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Properties of cast iron depend on graphite morphologies and matrix structures.
This research demonstrates the possibility of creating different graphite morphologies
in the same specimen for applications requiring specific properties in different areas.
Specimens were produced to have the layer of Lamellar graphite (LG) and the bulk
microstructure of Spheroidal graphite (SG). The molten ductile iron was in contacted
with the sulfur-bearing core creating the lamellar graphite in the adjacent area. The
result was the Dual graphite iron (DGI). The experiments of the dual graphite iron were
divided into two parts; (i) production of the dual graphite iron; (i) the study of
phenomena and variables on the occurrence of the dual graphite iron using a
mathematical model. The dual graphite irons were examined the thickness and the
tortuosity of the lamellar graphite layer. It was found that the dual graphite iron could
be produced with the hypoeutectic ductile iron using the sulfurizing method. The
thickest lamellar graphite layer found was 2.2 mm with the tortuosity of 1.12 at 6.6%
added sulfur. The mathematic model created in this research demonstrated that the
diffusion of sulfur into the liquid iron during solidification was the main formation

mechanism of the lamellar graphite layer.
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wagindnuasuiel Sonunsvdeiniin unsluddvueu (Compacted Graphite, CG) lng

a a a A a a ¥ [ 1 v

nsWALkarAIUANUSIM wunilleu (Mg) uwavd@isuu (Ce) Waglutiamangay waznenasdl
Unideneneuiumaniaesiaivi Aldagiuvesnstiliuuuuiy wazhuunatedsaniu
LANEIINIANuaowNSINddINueu ndnuaevliniiTendn indnndauwnside

(Dual Graphite Iron, DGI) ﬁﬂg‘dﬁ 1.1



v

5U 1.1 uansfisnnlasiainaganiaveamanuaeunsliide tinanns i3 delei
nMsmEnraemilvasuariinauius iy uaglinauiuduasiulnenism 2 afs el
wdnuaewmilsvaouman 2 Jeulvuussauiufiusnami FufinlaseasnaganIARana”
(Boonmee ag Mai-Ngam, 2017, 2018; Lekakh, Qing, iag Richards, 2012)

SUT 1.1 wianvaeunslulsig (Lekakh wazansy, 2012)

aAv vy o ) wa < | P4 v @ ¢

AT LANa1IN17190 Y duiRvennd nvasuwnsindd usy fudugiuvasunsle

wu wnstnduruluwdnuaonn Mlrmdnrasmiianundasasininvdnraswns lidyda
B 109NN INALLATIMAIULAU (Stress Concentration) USIAUATEWMAN UAZUDU
Yosunsddugasuduressesuwnnld Hadunsindunulidnvauzdousetudulassne vinli
FauUHn1suIAINSDU NSAUNIUNISHANTBY LLaSQWBJULLiqé’uazLﬁauﬁﬂ’hmﬁﬂwdamﬁm
< 1 6 < 1 = a 6 = a 3 1
wagwdnuasunslnddIvueu wianraewdedliunsludidunsinay Falnuwdawsdindy

=3 1 < 1 6 @ d' e‘d'd [ I~

WIANNABLNT AZANNALNT AR UD Y BRI INAN LA Ny T unsInay a1uise
ANTATIUAMIULAY UAANUANITUIAINTOU NITAUNIUAITAANTBY LAY NITAIUNIY
LSIAUALLDU FOUNIMANNADLNT WAZLNANNABLNTINAFINUDU F1uSULAnNTaawns e
F19UoU 1aeazdANLT LTI AUMTET UINAIMANYaamA dauuRnisiianuseau
N1SAUNIUNITAANTU UazgatuwsIduaziiouiidninundnras wlled dusuimannas
wnslde Mdagiuunsliduiunaznatog sauduuuuuystu oradudnniediudond
wingauiunslgnu Wesmelidugiureswnsdivansauiuanudeinisvesantanigly
NUANITUTHIN IReNINABIN1saNTRNITEIANNTBY N1SAUNIUNITAIANTEY Laggadu
duaziiiouainisalivsnaluidugiuvoawnsiiduuuwiy wasninluduaudediy

