIﬂ’JEJ

[

a 1 < 1T W a { g @ 1
maua EDX WU 519man (Fe) ﬁﬂﬁgmzﬂquﬂulu mnm‘ﬁtﬂu’m@gm HagnNIsIeNIng
a [ 1 a IR
MULUIVRIAINTIIVRYTaag W aausigezgiitien (AD) Imamznguiuiludeuaselanang

U

0911 a =) (2 A
YoIFUH IR UAWAATUF1IN 3.22

cps

(U Al
-
L)

: oFe
U%WWWWM 3 A-:--ll' Hppun s

10 Energy (keV)

SE. 255 A OKa. 5

g‘l]ﬁ 3.22 WﬁﬂTﬁ’JLﬂ‘iwﬁ'ﬂTiﬂﬁqﬁﬂ1fJﬂ1Wﬁﬁﬁ1uﬂl@\1‘ﬁ1ﬁﬂlﬂu@\1ﬂﬂiuﬂfJ‘UGUfNW’J!ﬂﬂfJTJ GINLLETQQ
=<
a5 ves 519 (iﬂ‘Uu) L!'ﬁ“‘uﬁﬂ\?ﬂ\?ﬁﬂ‘Hmuﬂﬁﬂ‘iw%ﬁm’JﬂJ@Q‘ﬁWl (iﬂﬁN) (ﬁiﬂﬂmﬁ

UTNUTUAY ﬂ’é] mnmmﬂimmmmﬁmﬁuq ﬂ‘i%ﬁ]']flf]giﬂﬂ)

a o 4 ac
Llﬁ$fﬂTﬂWﬁﬂ15'3&?’]5']3‘ﬂIﬂ'iQﬁ%j']\iﬂﬁﬂ']ﬂﬁjﬂﬂé}ﬂﬂﬂamiﬁﬁu DLIAANTOU LIV

1A = A o Yy @ a o < 9 a
@99IN3I1A (SEM) WU N'JLﬂﬁ’é)’]JVIﬁ\HﬂiT%?ﬂﬂiJﬂTiLLEJﬂ@]'JfJf]ﬂﬁ]']ﬂN'J’Jﬁﬂj']umﬂu@‘(’l (U5

A dy 1 A & J Y o Jd a A = 1
maﬂﬂwagiugﬂw 3.23) “INHJML‘H&{!Nﬁ‘)ﬂMﬂﬂ’NﬂJi@uﬁlui%‘U‘Uﬂﬁﬂ’\ilﬂﬁ%“ﬁ NN aDY 3J"lll

G

[l o a [ 4 Qy a a I 1 A
LﬁﬂﬂW@ﬂ@ﬂWiﬂ"lGlﬁlW\lﬁN'GWIﬂﬂl“ﬂﬁa@ﬁ\lLEJ?JLL'@%Lfﬂgﬁﬂ°]JuW’J‘U’ﬂﬂ')ﬁﬂj']uulﬁﬂﬂﬁuu‘ﬂﬁuﬂ



71

Y a { 1 :/I a I v
510 3.23 Tassadreganmavesiundon lussuudlddunauasdurianoaassah luiing

Y
BUAIAUAY UAZUANATOUFIAUKUT 1 mm
3.4.1.2 Hamsnaaddluszuuil Fa I uNa A IAUB AN

a 4 @ PR o a A 9
i]1ﬂWﬁﬂ1‘J'JLﬂﬁ1$°ﬁﬂ1§ﬂi%ﬂﬁlﬁ'Jﬂl’f)\i‘ﬁ'lﬂﬂlﬂl!@\?ﬂﬂi%ﬂ'ﬁ]“]JGUENW'JLﬂﬂf]Uﬂ’JEJ

a 1A @ Y Y < a
mafla EDX wud Avndeuidunsed Idseneudiesaqman (Fe) siqozgiiiion (Al) 519

U

J a o 9 Yy 9 3 '
A1TuUBU (C) Hagsinooniay (0) U,ﬁg’fﬂlﬂiﬂuﬁﬂ'ﬁﬁNﬂiTV\lﬂQWNLﬂliJﬂluGllf)\iﬁ'lﬂcluGﬂuWu\i

A1) fanaaalugin 3.24

100.00
9000
80.00
7000
6000

5000

wit%

40.00 Al

3000

2000

1000

0.00 Position

d' a 4 [ @ A J 4 a A
31]1’1 3.24 (a) Nﬁﬂ13'§llﬂi$ﬁﬂ15ﬂ§$%1fJ‘ﬂWWﬁQﬂu"UﬁN‘ﬁWQﬂLﬂu@Qﬂﬂigﬂ’é)‘UsUﬁNW’)Lﬂafl‘ﬂ



72

0643 20kY  100um x100

Y o v Ao @ { g J a
317 3.24 (A10) 1Az (b) AuisiIasnasnuvessgiiliuesdlszneuvesiindo

E4
d o o 1

a d [ o a o 1
Gh!ﬂﬁ’Jlﬂ5'13ﬁﬂ'W‘IE‘N\111«!%@\1‘51%%31’]11’115’3!?]313141’]\1 9 AN Tﬂamsmm
@ o I A @

~ I a dl I [ dl I a ~ a
N 1 - 4 duvsnanduiagg v tazdwmian 5 - 9 duusnsnidurunfeu gueay tag 910

