F1891UNIBRUVUANY T

TAs9ns

wgAnssun1sudennazlaseasegainevasninuasziineie o

Tae

HALAS. AN LSy laAS

@

snvayulassinaunasuaiuayunsise (ana.)

30 tNWI8U 2552



Tryeyuazil TRG 4580061

sflsle'mn'ﬁ'ié'ﬂaﬁ'uaugssﬁ

Tasens

wgAnssun1sudennazlaseasegainevasninuasziineie o

Tae

HALAS. AN LSy laAS

mﬂ%ﬁmnssuqmmﬂms

wnIngnasinaluladwszaasunaisuy’

suvayulagdineunasmuaiuayunsive (an.)



naanssadsznd

TassmTITuauiasaadlaensa EEL“?IEJ%"UQ"IJE]UW‘SZQHA WA WHTNGNIY Uaz Dr. John T.
1 & { a =Y g { VY o ¥
Pearce \Duatagadauduanasdndinmineiinuti Al lFaUS N BT LWINII LTI b

fymdanuelaldaven aasaszozmlunsilasswiss uazasseulianuluies
¢4 9 Auanimiiannmarilasenuias

VOVOUNIZA h 219138 LWTh &qlﬂ@]’]?ﬁ mﬂ%ﬁmmiuq@m%ms ATRAFINITUAENS
s Inmapinaluladnszaenindiouyd  fldlwanutomielunislivesjidnuesl  de
anutanlaladluatineG

VOVDUNIZA h 215 uazlANa  RIlEAT NMAATIIAINITNAS  ATKANINAIENS UR1INLNEY
LﬂﬂI%IﬂﬁWi:aawmﬁwmﬁmﬁmmmgmm:ﬁ“ﬁ’s51mﬁaLu_iamimﬁﬁmmﬂmﬂmlﬁ‘lﬁums

Na|a

ma"uauqmmﬂ%mmﬁ AMAINENARAT u‘m"?wmé’mmﬂ‘[uiaﬁmmaumﬁﬂﬁuﬁ ﬁvl,ﬁmgl,m’]zﬁ

\ A A P A A @
°1T'3ULVIQaLfaﬂﬂiﬂ‘ﬂuﬂquﬁuﬂqiﬂ@aaﬂeﬁﬂLﬂuﬂi@ﬂ%"li@ﬂ’]ﬂu’]ﬂ

6 = [ 1 a a‘ v 1 A dl' a 6
1828UA gm,ﬂmﬂIuIamLama@;Lma"mm (MTEC) 7 IaAANNTI8nRe llTaIn IR KNS

o

o o 1 Aa € a
224519 Uz Suuzidnggndlslosidalassnwide

FavNa Ao UV VD UNITLA NN UNDINUIRUIUUMTIIY  (FN1.) ﬁ"l,@“lﬁlﬁunuaﬁfumgu

NI luiﬂsaawuﬁﬁ'mﬂgmﬁiwy LT HUYBVIUNIZA AN T Tanmah



LEONRITUBURAVIULAY 2

UNANLD

Project Code : TRG 4580061
a ® o v ¥ [~ 1 a 1
Project Title : wqmmmn'mmmfau,azfmam"mqﬂmﬂwaamanviaammma |

(Solidification Morphology and Final Microstructure of Cast Irons)

a oA

Investigator : Wel.av.aaU L3I ad3

(4

E-mail Address : isomsiri@kmutt.ac.th

Project Period : 1 N3Ng)1@& 2545 119711130 18 2552

wannaaidulansninagluszuumanaunan 3 19 fa Fe-C-Si Selasundazldnuluaninnd
mInae lalaslagdiulng visunfasymMsiunzuIumInsenuiawine il ysanya
nInaudszMayiiu domgiwannaedziinguaunana ;igenTuan (navatlizano 2-
4 % lapthwin) uazmadanan (Uszanm 1-3 % lasswin) lasdSanmanivausimiud e
iudmaannnamnlansnaaumalziianmnendznivnwimuashlanzanad jizensy

a A [ & A & v A a A & = A
wnada  Seundnguinamaniedaniaiduleseivnieiiosfie untlnd (wulwndnnded