ABIN15ANULTILTIATAIMTeIE e ramnsaidenui vl ud wwnslid nauwuiu



(Boonmee, 2013; Boonmee LLay Stefanescu, 2013; Collini, Nicoletto, LLa s Konecna,
2008)

fetnamsldnumanuaounslndg wu viodensaimedu 95% flgamagil 120 - 149
ssrwalua vunalngiidemunisinnsey wasdenuuduse enusoussduasifiousnn
LLm'uﬁulwm?amﬂiammﬂf‘iqmu Tu{]m;ﬁ’u%umuﬁyﬁwmmﬂma“ﬂwa'amw TagLdunng
Funiunsinnseudunan é”]éfaqmim'}mﬁqLLiqqqé’faq‘lfz’j’viaﬁﬁﬂ’;’mmmmﬂ n1910
wiannasunshidguldazdisanaunuivenio wazdiamnsanunmsiansouldgudn 8n
PR IRNGE) L??EJQUL@%‘IENEJUGT (Engine Block) ‘u%L’Jmmﬁfqm‘z‘uaﬂquﬁé’faﬁuﬁaﬂmﬁamﬁﬁu

anauazAnAMNSouTL USnaiusdudesiinissyuisnnudeu Turazifendudesnuniu

Y Y

1 [ a

AoLII9AINNIATELe MnliunaidesnsnIsssuieanusoudumanvasini was
a -dll I~ @ 1 = dld @ 96’ Ly dy ¥
U3naudulumdnnaenileaNinnuudusigs asa1uisnanruiawaziinin vasdeguld
v & a ) A Y | = ' ¢ 1 & < oAl
asaaanisldwemadunistundeuls dlu manvasunsiiddladuninvdenuiaula
Nagrandnwsely (Ates, 2009; Bouaziz, Guidara, Schmitt, Hadj-Taieb, way Azari, 2014;
Malizio wag Jennings, 1989)

Tunsudnmanuaewnsindg dymAdeildnseuiunsndndns 9 lunsudamanmde
¥Ratiu N1stansnavesinurauluwesisgalas (Ferro sulfur, FeS) wialminnisiday
daugrunnsividuuunandunuuidusends nsideuaninunslis (Graphite Degradation)
ASLABNNADINILAZMANTADWTIEASNITY 2 AT LaznIsldansSnaann1sdusayinle
nslavaawnsliduauduatnaz i nszulrunsia il unuinislunisudnanias
wnsbildg deduy dnidedsldnisneaesiiiiuunmattlunisimuinisndnninuasunsiee
#olU (Boonmee way Mai-Ngam, 2018; Elbel ez Hampl, 2012; Friess, Sonntag, Steller,
ez BUhrig-Polaczek, 2020; Rueden wazAnly, 2017)



13197 1.1 ddenisiieitesiumannaswnslis

| 35015 91994

T¥nsfusisilunszuiunisuasies (DeLavaud Process)
Doy o odaom o - v & . Malizio uag
Wolmudnnasniusunauunii@ounapiasi tAaunsivdnau
1989 Jennings,

1989

dg” [ [ v & [ 14 (3 1 )
u lngdnsinsidusisa silinislavesunsliiunuiuguas

wazlimailaq

nsdumuzdulundnvaswdemasuvaiialminnis | Lekakh way
2012 | )
VADUVDILNT NG AMY, 2012

. lvan,
nsLaeuwNs lWFve LA nraamileIusS R uNansewUY

L o o Chisamera,
2013 | #a@ewila Furan Resin 9114 P-toluenesulphonic acid (PTSA)
e Riposan,