A 1 3 A a 42/ A A o v 1 v o '
ﬂﬂﬂhgﬂ‘ﬂ 3.24(a) NUN ‘ﬁWlL‘l"iamJ‘lJiiﬂmiﬂﬂ"llmi’OEJG] LHBNINITIAATNAINTUIINA LU

q

< =

d' 2 o ] dl a 9 d' 2 o ] dl 3 a

N 1 AIUDNAHUIN 4 ‘EWJL‘Viﬁﬂ‘ﬂ%llﬂilﬂmu@ﬂﬁﬂli@ﬂ“] %u"lﬂmm!,mum 9 DI DNIWIIN
a A = o ] dl KX o 1 d' 1 % o 1 ,4'

Lm%‘ﬁ“ﬂ@%@ﬂL‘Llﬂuulwwﬂ1iﬂi1ﬂ§]1uﬁ1llﬁuﬂﬂ 1 AT N 4 LAVDRINAHUIN 4 %u”lﬂ

=KX o A a Aa A a A dgl A a ' 4
DIAWNUIN 9 ‘lJi3J1ﬂ!"llEN‘ﬁWJ’E]Z’ﬁ‘JJLuEJiJlJﬂﬁLWM"UuLﬁ]EJG] HAZUNIIATIINUIT DIA1TUDU

cH
9 2]
9 v A A

I 4 £ a A A =\ 9 & a
iHuesnilszneunilavesiundeudie Matiiiesnnlunszuruadeuiins laular vl dufa
9 [ an [ a
1M Indveanaezsnauuazunaoendion
) a o ¥ a A Aygy =
MmNz Inssadsgamavesiunaeui Idvinmsnaaesluszuun
Slay [ [ a A 3 9 3 Y aan =
1F9UUAI9619M U1 1.2 mm AAATDUAIEUHYT 1 mm tazasdduanlgnseuniily
d' d‘ = I ) a ay 3 ) J ! a
AuMIN 2.1 1ien)IeuMeunanIzNUUBIMINI BNHITUNIUAIBENABMINDF VDI
Y 9
NADY LAzHANTENUYDINS IRANUSouLNFUNIUT e uneuMIYasiiaAIndouRsdude
J a = £ 1 Aa A 1 [ [ dy A =)
mineglvesdunaey Fwisnnsanluszuuiuanaeiy 3 szuudail szuun 1 mIey
a & Y v 9 7 o ¥ A o A =
HIFUNUAIENITAAIENTZATENT BB 80 HazIANNEEeIndI8InT08an 1 Tyiln (31U
A = a Q’I Y v Y 4 ] o
3.25(2)) TEUVTN 2 : ATHNAIFUNIUAIIMIVAAIBNTEATENI GBS 80 WHUNTIBLAZ AN
1] v v Y
azeianioiedans lain (3N 3.25(b) HagszuuN 3 : WSEUAITUIUAIINITTARIY
o o 4 [ a A 1
N3ZATENT BB 80 LazihANUAZeINAIINGEI0anT1 Twiin wag iy M 1HAusouney

v v
m3gaszidaunAInaoUAIAY (31N 3.25(c)



73

20Ky 50um

d' 9 a A ~ ~
g‘lJ‘i’l 3.25 Iﬂi\?ﬁﬁN‘l]}'dﬂWﬂ%fNW?Lﬂﬁﬁ]ﬂ%']ﬂﬂ'liﬂﬂﬁf]ﬂ a) 32UUN 1b) 52UUN 2 1ag ¢) 53Ul
A
N3
~ 1A A A o 9 Ao cf/l =S
‘tﬂﬂzﬂﬂ 3.25 WU NAADUNAIUATIEN LAINTEUUNUNNINITIATYY

a Qy @ [l Y ] 9 9 1 a A A qs/l Y I a
W'J‘lfuxﬂuﬁ'JfJfJNﬂ'Jﬂﬂ']iWU“VIi']ﬂllagﬂ']ﬁ'ﬁlﬁﬂ'l'liﬁﬂlllﬂﬂuﬂ'liﬂﬂi&ﬂﬂW?Lﬂﬁ@ﬂ@lﬂﬁulﬂuwﬁ

= Aou o o d 1 Aw oA @ &£ A o a P4 9 9 =2 o
Lﬂa@ﬂ‘l/lﬁllWﬁﬂulﬂu@ﬂTQﬂﬂ‘]JW'J‘lI@Q'Jﬁﬂﬁ']u “HQL‘]JHU],‘]JWIM‘VI PNTNUATIU llﬂwu"lmu JIM

9

a { o ! < v Aa o {
IfAundeuidunsied 18 luszuui 3 dlianuudawsslumstamezsuiiiagguing



74

A A a J Y] A 2 4 a
LUDNAITUINANITAUNTICU fﬂiﬂ§$i]18@]3ﬂlﬂﬂﬁ1ﬂﬂlﬂu@\1ﬂﬂ§$ﬂi’)‘].l"l]i’NN’J

A ] [ 9 Aa A 1T A A A o 0 Y 9
AADUIIUNY IﬂiiﬁﬁNﬂaﬂ'lﬂ"UENN’JlﬂaSUWU’J'I N’JmﬂElU%ﬁﬂmi'lzﬂulﬂﬂizﬂﬂﬂﬂ’wMﬁ

J

A ] a a o A g <] 9y Y
aoulane man Hagos gl IﬂEJL'V‘IﬁﬂaﬁﬂleW]T]Lﬂu&ﬂaﬂ%ggﬂﬂﬂﬁiﬂu@]qﬂlwa