A A < o & a A & < | wa
) wazmde tiatdulassgienaaiiosfe aslud uluwwdnnaesi) avddniemenintas
=3 1 J [ a 1 v { v
nnavadAnrsaziuagiy ansmzUiivedlansivaniveuiidnng uazlasaigania
vaadalarziad  AalaTiainemsluaasmiuanuudlazANUEINNTa N IAIUNIBANTRNRTE
Turasilassaaunsidazifinanuaansalumsanuds  ANNENTalWMISULTIRURIDY
° [ & > ' @ I 0 @ wn

wazanumIalumaihenion lasluegiusUivansnzsaaunsiWdiduddny suddnina
vaaninnasnazduuszgnatnalunanes lassassganmavaaninnsa a1 lassashs

e lavinazlassasranas e

a o ::‘I»c: =4 a =3 a (=3 1 6 v L% a
Nuissidumsansngdnssunmsudsaivasnannaanns ianewnaslasnmsldinafinns
v A v I dl' v v =1 I s d' a J 1 A = %
SRty e lwinlatena lnnIudeaNiAadnIznIan lancnaauiaiudian  lagay
IMIANE LS U ABUALNANTINANTUIIAIVEIRANARBUNT INAAI AU UUAZIARNRE DTN
@ A o =< A o~ A A A o '
mmhwmmmnwmaﬂsmm‘maam@;Lmnw,smu‘nwauLmﬂVLﬂluIaﬁxﬁaawLﬁau FERININNT
ﬂ%’uﬂgoauﬁ'ﬁmaﬂammaumm AN AR LTI ﬁauﬁﬁmimaa;juuumia IIMNNITINARDI

1 dll a a A :‘ a dl J 1 62‘ a
WU LuaL@mm@;LLuﬂuLﬁﬁUum"LﬂIumIamiuﬂsmm‘nmﬂ"uugﬂﬁwaamgmmmﬂﬂmmﬂmz
wasuwlasann gﬂiﬂdﬁﬁﬁﬂwmuﬂmmﬂﬂLﬂugﬂinﬁﬁé’ﬂwmzm‘fwﬁmuau "lﬂl,ﬂugﬂs'wﬁﬁ
daunay M liansadlsinaiamIdaudnuin  wanraenIreslstianing@nssums

uIIANLANEANINY NaMAaRANREaLNT INGRawNAY mmﬁaﬂ@maamgmﬂgmaamﬁmﬁs:%’m



MILTIAI28I [ AREHABNLARY ﬁ]:@ﬂ@lhé’ﬂwmzﬁag,mﬂLmi"l,wmﬂﬂﬂﬁé’uﬁaﬁ'ﬂammaumm
lumm:ﬁﬂwsLaUI@maogmﬂammaa‘mmmﬁﬂ%daLmsvl:vxl@Tﬁmuamzijmwﬁaﬁwaﬂam

waouman  asdulalusnmosi ﬁﬂmUmad’m‘maamgmﬂLms"LWG‘TéfmuauﬁmTaﬁ'quz
waauraIfilae LLa:mﬂmﬁmezﬁﬁwumim:msé’aﬁvlajwhﬁ'umaaﬁm@m 9 ﬁmaua%ﬂmﬁt@

a 6 3
Iamlugmmmmaaanmu

AIEIAT 1 IRANHRADLM / IRANRaaUNT Yinay / nannaaunsIWiaavuan / wodnssuns

LDIAIVAIRANTARD / mnﬁué’hq@ﬁw



Abstract

Cast iron is a Fe- C- Si alloy that always be used in the as-cast condition or after heat
treatment. The higher carbon (2-4 wt. %) and silicon (1-3 wt. %) contents confer castability. The
excess C precipitates during solidification by a eutectic reaction either as the thermodynamically
stable graphite phase (grey iron) and/or the metastable cementite phase (mottled or white iron).
The properties of cast irons depend on the form of C precipitation and the matrix structure. The
C precipitated in the eutectic reaction is not a major contributor to mechanical strength.
Carbides contribute hardness and abrasion resistance. Graphite contributes machinability, wear
resistance, damping and thermal conductivity depending on its shape. The mechanical
properties of cast iron are often described in terms of their matrix structure, for example, as
ferritic or pearlitic types.

This research purpose is to study the solidification behavior of ductile cast iron using color
metallography technique in order to have a better understanding in the solidification behavior of
molten cast irons. The comparison between the solidification behavior of ductile cast iron and
those of compacted graphite cast irons and grey cast irons were examined. The variable in this
study is the level of Mg content in the molten metals in which it was introduced into the melt
during liquid metal modification using sandwich technique. The results showed that when the
Mg level in the melts increases, the graphite shape transforms from flake shape to vermicular
shape and then to spheroidal shape. Color metallography technique reveals the differences in

eutectic cells structure. This yields in difference in solidification behavior of these two irons.

Keyword: Color metallography, Grey Cast irons Compacted Graphite Cast Iron, Nodular Cast

Iron, Solidification Behavior of Cast Irons, Last Liquid to Solidify
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Below are some relevant international research papers on solidification morphology and

final microstructure of cast irons.