2013

Lusyilduszaunda

wanioslsdauies (Fes) lunsiedloy (CO, Sand) wileliin | Boonmee uas

2017 | n194d auunsldus R dudasyni1undnnasiuied | Mai-Ngam,

NaDULWA AT UUNTY 2017

msiwdnnaeunsiidglUurdntiunu desanunsainunusadseansldnuaudd

Younannasusazsiald LaziimuainaLenaoausaRldL UIeUsSadein1TnaIRn

' 12
fal a =

TWamneausunisideu fadu dudeuwnsiidiintugesdemiumnnunnudosns was
Foslnusiudeuvassessotudonunsing et lundsirezaaundotuidenunsing s
ANNVUIAINAILFBINTI VT A TedpalinnnTadeu wavUssidunua wvdnuas
unsloele Tdun Auvun (Depth) uazma21uanlAs (Tortuosity) 7ot uid euunsluls
(Degraded Layer) n153na1danann a1unsaldlusunsudiasizinin (mage Analysis) Lo
Fuundagiuveaunslnd Tsunsuazszyaluguiithuwnudluaunisunamesgusie
(Shape Factor) Wy A31Unay (Circularity), 83185 UT19 (Aspect Ratio) WagAIMUY
(Roundness) LﬁaLLﬂa%uLLﬂiIWﬁLﬁauaaﬂmﬂsi'?uﬁ’mgwusuaﬂl,l,ﬂﬂw&ﬂau Tnganguil 1.2
wansliiudanistsundugiuwnsindlagldnisimszinimaielusunsunauinnes
(Boonmee wag Mai-Ngam, 2018; Elbel ag Hampl, 2012; Friess wagay, 2020; Rueden
warAy, 2017)




JUT 1.2 fpgmFiaseinmiiadnwuniusedaguunsiiel (Friess wazmniz, 2020)

a o -leld’ -al' [ d' a @ | & 1 %
nuATeldmeassieinuteulvlunisndamanvasunsindg Tildaunimaiy
#9915 98IN85 UUTIADIAMRNFERNS LB IANTIUMLINNNTTIUUARDULY wazekUh

= a < ! & 1
Tnalumsdnmanvaewnsinse

1.2 nQUszaeAnIsIe

A a a o o 1 a <@ | & 1 .
\WWeRnwBvsnavesiueiuienszuIuMIHARME nviaeuwnsinAg (Dual Graphite ron)

1.3 93ULUANISIVY
131  Anwanuduiusvesiiusdusennuuvesdudonuns g
132  @nwismsndnmdnudeunsivg neldnsiuiszilunse
1.3.3 ﬁﬂmﬂimgmﬁu@xﬁaLLUiﬁﬁmasiamiLﬁm%’juLﬁauLLﬂﬁlﬂ/\IG’iﬁwLwUﬁwaawa

ANAAENS

o‘tdl 1 Yo
1.4 Usz‘[wuwmmwz‘lmu
= =3 & P a < ' 1 v A o )
densudernudululsvesnisudnvdnnaeunsiude denisiiaiuedulunsie
TrlgarmnunutuEeunns g wazAinnuaalaaivaizay Tidunadendmsudnuas

nsldauresudunfensandaniuandsiuIINdaguiuanasiuveunslid
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USNALIT5UNTSULAZIIUIYNNYITD

2.1 wianuaaunsing

< v & ! & = & Avo 9 | ]
wanvaedndulanglunguininussinnnils laaidunidnuagldnuegraunsvany

(%
(Y |

o a < oA 1 <@ [y 3 1 a [ <@ 2
AalA 3,500 Ynoursannia anuasiidiunauseninamaniuasusuduiafuannan
= = 1% ¥ a J <@ % < 14 = [ =l
Jeaunsafnwilassaiiaganalannuaugiseninananiumanansludlamioudu wad
' v a a s < I i 3 1% < I A A s

AnuAtuivTinamsveulumanuasiiinnninuannan lnsmanuaeluSununsuau
wnnisewar 2.0 Yl Tumsgeannssy dndeuldmanndewnsindiifiansvouegszning
Sowag 2.5 -4.0 \osanasuaulutetllavinliiAe Insunsunslng (Primary graphite) dawa
] < <@ 1 &l [ [ c w1 A&I
ABAULTINTY LHanNuaewNsIdlinaleUssnnasaTwunaudugulnsiiddselul

1) widnuaen (Gray Iron, GI)

2) widnvidewidlen (Ductile Iron, DI)

3) [anvaeuNs kA IUBY (Compacted Graphite Iron, CGI)