=
)
3
e
—

9 v H
mﬂmi?imgmammmmwmmmﬁ’;mﬁauﬁa&'ugﬁmmﬁawum W’Jlﬂﬁﬁl‘ﬂ‘ﬁ

o . 1w I A @ {
dunsizd lalireudenunaailuiundon’ld dwaaslugii 3.26

PSU 0623

: 9 a { o Y { 2 =
51 3.26 Tnssadrsganinvesdunaeuidunsigd 18 luszuuiiinady 1 Tua ezgiiun Tae

ya A 091' 9 A 1 o
1¥HUARDUAIAUNLANUHUWNINDY 3 mm

~ g 1 a A A o o VA A Aa A
%1ﬂ§ﬂ‘ﬂ 3.26 ISHUN N'Jlﬂa@‘]_l‘VIZ’NLﬂiTZﬁﬂﬂuNﬂﬂTNﬂﬂluﬂﬁﬂl@ﬂN'J“I/Iﬂ o
~ o A A A = Y 9 a A = Y
mamumma@uﬁluizuuauq ‘D']ﬂﬂ']'iﬁﬂ]&l'ﬂu‘ll'l\‘mu Llagwjlﬂﬁﬂﬂi‘!ﬂi$ﬂﬂﬂﬂ?ﬂw\lﬁ

Aa o 1 PPN a I~ 1 { < I ] o
waasuy 3 wa 1dun manvinfadudivulszney mantmaniudiuilsenoundn ua



75

avesezgiiun danaaslugili 3.27 ua:mﬂiﬂwuﬂw ﬁamﬁauﬁmmﬂﬂﬁmaﬂaaﬂmﬂﬁa

YOIIAAF I (miﬂuaﬂﬂmﬂm 3.26 USHUN ﬂﬁ’iﬁ"ln’m@ﬂ)

Energy (keV)

gﬂﬁ 3.27 Wf’lﬂﬁ’)kﬂ‘i‘”ﬁ'ﬂTﬁﬂ'i‘“i]1Elﬂ1Wﬁﬁﬂuﬂl@ﬁ‘ﬁ1ﬁ°ﬂlﬂu@ﬁﬂﬂi°’ﬂfJ‘]JGUfNW'J!ﬂﬁf]’ﬂ “]N!L’ffﬂ\i
ﬁ\?ﬂiﬂWﬂ!‘ﬁWﬁ (’i‘ﬂ‘Uu) LLawLLﬁﬂQﬂ\‘iaﬂ‘Hmuﬂﬁﬂi %WEJ@]’J"UGQ‘EWI (3‘1JﬁN) (wmﬂmm VINUT

YON ﬂ’f) ummmﬂimmmmﬁmﬁu il ﬂi$%18@§h1ﬂ)

§ a J @ 1 A d [ a
Lﬁ’f)‘ﬂ1ﬂ1i')£ﬂ51$1’iﬂ15ﬂ5$%18@]3ﬂ1@\1‘ﬁ1ﬁ]@1\1ﬂ ﬂLﬂuﬁﬂuﬂﬁ%ﬂﬂU‘UﬂﬂW’)
A ] A J 1 9 A 3 A a
D UNUIN i@ﬂllﬂﬂ“l/m’i“lﬂlﬁﬂﬂﬂ']Wﬂ']EJIﬂi\iﬁ'i'N%qﬁﬂ']ﬂ (E’IJ‘V] 3.26) WusesuennnavINnIg
Y] a a A S v oa dgl a o o 9 ]
‘Viﬂmsumuﬂmaslwumzmmmmmamﬂsuu sazilanannunisenoualgaumans

a A vy v
ﬁum@;mmm%mwu
' A v Y
3.4.2 DIZUIUNMTNUIAADUAIYAININIOU

a 7 o A d g a A A
TMNAANIT ’JLﬂiW‘Hﬂ"ﬁﬂi$ﬂWﬂﬂ?ﬂlﬂﬂ‘ﬁTﬂﬂLﬂﬂﬂﬁﬂﬂi%ﬂ@ﬂﬂlﬂ\iﬂ?!ﬂﬁﬂ‘ﬂﬂ

@ J Qa’l Y A A aaa = A 9 a 1
AUATICHIINTITAIAUNIATININ ﬂ;]ﬂ'if]%ﬂlliﬂﬁhﬂﬁ‘ﬂ 2.8 aumaun EDX WU 19



76

v v v g 1 @

3 A a A g a A = v v v J 1
UanNuUNII °um:1ﬂmﬂmaﬂumnmmﬂmﬁ@;gm uazﬁmazamuﬂmﬂﬁimmﬂmﬂuﬂqzu

Q u
Y

a { g v v v A v {
luvSnandumuteuszningudouvessig lnnuilonly  Fudnndeuduaaslugii

q U

3.28

°
@

|||||||||T|n|||||| o

Al

Fe

Energy (keV)

@

d' a J 1 @ A J a A
ﬁ'iJ‘VI 3.28 NN UNTIEN fﬂﬁﬂi$ﬂWﬂﬂWWﬂ\?\ﬂH"U@Q‘ﬁWﬁﬂLﬂu@\?ﬂﬂigﬂﬂﬂﬂlﬂﬁwmﬂﬁﬂﬂ (E’]J

U q

o I Ao @ A J a A 1
UU) LL'ﬁ%mlL‘l"iu\1‘1/]')@ﬂ1waﬁﬁ1uﬂlﬂﬁﬁ1ﬂ‘mﬂuﬂ\‘lﬂﬂ§$ﬂ’E]‘U"ll’ENN'JLﬂa’E)“U (ETJQN)

a A A o e o ' a o
llazW’Jlﬂa@u%ﬁQlﬂi’lgﬁ"lﬂuuﬂ’]illﬂﬂ@@ﬂﬂ']ﬂﬂuﬁgﬁj']\jw\lﬁf’l]ﬂ\iwa@ﬂmm