Based on this growth mechanism, compacted graphite can be considered to grow either by
transition from flake graphite, Fig. 6a, or by degeneration of spheroidal graphite, Fig. 6b.
Instead, it was confirmed by ltofuji and et al. (1) that the compacted graphite eutectic may
develop from a flake or, in the presence of higher spheroidizing element concentration, by

the degeneration of small spheroids. Buhr (2) suggested that even with sufficient



spheroidizing agent present, a very slow cooling rate can result in incomplete austenite
shell formation around spheroids and that thermal currents can dissolve a portion of the

austenite shell exposing the graphite to the liquid.

P. C. Liu et al. (3) Observed that changes from one type of graphite form to another occur
by a gradual change in the graphite morphology. These changes can be achieved by
increasing or decreasing the solidification cooling rate, as well as by altering the chemical
composition. Increasing the cooling rate and/or increasing the amount of nodulizing
elements results in different types of graphite structures: from type A flake to type D, to
undercooled flake, to compacted, to deteriorated forms of spheroidal, and to spheroidal

graphite.

Fig. 6 Transition from flake to compacted graphite (a) and from spheroidal to compacted

graphite (b) based on the twin/tilt of boundary growth mechanism. (4)

The sequence of growth of compacted graphite during the eutectic transformation is shown
schematically in Fig. 7, based on experimental data from Pan et al. (5) on rapidly quenched
samples from successive stages during the solidification process. It can be seen that
graphite initially precipitates in a spheroidal shape but degenerates early during the
austenite-graphite eutectic transformation, and subsequently develops into compacted
graphite. Compacted graphite develops as interconnected segments within an austenitic
matrix. It was also concluded that compacted graphite grows preferentially in the C-axis
direction, perpendicular to the basal plane of graphite. It was confirmed by Itofuji (6) et al.
that graphite nodules were precipitated before the eutectic solidification for a hypereutectic
composition and in the early stage of the eutectic solidification for eutectic composition.
Then, graphite nodules started to grow into compacted graphite until completion of the

eutectic solidification.



Fig. 7 Schematic of the sequence of development of compacted graphite: (a) small
spheroids; (b) and (c), some spheroids have tails; (d) compacted graphite plus spheroidal

graphite; and (e) compacted graphite. (5)

Principles of Thermal Analysis

If the cooling curve data obtained by using a simple thermocouple-cup technique
are stored in a computer, the first and second derivatives of the cooling curve can be
calculated and then used for a more complete interpretation of the phase transformation
that occurs. The first derivative may be considered as the rate of cooling, and the second
derivative as the acceleration of the cooling. A typical output of the computer for a

compacted graphite iron is given in Fig. 8.

Additional information can be obtained from cooling curves by calculating the latent heat of
solidification. This can be done by integrating the area between the first derivative curve
(heat evolved during the solidification of the sample) and the zero curve (heat evolved

during the solidification of a simulated neutral body), Fig. 9.

The latent heat during the phase transformation can be numerically calculated using the

following equation:

L=-C [_[( )ccdt _[( )zcdt] [1]

L = latent heat of solidification Cp = specific heat (call/g OC)
dT/dt = cooling rate (OC/sec) t = time (sec)
cc = cooling curve and ZC = zero curve.

This method is called Computer-Aided Differential Thermal Analysis (CA-DTA) (7-9). With

appropriate mathematical treatment and calibration, it is possible to evaluate the percentage



of the phases formed (% primary austenite vs. % eutectic (carbide or graphite)) using the
cooling curve. Since cementite and graphite have higher latent heats of formation than pure
iron, the latent heat of formation of a cast iron increases with carbon content. However,
Ekpoom and Heine (10) showed that the latent heat of solidification is not sufficient to

determine the shape of the graphite particles formed (compacted, spheroidal, or flake).

Fig. 8 Typical computer output and its interpretation for a compacted graphite iron.(11)

Fig. 9 Principles of computer-aided differential thermal analysis.(11)

Graphite particle shape and nodularity

One of the primary fields of application for this cooling curve analysis concept is the
prediction of the microstructures of casting alloys from their cooling curves, especially for

alloys whose processing involves liquid treatment, e.g., spheroidal graphite and compacted



graphite irons. If cooling curves could be recorded and interpreted within 2 to 3 minutes
after cup pouring, it would be possible to estimate the microstructure of the iron before

pouring into the mold. This could result in significant savings in materials, and man power.