< | I's 1 = wAa [ a | ‘g (Y] [
wanvaeuwnsbidusazUssianilantAnaznsldanununndie Jusgiugusisdugu
wN5 WA (Boonmee, 2013; Boonmee way Stefanescu, 2009; Rehren wazmy, 2013)
2.1.1 wanviaawmn (Gray Iron)
[ 1 [ =3 | aAa Y a [y @ a . aaa
wianuaswmduwdnuasiddiunanlnalAssiuwdndu (Pig Iron) H@8nau
11nn31588ay 1.0 v binnglulassasisiwnsbisiinduluaninntenaanisvas (As Cast)
A o = ! 9 2 a ¢ & ' < '
Wl D FUNATDULANVDWNANNE BLNAILA1ILLAUAVDILAT AT VTN WANANINNEN VD
YR dUsunalesidusansuaulndAesiy Ae Ussuiudeuay 2.5 — 4.0 wnsbusly
WaNaWARTUIINNSIEUAIDE1E ¢ Lazsedninavesdanau (Silicon, Si) Afluinndn
Jowaz 1.5 vilviAsveudiuluguendleenuisiudulugdunsliduuuununse
\nan (Flakes) fawandlugud 2.1 n) vliduRwdnasssesuandudinm mndadasueuly
WANMUEDINNNSARWNS AT LS NwalransUsTneudanuiseninBuulng (Cementite)
widl auluind nvia 8a7 (Fischer, Grof, Buhrig-Polaczek, wag Binck, 2015; Nadal, Roca,

Fals, ey Zoqui, 2015; Theuwissen, Lacaze, Wag Laffont, 2016)



2.1.2 wanvaeawilen (Ductile Iron)

wdnndewilonseamdnndeunsiiinay wdnndevinifunanvaodiing
Fnundideusyninanszuaunisnan Tasuunideuddsugussdugiuunsindonusiudy
nau fauansluzuil 2.1 a) ilesanuunii@oudlunuiiiusmuaduiiunsndeglulase
nEnvoswnslngdiiduszuuienazlnuealaagduita (Hexagonal closest-packed, HCP) Tu
FLUNUNTTN (Prism plane) vi"ﬂ,ﬁizu’mw%%uﬁwé’amuﬁumaiﬂaqﬁu i nslaves
unsliidislelsifisnmuaiiuegnelulaswdnasidnunsdunsnay auvquives Au-g3-m
(Gibbs-Curie-Wulf theory) (An wagaade, 2011; Elmabrouk, Irfan, wag Kalkanli, 201 1;
Stefanescu, Alonso, Larranaga, De la Fuente, W Suarez, 2016)

2.1.3  wanviaaunslindavueu (Compacted Graphite Iron)

Wianuaeuns AR LY mﬁwda%ﬁmﬁﬁumﬁﬂwda‘ﬁ'auﬁaagjiwdN
widnuas waziudnuasmilen lnenssuiuniseaniduieanuiunseanvanrasiuilen
agsnafulunsmuauUiinausnidideuwardiGonlviegludfivanzan Jeazdninnisuan
wmanvaewnilen Sauiudninavessinuaiuninailiunsindlinauauysal ilwdag
Lmiiif\lﬁﬁé’ﬂwmzﬂﬁwﬁmuauﬁaLLamﬂugUﬁ' 2.1 %) (Boonmee way Stefanescu, 2009:

Boonmee uay Stefanescu, 2016)

JUN 2.1 Tassasnsganavesnanvaeunsig n) wmdnvaamn; v) manaewnsinddinuey;

A) wanuaaknstidnay (Martin wag SI, 1979)



a < 1 4
2.2 nszUUMIKAAmANUaawns LW
< ' ¢ < S s @ 1 = 1% a v
wid nuaeunsiildiluwdnvaenfiunsiddudnmilwedasainana lnedeuldnm
wasulni e SngAuild liun wandu (Pigiron) 91nnszuiun1saganfiansusugs
wazdyanaaudariinInminndn muduulangandusunas (Return Scrap) A5 anaud
AoaNSU AISUBY Fanau wuanlla daes Weanesa warsindu 9 nduldns