=

[ a A v Aa o o § =S 1 Y [ =®
Llagﬁgﬁﬁl'l\?W'Jlﬂa@‘ﬂﬂ‘UW?%@Q?ﬁﬂﬂWUﬂﬂllﬁﬂﬂiuzﬂﬂ 3.29 ﬁ]\‘lﬁ\‘]Wﬁﬁh’iﬂ'J'lﬂJLL"ll\‘iL!i\?Gluﬂ'lifJﬂ

A

a A [ tﬂ' 3 9 dyd = a d't;
Lﬂ1$ﬂl’0\1ﬂ3lﬂﬁ@ﬂ1ﬂﬂﬂﬂ HDINNTEUUTITONAUUNRUHHUUBIATLUUANNATNIN (2053.0 °C)
A A QBJI 9 aaa = A o P 9
WDIMNYY TEUY T15A9aU ‘lJfN‘IJJ;]ﬂifﬂ!,ﬂiJ Tuaumsn 2.1 mladanuieun luszuums
[ (=1 [ o Y a Aaaa 9 1 g ~ A @ a
ﬁﬁlﬂinﬁ{l‘lmWﬂ\‘iW@ﬂ@ﬂﬁﬂWGlﬁlﬂﬂﬂ;]ﬂim ulﬂ’f)ﬂ'l\‘lﬁllﬂuﬁﬂ‘!ﬂﬂuﬂﬁw AU 11‘1Jlﬂ']$ VUNT

@ A 1 I A A
v¥o3Tagg I teneglilurunaeu



77

s

FSU 2145 20kY 50um x400

[

v [l 4 [
517 3.29 dnvar Inssadianavesdundeuiduniiz Idnnszunmsdedu Tuaumsi

U

[\

8
3.5 HaMINANZHANTATINAVOIRNAADL

wva Aa a Y o 1 { a 9
1umimﬁ@uﬁu‘umwﬂaeummmﬁau ﬂgiﬂfﬁﬂﬂﬂNﬁWﬁﬁﬂ’JEJﬂiZ‘U'J’Llfni

A Y Y A Y 3 Y a A a a ) & o~
ma@m3ﬂmm‘i@uﬁlﬂhmuwaummu%uﬂmmmazgummmu 1 Tllﬁ HIWWNANITNATDY

e

[

=
JU
< a =
3.5.1 HaNMINaaa U NNUUIVIINUNADY

A o A A A o I I 1T A A A o Id
IJJf]u'IW'Jl‘ﬂaﬂ‘U‘ﬂi’NLﬂi'Igﬁﬂlﬂulﬂﬂﬂﬁﬂﬂﬂ'ﬂNLHNWU'ﬂ WANADUNTUNTIEH
[ o [ [ % i a 1 o a J @
hlﬁﬁﬂ'ﬂllllql\?ﬂ']\?ﬂuﬂgﬁluﬁ']llslﬂﬂ Gdfﬂlﬁ@w%'lim'ﬁ?i]ﬂﬂWaﬂ'l'i'llﬂ313Wﬂ13ﬂ5$ﬂ1ﬂ@]3ﬂ]@\1‘ﬁ1ﬂ
[ A 1 a A 1A A 9 a o 4 1w
AN ﬂlﬂuﬁﬂuﬂigﬂf)‘U‘ll'ENW')Lﬂa'E]UW1J'J']W'J!ﬂa'ﬁ]‘ﬂﬂigﬂﬂUﬂ?ﬂlwﬁwa@ﬂm“ﬂﬁﬁJW\lﬁl‘HUﬂu

Y
v A

[ < 1 I
Tasaanuuvaluuaazmleniuaadi



78

ALO, phase1710.603 HV

Fe rich phase : 319.2267 HV

Substrate

Fe-Ni phase : 127.5067 HV

Substrate : 109.5467 HV
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Fe,0, + 2A1 = 2Fe + AL,O,