The use of thermal analysis for microstructure prediction, towards the quality control
of cast irons, has been explored since 1970 (8, 12-13). The graphite morphology of
compacted graphite irons has been related to several parameters of cooling curves. Work
from other researchers has been directed towards compacted graphite iron production using
different treatments of alloys containing Mg, rare earths, Mg-rare earth, or alloys containing

anticompactizing elements.

Loper et al.(8), proposed a prediction chart where the graphite morphology of cast irons
treated with Mg alloys was related to the recalescence values (AT= Ter-Tey) and to the
eutectic undercooling. Data for different rare earth treated irons showed that compacted

graphite was formed over a wide range of values of the maximum temperature on the

eutectic arrest (Tgg) and AT (14). The sulfur content of the irons was lower than 0.01%.

Stefanescu et al.(15) determined a correlation of AT with the graphite morphology; they

observed that a cast iron treated with a Fe-Si-Mg alloy produced a good compacted

graphite when AT was greater than a critical value of 10 0C, whereas for rare earth treated

irons this critical value ranged from 22 °Ct0 30 °C.

Backerud et al.(12) found a good correlation between the average recalescence rate and
graphite morphology. Hui et al.(16) investigated the control of compacted graphite iron
production for melts with composition of 3.0-3.4%C, 2.4-2.6%Si, 0.03-0.05%S, treated with
rare earth, Fe-Si-Mg+Ti, and rare earth plus either Ca or B. They found that the compacted

graphite quality could be controlled by using parameters such as the maximum rate of

recalescence and AT.

Hribovsek and Marincek (13) showed that it was possible to infer spheroidal graphite
morphology from the rate with which heat is released during solidification. Chen and
Stefanescu (9) implemented a Computer-Aided Differential Thermal Analysis, which
simulated the reference curve, i.e., that of a neutral body. They observed several
correlations between nodularity and several cooling curve parameters obtained by this
technique; the metal was treated with a Fe-Si-Mg alloy or a rare-earth silicide. However,
they concluded that the observed data scattering produced a considerable margin of error

in the prediction of the nodularity.



A few papers were published on hypereutectic compacted graphite irons but the conclusion
is still yet unclear. Stefanescu (9,17) mentioned that by using the first peak on the eutectic
plateau (M1) and the first discontinuity on the eutectic plateau (M2) on the first derivative
curve, spheroidal graphite iron (with nodularity higher than 80%) can be differentiated from

the same iron with nodularity lower than 80% as shown in Fig. 10.

Although many researchers have tried to establish a method to predict graphite shapes
from the cooling curve, no fully reliable method has been proposed yet. One of the
problems is the inaccuracy of the cooling cup measurement (+/- 2 OC). Therefore, an
absolute temperature reading from the cooling curve can not be used. There are still other
parameters which can be used to relate the graphite morphology in compacted graphite

iron, such as the rate of solidification after recalescence, the recalescence temperature

(AT), the solidification time, and the shape of the first derivative curve.

Fig. 10. Cooling curves and their derivative curves for hypereutectic cast iron at decreasing

nodularity (11).
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& & Aa = & o = \ . & ' a &
msuaummmmagiumanmauu (INIULRANTAABVN? White Cast Iron) bRANRAATITNANNANT
ludénnin 35 % vasmsuawnIvua waazdasnenany luliunsinvinanalraanu1tin 90 % vad
ANTUOUNIRNA LNTIZUNT A L AIN9AUUTIUTT ( Strength)  Tuns IWviTiunnazvli
g { v L= =1 =1 o v = v g; ¥ =) J g =1
NWNAUIAALARNLANRY VN IAANULTILIIAARIFIY NIINIIZL AT UYWL WLBLAEN (Notch
Effect) tAANWEa5YINAIN LU e lutitatnannivuaaztduwuns N Uz 10 % vast5aas
g; g; wa QI/ ~ [ J 1 a Q 1
(Volume) NIRNA a:uuaumm"lﬂmaamanmaﬁwuagnuﬂsmmuazaﬂHngﬂmamsmzmﬂ
o & ' an a = \ Aa & ° ' o & )
Avasuns BN INaENdanaei wannaeNianTuaudn 9iTn 1.5 - 2.5 % FUIBlTlanzns