a v

¢ ¢ . Y] a & P Aa a
m3ylsiwes (Carburizen) uagingivanineAawannan (Steel Scrap) NildunaunIaLAll
P9I519AN 9 71 wnRafidedldninndamiamdnavlunisuasundnvasuwnslininnass
= a o < | o & ¥ aAa = A & aa
Wesnmafsunsineluwd nuaonesurasil un os dued sainduasusznouresdaneu
SEWIViRRIWANvED TlATEETANPUIrARETULN VLRI MANderasumal natellu
& o Y o w U & oA A a = = I3 |
Unsenu (Slag) desgnidneenly Aty Jsimsiiudiedeaiionlumdnvaenasumad
{l oviaeuwia nvia ala Anud WHENTI A 9IN15WAD A OUNISIMAtUUYA of asvid utlone latu
(Inoculation) tneansUssneumlaslsdaneu (Fes) M3enindutlonauau (Inoculant) etiiouly
NNSHA NV LNE Nvia BunT s un azUsuiand aguansnatueenly  (Fengzhang, Fengjun,
Weiming, Zhanhong, ka¥ Baohong, 2009; Fischer iag Ay, 2015; Stefanescu, Alonso,
Larranaga, Fuente, wag Suarez, 2018)
2.2.1  ASTUAUNIHAAMANAADIN
=3 l I 3 i s a %% | a A

wiannasmlumanaeunsinanuanlaglinesiiunssuiunsuuniide-
NI un lulnanvaevasuwaifoslldaneuninninsesay 1.5 wavdinugdulidnini
Fovaz 0.03 1losandansudusigiduasunisiiawnsivs Tnofiduzdududiiveli
wnsbiafisusiadunuuwiu nsedamanraeindnisvidutengatu wslildwnslviduny
¥in A uarldifalassasranannaov1d Chil) Tululassasisiuvounania ounsing
aaandlugun 2.2 fenndeniuanddiiuimaseinismanienaaduiidmadodugiu
wnstndurulumanuaowmi Inelddulanquanialydvdulenguaud i ansowde
(Strontium, Sr) tluansusenau Wisuhdullenauaufinauanseudeslulunasesas 80 w1
o a & ) a & ' Ao v oo & =& a I3 .
ihdutlenaadulunssuiunmsninmannaewnfiinidndunuui Fufnaslud (Carbide)
ladrgagviliansluasiauiaanuin (Micro-carbide) @ssaanni1sanusevesnaniangla

(Boonmee keg Mai-Ngam, 2018; Fengzhang kazagg, 2009)
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f)
~ a (=] ) v a =3 1 1%

g‘d‘VI 2.2 Naﬂile‘U‘UENEJuuaﬂ@LLﬁUV]'ﬂ‘LJﬂU@‘IJUEJﬂ@jLLaua’liﬂizﬂaumdﬂiﬂﬁiﬂﬂ@aﬂ?ﬂ%m

WaNuaaw n) FeSIT5 ; ¥) Sr; A) 80%Sr+20%FeSi75 (Fengzhang WazAgy, 2009)

a < ' =
2.2.2 A33UIUNTNAALARNRADLAUYD

I3 ! ~ - & i ¢ % Yo  a Ao a ° o o
L‘Wﬁﬂﬂa@LVTUEJTM?@Lwaﬂwa@LLﬂ{meﬂam @@Ql%qmﬂﬂUmuﬂimqmﬂqmgﬂum

9
(%

fae wWeldlidvinavestuzdunsznuaenisiiaunslindnay delu nsvasuannae
a P Yy 2 a ] saa o v o a < ' ~ Y
willesedldmanau wazldaylsiwesnddmedum Tunssuiunsudnmanvaemies deoed
a A A Al v ¢ ' = Aav A v o&
AsANLUN TR ouL i alikns AR s UINLA UL T UNAY 31N91UIT NHIULILEAILIALIALN
WUNTLT BN AR D NSNAVRIAIULAY hazaeas19lLAduavewns Ifnay Inannas
~ a 9 a AN A = | Aa | a ° YR |
WilgnaunsananlaainmsiukundeulumanvasvrasuadNiusuiumMuzdutasnin
$a8@z 0.03 — 0.06 lnsuunil@euaznateidulowazdeduliansusun uendioanuiain
I3 1 [~3 3 1 a a a =
WIANNEDNADULAINANULUULNT INALUUNAULNUBUULKY ASZUIUNSIRNLUnT@auiivane
38 57 feulduaznumiulaialufe uuuitinln (Open-ladle) WuigAivefign Inenisih
wun@euelANAwd (Ladle) a1ntu g mwmndnmilen (Steel Shot) ¥u nseuIUN1Sl
138nI1NTPUIUNMTUYUIY (Sandwich Process) dawanslugui 2.3 nszuiunisueuiadu
P a P = P N A ' )
nsvuaunsiigaydeuundi@euunnszilonaiiwundideuaznareidulo wazlinauiv
WaNvaavasual vnlilausuaasuuniideunnaislumanrasussuasesay 50-60
(Elmabrouk kagaeady, 201 1; Hartung, White, Copi, Liptak, 8 g Logan, 2014; Ivan,