Reactant Fe,O, Al
Molar Ratio 1.0000 2.0000 3.9594
Wt. Ratio(g) 2.9594 1.0000 7.5769
Wt.(30g) 22.4231 7.5769 30.0000
Fe,0, + 2Al + Fe = 3Fe + Al,O,
Reactant Fe O, Al Fe
Molar Ratio 1.0000 2.0000 1.0000 4.9944
Wt. Ratio(g) 2.9594 1.0000 1.0350 6.006708
Wt.(30g) 17.7762 6.0067 6.2171 30.0000
Fe,0, + 2A1+ 0.2A1,0, = 2Fe + 1.2A1,0,
Reactant Fe O, Al ALO,
Molar Ratio 1.0000 2.0000 0.2000 3.3373
Wt. Ratio(g) 2.9594 1.0000 0.3779 8.9893
Wt.(30g) 26.6028 8.9893 3.3972 30.0000
Fe,0, +2A1+ 0.3A1,0, = 2Fe + 1.3AL,0,
Reactant Fe O, Al ALO,
Molar Ratio 1.0000 2.0000 0.3000 3.5263
Wt. Ratio(g) 2.9594 1.0000 0.5669 8.5076
Wt.(30g) 25.1773 8.5076 4.8227 30.0000
Fe,0, + 2A1 + 1AL,0, = 2Fe + 2A1,0,
Reactant Fe O, Al ALO,
Molar Ratio 1.0000 2.0000 1.0000 5.8490
Wt. Ratio(g) 2.9594 1.0000 1.8896 3.4194
Wt.(20g) 10.1194 3.4194 6.4612 20.0000
Fe,0, + 2A1 + 1Al = 2Fe + Al + AL O,
Reactant Fe, O, Al Al
Molar Ratio 1.0000 2.0000 1.0000 4.4594
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Wt. Ratio(g) 2.9594 1.0000 0.5000 4.4849
Wt.(20g) 13.2726 4.4849 2.2425 20.0000
FeTiO, + 2A1 = FeTi + Al,O,
Reactant FeTiO3 Al
Molar Ratio 1.0000 2.0000 3.8123
Wt. Ratio(g) 2.8123 1.0000 5.2462
Wt.(20g) 14.7538 5.2462 20.0000
Fe,0, + 0.2TiO, + 0.2B,0, + 5.333A1 = 2Fe + TiB, + 2.667A1,0,
Reactant Fe203 TiO2 B203 Al
Molar Ratio 1 0.2 0.2 5.3333 2.3175
Wt. Ratio(g) 1.1098 0.1110 0.0968 1.0000 12.9447
Wt.(30g) 14.3658 1.4370 1.2526 12.9447 30.0000
FeTiO, + B,0, + 4Al = Fe + TiB, + 2AL0,
Reactant FeTiO3 B203 Al
Molar Ratio 1.0000 1.0000 4.0000 3.0512
Wt. Ratio(g) 1.4061 0.6451 1.0000 16.386772
Wt.(50g) 23.0420 10.5712 16.3868 50.0000
3FeWO, + Ni + 8Al = 3W-Ni-3Fe) + 4A1,0,
Reactant FeWO s Ni Al
Molar Ratio 3.0000 1.0000 8.0000 5.4930
Wt. Ratio(g) 42210 0.2720 1.0000 9.1024873
Wt.(50g) 38.4220 2.4755 9.1025 50.0000
Fe,0, + Ni + 8Al + 3WO, = 3W-Ni-2Fe) + 4AL,0,
Reactant Fe203 Ni Al W03
Molar Ratio 1.0000 1.0000 8.0000 3.0000 5.2343
Wt. Ratio(g) 0.7398 0.2720 1.0000 3.2225259 9.5523132
Wt.(50g) 7.0673 2.5979 9.5523 30.7826 50.0000
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Sample No. 1 Sample No. 2 Sample No. 3
Fe- Fe-
Subst Fe-Ni Subst | Fe-Ni Subst | Fe-Ni | Fe-rich
rich AlLO, rich ALO, ALO,
rate phase rate phase rate phase phase
phase phase
1 115.3 110.6 382.2 2053.3 95.3 124.7 222.5 1563.7 115.2 138.7 207.7 1589.7
2 112.8 128.0 356.4 1942.0 109.3 116.5 177.6 1226.0 109.4 124.4 452.8 1864.5
3 103.1 121.6 345.5 1366.3 101.2 93.1 191.6 1355.9 118.2 122.7 443.9 2238.9
4 115.3 122.6 389.3 2034.1 104.4 111.2 384.6 1137.5 114.7 135.0 286.8 1204.0
5 107.6 124.4 336.3 1924.4 99.0 93.4 386.1 1267.1 119.4 145.2 269.0 2092.5
6 114.9 106.4 202.0 1596.3 98.1 113.7 254.1 1730.1 104.1 139.4 284.8 1996.5
7 116.4 144.5 269.0 2184.9 101.6 106.1 205.6 1730.1 113.8 156.7 311.5 1737.5
8 113.0 129.7 449.5 1959.9 101.8 140.2 307.6 1230.5 119.7 143.6 458.8 2092.5
9 115.8 149.7 404.9 2053.3 99.7 135.8 447.8 1271.8 112.5 124.1 252.8 1664.7
111.7 131.7 309.3 2206.3 101.5 131.0 269.5 1471.7 121.6 160.5 317.3 1532.1
10
§ 112.6 126.9 344.4 1932.1 101.2 116.6 284.7 1398.4 114.9 139.0 328.5 1801.3
]
=
]
]
E 109.5 127.5 319.2 1710.6
—
]
~—
<]
i




Y

ma39,aﬁumnmimaaummﬁ’mmums?inma

88

naild ani)
Fuand | vnaduhmin (e 15 30 45 60 120
imiiiigadaly @
0.5 -0.0115 | -0.0239 | -0.0402 | -0.0667 | -0.1348
! 1 -0.0430 | -0.0250 | -0.0308 | -0.0326 | -0.0606
0.5 -0.0198 | -0.1412 | -0.1713 | -0.1993 | -0.2113
? 1 -0.0381 | -0.0478 | -0.0591 | -0.0707 | -0.0818
0.5 -0.0576 | -0.1074 | -0.1601 | -0.2104
sub 1
1 -0.1212 | -0.2043 | -0.2891 | -0.3858
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Abstract: Fe-41,0; composite coating was deposited by
self-propagating high-temperature synthesis assisted
flame spray coating process. The green composite paste
were prepared using ferric oxide agent powders,
aluminum powders and polyvinyl alcohol The paste on
the substrate was ignited by oxy-acetylene. The resulted
Fe-Al,0; composite coating was characterized by X-ray
diffraction (XRD) and scanning electron microscope
(SEM), respectively. The successful of this process can
be create a novel thermal coating process.

Kev Words: Fe-40L,0; composite coating/SHS/Self-
propagating high-temperature synthesis/Flame spray
coating

1. INTRODUCTION

Thermal spraying is a generic term for a group of
processes that utilize a heat source to melt material in
powder, wire or rod form. The molten or semi-molten
material 15 propelled toward a prepared surface by
expanding process gases. The particles quench rapidly.
upon impact with the surface, and bond with the part.
Flame spraying is the thermal spraving that uses
combustion of gases to melt powder, wire or rod
material. It can create coatings out of a wide range of
materials. But they have to be low melting pomt
materials because the heat that get from flame spray 1s
not very high (~2000 °C) compared with HVOF (~3.000
°C) and plasma spraying (12,000 °C) [1].