wazdndudaavinnsguds (Heat Treatment) WwanwInBianuannsaaulAlGuLULRaa(Form
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Filling) 1@ Tn13nadiann v liiialwssnaea (Shrinkage Cavity) 418 1wanwaaNIguian1Ina
@ o val & o & o o & v A . A A
goazdasnenmuililaniuaudt uazunslwriuondates untlwriazdasliinnnanzaudia
FuLAZLAN nizanpdrademiuaue dmiunidinhldlianiueudiuazdasldagluiine (Limio
vasawlaladrauinly iwszimannianianSuaudiann g aznennndiunaziduens (wika)
Il:l 1 =3 Qq’ 1 v v [ I 1 1 dld [ o v 1 v 1 lﬂld
inliAmadamangunn g lalduaniinie iWulwseie ndenunlzlndudeanldldndanund
ANNAUILILANAIINWNINA LN LA U UIZHAAINN mﬁn%a’aﬁﬁqmmwﬁazéfaamuqulﬁﬁ
USUNHANTUBUFIWBLANNE (Optimum) ﬁgﬂs’wumﬂwﬁmm:au Fomanitaznievin ldlasnssuis
MIREENABN( Melting Treatment) LEWANTAUARNLIALGLATIAN A wIamsvinmanlAlawns bWy
' ° ' & @ = o @ ' ° o
naNasNsbwMII L RANRA DA EI(Nodular  Cast  Tron) LHudu GIn13nTerinaInanazyvinla

= AN ea = ' = ' 'Y 2 A o ' o
Lﬁﬂﬂ'ﬁaﬂ‘ﬂ‘lﬂwﬂqquLL%GLLﬁGq@LL@ﬂQ’]NLLTG (Hardness) vL&llnﬂuﬂ a’]ll'ﬁﬂﬂﬂ\‘i%‘ia(ﬂ@LL@NVL@az@YJﬂ

ANENAVDISINBAMD (Si)

D

aﬂauﬁﬁgwaawé‘aﬁ 1415°C ﬁﬂﬁﬁ;@gmﬂ?\ﬂ (Eutectic) 1mmu{}ﬁmiimﬁwaamﬁnﬁ”‘u
& . A Aa & < & o A o oA
A3 ( Fe-C Phase Diagram) tRau lunaniiasiduasuand(denlunstroiie) nunsany
1 ana o v =1 Q =1 v J { v & o v
BRI AA1TU W IR ANAZRIUTINNULRAN LA BINTW NNINANTUaNA AN LN ATIN LA
v o o A o A A aan ) o & o a = ' =
NWUuNA2badne Snvunriifadanawtialduny Winanaedunt Wy lunanraauin wai
v a ana =3 J P ﬁq' 1 1 { ¥ { v e
a1 ludiay MILANTAABUIIAUDINUIUIAVBITUINBRAD INURRANTNUNAUIAAVN
o & v 1Aaa U Qq/ 1A v 1 g: dq' v 1Aaa [ vV A U
Fdudaslzadinanuin Bnnwawazladanantias wanihazaasladananwbailiiin 3.5 % o
laAnazvinlwdwanwnaan latdse iwsnzauiaantdsznavlnaiduiwalsdanan (Fe-si) lulita
=3 1 & AI an a Z’ I~ o v 6 > a o
ARNWABTIZLUT1z0NN BIGRAani luinwananasin N IWYiuanadlaananian e e wen L
WAL ANUTILTINTGAS (Tensile  Strength) VIRANAAMVFUANBTALATUOULAZTAADY
LARNRADLMNRUWIALNIA AT LOWIINALUTIADUNINNT 3.8 % Uaz laitit 6 % N3 lWyvin laas
\Iulnin (Flake) Sn3udunmwaziiansuausinnudananliiin 5 % uazdasiidaaauaine liiv

3.5 % 399z litnAnvraa AN udILIIa

Sﬂgwamaam@;ummﬁa (Mn)

[ a

A A o A (o] a v A= (<3 “ge .
wimitaiiganaandin 1242°C nihnasdandlanaanaininian (Deoxidizing agent) Was
1Jue@einuznw (Desulferizing agent) %aNMNBUIINBIFIITILANANUUTINTI UASANUD
v ~ v A o v =3 [ (=1 U g: d‘y =1 o v 6
TAAUAAN Izt dunasin A nwa ot wa3 W@ leuInNIkinIzuuInharinlvasuan
1 v t:g/ 1 v v 1 L= 1o v ]
Azl WAANWAD LAUINT WUIMBRIWIRANRE DT EE8NI1 0.5 % 89 luvinlwmnanduwaslue
lamazlmiuansludazdaadulwuinning wadasldaniinldawdilwmnaniiaas ludiiu 35