Self-propagating high-temperature synthesis (SHS),
a vanant of combustion synthesis, 15 a method for
producing  substances. materials and items via
exothermic autowave reaction. This combustion process
1s 1gnited by pomt heating of a small part of the prepared
sample. The heat should be enough for nitial buming of
surrounding material. which in turn, generates heat that
burns the following part of the material, and in this way a
wave of exothermic reaction is generated that covers the
rest of material With this method it 1s possible to obtain

various products both inorganic and erganic nature with
unusual properties, for example TiB; powder [2]. S1-S1C
composite material [3]. and TiB;-ALO;-Fe Al
composite material [4].

By combining SHS method with flame spray process,
it is possible to coating higher melting temperature
material on the substrate with the heat to 1gnite the SHS
reaction from oxy-acetvlene of flame spray process. This
novel coating process will require less energy and less
expensive instrument cost than tradition process.

2. EXPERIMENTAL
2.1 Preparation of green composite paste

The raw powders used in making green composite
paste were commercially available Fe;O; (Riedel de
Haen Nr. 12344) and Al (HIMEDIA RM 740-300G)
powders according to Fe,0; + 2A1 = 2Fe + ALL,O; + 836
kI. The polyvinylused as binder to bind Fe,O; and Al
powders together. The preparing process of composite
solution was as follows: firstly, Fe;0; and Al powders
were thoroughly mixed for 24 h in a grinding machine.
Then, the compounded powders were mixed again with
polyvinyl alcchol solution, to form green composite
paste.

2.2 Fabrication of composite coating

The mild steel thickness 1.2, 2 and 3 mm were use as
the substrates. Prior to follow the composite coating
process, all the substrates were polished to get rough
surfaces. cleaned by acetone, painted by composite paste
and dried in an oven under 100 °C. The green composite
paint were 1gnited by oxy-acetylene flame and reacted, to
form Fe-Al,O; composite coating.

2.3 Characterization

The samples were characterized in terms of chemical
composition and surface morphology by X-ray



diffraction (PHILIPS X'Pert MPD) and scanmng
electron microscope (JSM-5800LV, JEOL) respectively.

3. RESULTS AND DISCUSSION
3.1 Thermodynamic analysis

The overall chemical reaction can be expressed as -
Fe;0:(s) + 2Al1(s) = 2Fe(s) + Al;Os(s) (1)

The equilibrivm compositions of the Fe,05-Al system
at different temperatures were calculated using Gibbs
energy minimization method [3] and the results are
shown 1n Figure 1.

The adiabatic temperature of the SHS process can be
calculated from the enthalpy of reaction. This i1s the
maximum theoretical temperature that the reactants
reach, and determined from Equation (2). This equation
applies to a phase change occurring between 1initial
temperature and T,y The calculated result of overall
reaction from Equation (1) 15 3266.1 2C.

T,

=1

AH = [ C, udT +AH, + [C,pud] @
298 T,

Where, AH is the enthalpy of reaction, AH: 1s the
enthalpy of transformation, Cp 1s specific heat capacity.
Tw 15 the melting temperature and T.a 1s adiabatic
temperature. It has been accepted that the reaction can be
a self-sustamed combustion when the adiabatic
temperature of the reaction 1s higher than 1800°C [3].

Then, It can be seen that 1t 15 thermodynamically
feasible to fabricate an iron matrix composite reinforced
with alumina using SHS method.
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Fig 1. Gibbs energy minimization plots of Fe,0;-Al system.

3.2 Characterization

The morphology of composite coatings obtained from
SEM method 1 Figure 2 show detaching of composite
coatings (b) from the substrate (a). This may be due to
heat loss to the metal substrate that result to insufficient
heat to complete the reaction of the green composite.
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Fig. 2. SEM image of cross-sectional composite coating.

The components of composite coatings were
identified by EDS-SEM and XRD patterns as presented
in Figure 3 and 4. It shows that the system compose of
the elements of Fe. O and Al in which Al and O are
located at the coating area but Fe located in both coating
area and substrate.
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Fig. 4. XRD pattern of composite coatings.

The composite coatings consist of Fe, Fe + 2ALO,
and Al,O;. Phase Fe + 2Al,0,4 are metastable phase that
were produced during reaction because the heat of
reaction is not sufficient for green composite to complete
the reaction.

4. CONCLUSIONS

The Fe-Al,O; composite was successfully coating on
mild steel substrate by combining of SHS and flame
spray coating process. Although the detachment of the



coating from the substrate 1s evident but this novel
coating process shows its promising. In the future. the
process need further study to solve the problem.
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Abstract

Fe-Al;0; composite coating was deposited by self-propagating high-temperature synthesis (SHS) assisted flame
spray coating process. The green composite paste were prepared by mixing precursors powder of Fe;0;, Al and
Al,O; on the substrate. The steel plate was used as a substrate and coated with the green composite paste. The SHS
reaction of the coated green composite was 1gnited by oxy-acethylene flame. The reaction between precursors happen
step by step along with the coated green composite length, to form Fe-Al;O; composite coating. The Fe-Al;04
composite coating was characterized by SEM and EDS. The successful of this process create a novel path for thermal
coating process.
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Rajamangala University of Technology Thanyaburi (RMUTT).
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1. Introduction

Thermal spraying is a generic term for a group of processes that utilize a heat source to melt material
in powder, wire or rod form. The molten or semi-molten material is propelled toward a prepared surface
by expanding process gases. The particles quench rapidly, upon impact with the surface, and bond with
the part. Flame spraying is the thermal spraying that uses combustion of gases as a heat source. It can
create coatings out of a wide range of materials. But it has to be low melting point materials because the
heat that get from flame spray is not very high (~2000 °C) compared with HVOF (~3,000 °C) and plasma
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spraying (~12,000 °C) [1].

Self-propagating high-temperature synthesis (SHS), a variant of combustion synthesis, is a method for
producing substances, materials and items via exothermic autowave reaction. This combustion process is
ignited by point heating of a small part of the prepared sample. The heat should be enough for initial
burning of surrounding material, which in turn, generates heat that burns the following part of the
material, and in this way a wave of exothermic reaction is generated that covers the rest of material. With
this method it is possible to obtain various products both inorganic and organic nature with unusual
properties, for example TiB;powder [2], Si-SiC composite material [3], and TiB;-AL03-Fe,Aly
composite material [4].

By combining SHS method with flame spray process, it is possible to coating higher melting
temperature material on the substrate with the heat to ignite the SHS reaction from oxy-acetylene of flame
spray process. This novel coating process will require less energy and less expensive instrument cost than
traditional process.

2. Experimental
2.1. Preparation of composite coatings

The raw powders used in making green composite coatings were commercially available Fe)O;
(Riedel de Haen Nr. 12344) and Al (HIMEDIA RM 740-500G). The powders were weighted according to
the reaction of Fe;O3 + 2A1 = 2Fe + Al;03 + 836 kJ. The preparing process of green composite coatings
was as follows: firstly, Fe;03 and Al powders were thoroughly mixed for 24 h in a grinding machine.
Then, the compounded powders were placed on the samples (the samples were throughly polished to get
rough surfaces and cleaned by acetone), to form green composite coatings.

The green composite coatings were ignited by oxy-acetylene flame and reacted, to form Fe-Al,O4
composite coatings.

2.2. Characterization

The composite coatings were characterized in terms of chemical composition and surface morphology
by X-ray diffraction (PHILIPS X'Pert MPD) and scanning electron microscope (JSM-5800LV, JEOL)
respectively.

3. Results and Discussion
3.1. Thermodynamics analysis

The overall chemical reaction can be expressed as :
Fey03(s) + 2Al(s) = 2Fe(s) + Al;05(s) (1)

The equilibrium compositions of the Fe;03-Al system at different temperatures were performed using
a computer program [5] based on Gibbs energy minimization method [6] and the results are shown in
Figure 1.

The adiabatic temperature of the SHS process can be calculated from the enthalpy of reaction. This is
the maximum theoretical temperature that the reactants reach, and determined from Equation (2). This
equation applies to a phase change occurring between initial temperature and Taq. The caleulated result of
adiabatic temperature from Equation (2) is 3266.1 °C.
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AH = [ C,p T +AH, + [C, juiiT 2

288

where, AH is the enthalpy of reaction, AHy is the enthalpy of transformation, Cp is specific heat
capacity, Ty, 1s the melting temperature and T4 15 adiabatic temperature.

It has been accepted that the reaction can be a self-sustained combustion when the adiabatic
temperature of the reaction is higher than 1800°C [4]. Then, It can be seen that it is thermodynamically
feasible to fabricate an iron matrix composite reinforced with alumina using SHS method.
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Fig. 1. Equilibrmm composition of Fe;03-Al system.

3.2. Characterization

The morphology of composite coatings obtained from SEM method was shown in Fig. 2. The
composite coatings show good interlayer cohesion. This may be due to heat loss to the metal substrate
that result to sufficient heat to complete the reaction of the green composite.
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Fig. 2. SEM image of cross-sectional composite coating.

The components of composite coatings were identified by EDS-SEM and XRD patterns as presented
in Fig. 3. and 4. It shows that the system compose of the elements of Fe, O and Al in which Al and O are

located at the coating area but Fe located in both coating area and substrate.
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Fig. 3. EDS-SEM results of cross-section composite coatings.
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Fig. 4. XRD patter of composite coatings.

The composite coatings consist of Fe, FeALhOs and A)Os3. Phase FeAl)O4 are metastable phase that
were produced during reaction because the heat of reaction is not sufficient for green composite coatings
to complete the reaction.

4. Conclusions

The Fe-Al,03 composite coatings were successfully coating on mild steel substrate by combining of
SHS and flame spray coating process. Although the rough of the coating is evident but this novel coating
process shows its promising. In the future, the process need further study to solve the problem.
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Abstract. Steel substrate was coated by Fe-AL O3 composite using self-propagating high-temperature
synthesis (SHS) reaction of reactant coating paste. The green composite paste were prepared by
mixing of Fe,O;, Al and polyvinyl aleohol solution. It coated on the steel substrate. The effect of
sustrate conditions on the Fe-Al,Oz; composite coating were studied. The SHS reaction of the coated
green composite was ignited by oxy-acethylene flame. The reaction between precursors happen step
by step along the coated green composite length, to form Fe-Al,O; composite coating on the steel
plate. The Fe-Al,O; composite coating was characterized by X-ray diffraction (XRD) and scanning
electron microscope (SEM) couple with dispersive X-ray (EDS).

Introduction

Thermal spraying is a generic term for a group of processes that utilize a heat source to melt material
in powder, wire or rod form. The molten or semi-molten material is propelled toward a prepared
surface by expanding process gases. The particles quench rapidly, upon impact with the surface, and
bond with the part. Flame spraying is the thermal spraying that uses combustion of gases as a heat
source. It can create coatings out of a wide range of materials. But it has to be low melting point
materials because the heat that get from flame spray is not very high (~2000 °C) compared with
HVOF (~3,000 °C) and plasma spraying (~12,000 °C) [1].