& & A o oA v o o v A o & &
% VAIANIUDUNIRUG LLﬂJﬂﬂ']uﬁﬂ']1]Nqﬂﬂzij3J@]'3ﬂuﬂUﬂ']NzﬂuLﬂuLLN\‘]ﬂquﬁsﬁavLW@]LLﬂZﬂ"IiﬁL‘U@
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& ya A I . o & @ o o A o v 3 & 1 =1 o &
Dwmglfifafudacnil) lddntiu aunaniuzduiinaimldindnuisannniuasmils deiu
@ 2 A a A o A & A a ° o ° oo o
NROWRIINLANLLIN BT I N aaaa LT INLAa ANz waIr ANz o w T wnans was
PV o ¥ R A A o & ' & o &
wdmpasstielwtinlanslnaa8aueas LazlhadIanuIINBaTa M aLLININRANT NG (FeS)
=1 L J 1 g’ =3 1 o e =3 v =3 = o 6 [
Bnenddnldagluiimansisaatuzauluninas usreunmaiinguasusimada Wdazae
o v ai [ a a . . =) [} v 6 o «vdg o 3
RN ws1 I @ NN LA(Inoculation  Material) Aam28lAunTINYINIz10a2 1aa2% vinlvany
« a £ A @ =< PN ' v & ' A A 'Y ~
UTILIILANNYY LIINBHROININTT 1 % LARNANMURWILUB IR ENRE oI 1NNzl LuIn1fa

| o o vV o o [~3 = 6 e K 1 = e 1 o dq’d
Lﬂu@ﬁﬂﬁIﬁﬂ’]NtﬂuL%ﬂﬂﬂJﬁﬂJ@lﬂUﬂ%'ﬂdlﬁLLﬂJ\‘iﬂ’]uﬁ@nNﬁ@]ﬁ?%(ﬂx‘i%ﬂE] % Mn = 0.3+1.7 %S

andwavass1gWaanaia ()

WaaWa%’aﬁqwaaué’aﬁ 44 1°C nanTunuanazin Fe P wia Fe,P tLdnuinazvinld
mﬁﬂﬁqwaawé’wﬁ:ma %wzﬁq@gmﬁﬂa%ﬂmn 1050°C tweawesalinnnaznaaidunaw
vLW@“lﬁJaglimmamﬁ@mm (Grain Boundary) Ua9LAaN na%aﬂﬂ%lﬁﬁqmﬁgﬁgﬁu v lines
Induanaanunduszifia (Galling) WoanaTavilAunslWhuanariroirlilassananaslasn

J o v Qs | U v 1 1 { Q
(Pearlite Stable) A% vilAunslnviuandndusziiioy drdasnsndamanndeniineanadags

A o U I3 \ Aa 6 3 o | 3 a aa % [
Yausidnudaimanannaaniansluauinme SndudesaadSunudaneuas twaanasaun
a o v 1 g 1 0' v =) =3 >
Wuldazriliinannasudsduudanuud usidn uaddu 0.35-0.65% 326IAITNENANNLTILTI
IWgeadld Weanaiagauldinannaalnad@ (Fluidiy) aansnlnaseanusnauuuundaldd

(fduununnaiu) WeswaTaiinadanfuaulfiuuLyin (Carbon Equivalent) Yadindnsasie

aNBWABDISIAMNLAK (S)

a i

° v A o A o @ = ' v @ & & & o &
ﬂqugﬂum"?‘@'ﬂﬂau(ﬂjﬂ 115°C ﬂ']l]aUIuLﬁﬂﬂﬂﬂa&nﬂ"ﬂzijN@]’JﬂUL%aﬂLﬂuLVIaﬂsﬁﬂvLWQ

U

[
v

(Fes) Fnldinanvensdiuazyudinnn danudsrliinanndaidulnssie mldindnniadues
lidasduuuy auudsusemiesdn wenaniudarinliiwanuds inmzmuzsutaoliiie
anSludldundu dndlasuzduwlaliin 0.1% fAuzdulwninnaasinunlauiaindinldn
(Coke) LAMIARNMRABGAI 9 LATE1ANNANAANTN (Pig iron) drwlanadaialvildinannaall
Auzduunawld fusduanaulanazudiusandianldszanm 70% Amasazasldr

nuAAN laanUszu1t 30-50% AIFNNNT
S(in coke) +nO, — SO,+S0,=50-70 (D)

1 U dl U ~ [ QI/ A o Q v 1 v 1 v A o Q o I £

tulannltirannaalaani lifiuzowitasnii 1% twinoiulanimuzawinn 3nduazdas
a A Aaa A = , v A = A & . ' o
WakInite uazdfnauadlldiiadean auldnnnaananaisiasuan(Fixed Carbon) ¢