Self-propagating high-temperature synthesis (SHS), a variant of combustion synthesis, is a method
for producing substances, materials and items via exothermic autowave reaction. This combustion
process is ignited by point heating of a small part of the prepared sample. The heat should be enough
for initial burning of surrounding material, which in turn, generates heat that burns the following part
of the material, and n this way a wave of exothermic reaction is generated that covers the rest of
material. With this method it is possible to obtain various products both inorganic and organic nature
with unusual properties. for example TiB, powder [2], Si-SiC composite material [3], and
TiB,-Al,03-Fe Al composite material [4].

By combining SHS method with coating process, it is possible to coat higher melting temperature
material on the substrate with the heat to 1gnite the SHS reaction from oxy-acetylene of flame. This
novel coating process will require less energy and less expensive instrument cost than traditional
process.

Experimental

Preparation of Precursor. The raw powders used in a making green composite coatings were
commercially available Fe,O; (Riedel de Haen Nr. 12344), Al (HIMEDIA RM 740-500G) and
Polyvinyl alcohol (Ajax Finechem A4877-500G). The powders were weighted according to the
reaction showed in Eq. 1. The preparing process of slurry precursor for the green composite coatings

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: 101.109.101.203-19/03/12,18:38:12)
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was as follows: Fe,0; and Al powders were blended by grinding machine for 24 hrs., then the
compounded powders were mixed again with polyvinyl alcohol solution by grinding machine for 24
hrs to get the slurry precursor.

The Surface Preparing and Coating Process. In order to studied the effect of the parameters in
the thermal coating process. we found that the roughness and the heat loss were the significant
parameters. The experimental study can be divided into three surface treatment conditions as follows:
(1) the samples were polished with silicon carbide abrasive paper No. 80 and cleaned by acetone, (2)
the samples were polished. cleaned and sand blasted on the surface, and (3) the samples were
polished, cleaned. sand blasted and pre-heated at T ~ 400 °C before ignition on the green composite
coating.

The green composite paste was pasted on the steel substrate that already treated by those three
conditions mention earlier. The green composite coatings were dried in the oven and ignited by
oxy-acetylene flame until the reaction was propagated completely, to form the Fe-Al,O; composite
coating.

The composite coatings were characterized the phase compositions and surface morphology by
X-ray diffraction (PHILIPS X’Pert MPD) and scanning electron microscope couple with energy
dispersive X-Ray Spectrometer (JSM-5800LV, JEOL), respectively.

Results and Discussion

Thermodynamic Analysis. The overall chemical reaction can be expressed as:
Fe,0s(s) + 2Al(s) = 2Fe(s) + ALOs(s) (1)

The equilibrium compositions of the Fe,O3-Al system at different temperatures were performed
using a computer program [5] based on Gibbs energy minimization method [6] and the results are
shown in Fig. 1.

The adiabatic temperature of the SHS process can be calculated from the enthalpy of reaction. This
is the maximum theoretical temperature that the reactants reach, and determined from Eq. 2. This
equation applies to a phase change occurring between initial temperature and T,4. The calculated
result of adiabatic temperature from Eq. 2 is 3266.1 °C.

T, Lo
AH = I Chp.solid dT + AHf + ICP_[ig::fd dr <2)
208 Tn

where, AH is the enthalpy of reaction. AH; is the enthalpy of transformation, Cp is specific heat
capacity, Ty, 1s the melting temperature and T,4 1s adiabatic temperature.

It has been accepted that the reaction can be a self-sustained combustion when the adiabatic
temperature of the reaction is higher than 1800°C [4]. Then, It can be seen that it is
thermodynamically feasible to fabricate an iron matrix composite reinforced with alumina using SHS
method.

The morphology of composite coatings obtained from SEM method was showed in Fig. 2. The
first substrate condition (Fig. 2(a)) that treated by polishing and cleaning resulted in poor wetting of
the substrate and composite coating layer. The second substrate condition (Fig. 2(b)) that treated by
polishing, cleaning and sand blasting showed the better wetting than the first substrate condition. This
may be due to rough surface causing by sand blasting help interlocked coating layer with the
substrate. The third substrate condition (Fig. 2(c)) that treated by polishing, cleaning, sand blasting
and pre-heating showed the best wetting and interlayer adhesion. It may be due to the preheated
substrate lessen the heat loss from the reaction site to the substrate and result in sufficient heat to
complete the reaction of the green composite coating.
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Fig. 2. SEM image of cross-sectional composite coatings (a) the sample of the first system,
(b) the sample of the second system, (c) the sample of the third system

Fig. 1. Equilibrium Composition of Fe;O3-Al System [7]
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The components of the composite coatings were identified by point-scan EDS patterns as
presented in Fig. 3. It shows that the element in the composite coatings was iron element and
aluminium element. When the distance from the substrate increased (located positions were showed
in Fig. 2.), the quantity of iron element was decreased while the quantity of aluminium element was

increased.

Figure 4. shows XRD pattern of the typical coating composite. It can be identified as the composite
of Fe, FeAl;O,4 and Al,Os. The FeAl,O. phases were the intermediate phase that remain in the result
product due to the insufficient of heat of reaction that cause from heat loss to the substrate during the

reaction. Even though, the majority phases of the product coating are Fe and Al,Os.
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Fig. 3. EDS patterns of cross-section composite coatings (a) the sample of the first system,

Conclusions

(b) the sample of the second system, (c¢) the sample of the third system
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Fig. 4. XRD pattern of composite coatings

The Fe-ALO; composite coatings were successfully coated on steel substrate by the thermal coating
process. From the overall coating results, we found that the roughness of the sample and the heat of
reaction were significant parameter as they help promote higher interlaver adhesion of the composite
coating. Although the resulted coating is evident and promising but this novel coating process need
further study to be more applicable to the industrial use.
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