A1 90% Ba i 10% Muzawldiini.o% a3seined1e (Volatile matter) 30 baitin1.0% (20)
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1 v [ 1 1 J 1 Q@ v )
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a 1 [~ 1
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(% [-% % 1 1 { = A ] U v a v v v
AUNUBNENNAL1IG LN TrikaninoLTas Uz naua 18 wlSTNRaNTOU 6 WA 2 Wik
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FEWIUAY IITAINITE LAWY 09 LATIRTIINENTILNT NI DU TILIWADSNaRIATZ LD A b
Mlrnanvasunsinridautduewlalalnsn (Anisotropic ) (20) WANVaILAT N E1NNTaLAL A Lo
g: a g; s dq‘ g g: 1 (d‘ £ 13/ Qs s a
N9 W% A ( NANIIAIDNNLTEWILNY ) muugﬂiwmmLLni"LWww"Lmzmuﬂuam'm'm@ui@lu
LARZILNG 1% LATIVLHB A INMTEuIaaunns A snninnadulaluwun C ﬁ%agaﬂ’jﬂu
1 v { =) Q = { =) J
unw A ganaliunsrinanindulalunuwinny ¢ Janvmenadlasunsiniosie A ARadwle

' & & [3 Aaa a
%aammmﬂmmﬂﬂw LLN%YIN‘Y]?WI'NTT‘I?L@]UI%LL%'J N A

16



{0001)

o1i0)
(1070
(a}
[0001) = ¢
{0001] = &
- Bassl plane
o ‘ ol | Ce08710m
face
5 B (16Te) (1070] = 4
-n) _
2__1 - [1070] = A foTo]
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37 2 Tassadenanvuasuns Ny lunanisnisdule A was C (18)

Taanmluanemelasia319209laT98 319U aIUNT LN LA WL LA NARE LN NI
& a %] d' A s 6 A
saniu 5 7fla awNaII ASTM  A247  asuaadluiln 3 Sednwmuzvasunyinviazd

anudAgadNbsdaruTANINaIaIRANRED anEMEaILNT IWYING 5 Tiailasd (19)

THA A Lmi"LWﬁLLNuﬁmsm:ﬁnUéhazmaugsrﬁ LR AAANIINTIALTLIA balLl1hthath
a = > = o & 1 1 1 a 6 A o o £
7@ B umia@LsmmLﬁuﬂgmma:ﬂqmuﬂﬂWﬂLsmﬂs:mﬂaaﬂmmmnﬂmaw@aﬂ
NN
7Ha C AnsuntIwiamalng (Kish Graphite) LazawAENIAARALNY FAANINITQITES
dn lausiunen dulnglwnanndaimniisunsunaeiiginihdunauginadn
A = 6 = 1 1 g‘ %
AafidnenTuawisuyingsnin 4.3 Tagiinvnn
a ed a & ' v [ .. Aaa v A o '
FHa D UNT NN AT RIZA I ATIRIILAULATH (Interdendritic) ANANIINTIALTLIA b3l
LLib1ba 1
a cad a X : % & L. Aa o A o
FHA E NI INNNLNOTNIZH I L0 398319101 Lash (Interdendritic) RNANIINITIALTLIAL

Lib1ba1h
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PWIAVDILNT TR A 0UNIAIZIH ASTM A 427 (19) swnsnuiisaanleidu 8 aua

@4 LL&@]dluEﬂﬁ 4

U7 3 slavasunyIWriuNuaUINATZIH ASTM A247 (19)
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[
miumwmaafaﬁz ( Solidification of Metal )

Tunszuraunsudsarvadlanzansaiusraaninal i wsasuds aziansudiar laiie
N NAAdININIANABNARD (T,) LNDRANRISIWIRIZVBITZULARY (Gibbs Free Energy, AG) M3

029N HEaTE D% WINTUEMIUNISUDIA (Driving Force for Solidification ) (26-27) L

qmﬂgﬁmaaﬁﬂama@@ifmiﬁgﬂu,%aéh ﬁ]:ﬁmwﬁamu‘émwaommwhﬁ'mmmlugﬂﬁ 5 lag

G=H-TS" (2)
LRZATWAII WD B TZYDILTILYINNL

G=H-TS 3)
ﬁofuﬁqmﬁgmm e AG Tuma@ouaniug iy

AG= AH-TAS (4)

o PANRDULAAY(T,) WAIHDFIEVDIVBIUTIVDIAAIYINAK Wufa AG = 0 INTIzaTY

AG =AH-T_As =0 (5)
é’aﬁ?uﬁg@ T=T,
A AH L ©
Tm Tm

v { 1 I s A e a Q
L Ao anusanlriNlaasaanunannnisudga (Latent Heat of Fusion) sﬁaﬁmmauwuﬁﬂmau
a d s o @ a ' & o & o &
nad (AH) I UATNNRIINUANUTAU mJaaUaaﬂmszmwmitmammaauﬂam AU

L=AH unuwisunsn 5 adbuaunisn 5 azla
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A A [ a A
L8 AG e Wﬂ\‘ix‘i’maaﬁzluﬂﬁﬂﬂa&luﬁm’m:

a

AT @8 anuuandasgmnndl (T,-T) Indgaudie

AH %38 L @8 anusauuisuasniswdaa

a (o]
T, A8 ﬁ;waaummmaﬂam (°K)

gﬂ‘ﬁ 5 WRIIUDRIZVDIVDILTILAZVDILARD (26)

Homogeneous Nucleation

lunszuawnmsiiafiniafeauuy Homogeneous Nucleation % 13N31naz@ausINalInwiiln
NAULAN 9 138091 Embryo §12110%89 Embryo §uu1alnajndn r* (Critical Radius) 9281813008
| a = 1 1 a =3 1 > [
soauazladuiadoalunaden udwin Embryo  Hawiadndy i+ azgnazaenavldidy
2041587 uaaslugli 6 26) Undinefosaziivmaidnann MlinasunidelSanasgouas
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a a a A a d‘ly a o @ A
‘H{JLﬂﬂﬂﬁl%ﬂizujuﬂ’ﬁm@%’ﬁmﬂElﬁ"lJ']ﬂL%ﬂL(ﬂEl'Jﬂu VL@@\‘iﬁﬂJﬂ']‘i 1 12 (26)

3 2
AC}Homogeneous: _4/3 Tcr AGV+ 47[1' YSL (8)
‘ﬂl =) [ a ~ n:{' a
Wa  AcGv AanasNudaITzvaInlinialuvadnal (Volume Free Energy)
Vs AONRINHBIZNINRITNANRVBIVIUTINUVBILAAT (Interfacial Energy)

437 AG, \Iuwnssanwi ldunanmsudeaivessinlane laonsidswannanine

Pagnad hiusnuzaand

Q d v v g IA ; 1
AT Y, Wunasounldunannisassiunindulng
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v

LRZAIWRITWIRTZVDI r* 1GINNITUNWA r* Tuguniin 8 azla
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AG 27hy
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v

uNwA1Uas LG adluaunisn g azlain

o 27/SLTm 1
Homogeneou s = L A-I-

r

LRZHINAIIUBRTVDI r* 1ALy

16743 T2
AG .omo eneou s ——L
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dl L g; = Q Q 6 @

INFNNIIN 11 WAz 12 mmsnagﬂ"lmﬂm I omogencons B LIGH e ARUFNWUSAL

a . L oA A ¥ A 1a . & Aa = = a £
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N 1389910 AAN [1G* ( Nucleation Barrier ) aaad #96a it lanzaiunsaian1sudian
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A = a o A .
Eﬂ‘n 6 MILUIVUNUUNRIIWDRIZVAI Homogeneous Nucleation (26)

Heterogeneous Nucleation

NTUIWM A RIARUFULY Heterogeneous  Nucleation L wn3zuannistiafialafean
] v Aa dq, 3 a T Aa L 1 ‘ﬁy A t:ll a ]
lildiianniftetagidu udifannaisvesuuunse sstwlen niassniduadluazaslinua
wioflganaaunadIginiilanzraauingd wazinazagluanuuzraITIUYINNEY FanaY
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Do

uunibiwuunae 93U 6 lagRa13on Embryo N3nduuiuiavesniinuunaadaduyuin

= a . A 2R A Y
1ania (Wetting Angle) LNQ&&I@!&LLN@GN’H&VL@’J’] (28)

Y = YSLCOSG +Vom (13)

Wo Y, AoNIAIRIIERINsTeIndInuuLUKEe
Vo~ ABUINGAIRITENINNVDIUTINUDBINED
Vou  ABUIIGEIRITENIVUUUNEDNUVBILAAT

RNUIINHINAINUDRIZY ﬂdﬂizﬂ?%ﬂ’]‘ﬂﬁ’iﬂﬂﬁ&lﬂ’]iﬁ 16 (27)

AGHeterogeneous: -VSAGV+ASL’YSL+ASMYSM-ASM’YML ( 14)
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2
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4
NNNIMBYAUTVBITUNNIA 19 MANITDRWIAVINVEI 1% M
rIJomogeneou s 27/IS_LTm A]:I- S (0) (17)

v

LRZATWI IMATWAIIWIRIEN r=r* leRINFNNIIN 15

16 743 T 2
AG’ — | ZZ77SL m S8
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