Chisamera, e Riposan, 2012; Lerner iag Panteleev, 2002)



10

2-50

- Cover
Steel

Maghesium Alloy

JUN 2.3 nszurunsuindi@eunindiuvimluildnssuiunisuawiy

(Hartung agmae, 2014)

2.2.3  nszuIUMSRAMMANaauns WG e

I3 1 Y = a 1 = [ < ! =] &

WianraawNs AfvuaulinszuuMsHanURAs T uiuWENaamied N3
Tumuingaunldndediusuiamuzsausin wagfeaAuuunilden NuanneaiufonIsAIuAY
UTuauuuniideuninie Aedegsenineiegar 0.02 - 0.03 F961nI1UTUIUAIUANYDS

I3 i =~ = a o U g va a Yy o N Y 9 a{'

wianuaamiel nisannsafuiugdulaivTinalndifesiusuniigeundne asgun 2.4
(Boonmee Wtag Stefanescu, 2013; Chisamera wazag, 2002; Riposan, Chisamera, Kelley,

Barstow, gy Naro, 2003)

1 I i I
o C Treatment
"o LBt |l AETTUNC &7 T
0.08 F-------m J _____ _\:“_‘}[‘2’(\:_@}_________} _______________________
0.06 p-------- I FT“&[ """" % """ |
i \ 1 1
! 1 I Mg (gimy
,,,,,,,,,,,,,,,,, ST TN TR F i N
e
Ta \ - 4
0.02 --4 ‘**4 *********** oo T ‘I‘ ****** T Pafytatshaty | --
1 L (add) |
i__‘} ‘ Mg ey | / —
0 ||
S (in) Ductile Ireon  CG lron Ductile Iron CG lren
Mg(adn}f Mgvas] S[add}‘f Mg(fan

JUT 2.4 snawunfi@euuagimgdulunsidnvdnasmileiwasimanvaewnsiddiuey

Tulmazitn (Riposan wagaz, 2003)
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23 dulfvauvanuaaunsing
authvesvidnvdetusgifulasaimamandangineoandnvaesiiatu ludw

vosauRveumndnudennslnsiiueg fudugiuunslug (Stefanescu uazaag, 2016)
audfveandnvaan (Gl) marnunsndiifidnvasduwiu (L) wazideudaiudu

JGENLRE @‘i’qgﬂﬁ' 2.5 1) Tngautfveundnnasn e udn Ao MunousIsn Nurouss

= a

n'J = [ a ya A <@ 1 ) Y =2 (9 Y
duaziiou gaduidedlad Ianuudslias vinlvinds la 6a La1gladne dgamgiviasuvan
lyige danwannsalumslvad ilvivaedununiisyssdudouldde T8nsin1sveneiem
A7 2.1 vilvmaedusulasusisazauiaiwiuey nusenisianseulaneaunls
Al ¢ | AW = D o & | A a Y] ' =~ =
Wi09NAT A LUK U ANy ausanwlulaTIvneg  Wotinn1sAnnss uanasluis
a -QII [ '3 [ 1 d‘ 6 o v QAI 1 Iy |
Ushaiduunslidnisinnseussvgn esnunshididuianilignianseulagansavany
9 o ¢ | = | A & | a I v o v
N9A LATAILANWULVDILNT IARUUBHLIUANYaDIMT MTulasstnetausanuyinbissune
Aanusoulad n1sldeudeulindniudiurednIaedng 1 Ld9g U UUTA WINFIY
LA3BITNINAFN 9 LU §IULATDINAY YINUINNTUTLIY wazdisuldviviedainduvuinivg)
vJudu (Collini wazmAay, 2008)
wa @ 1 a e‘d'd [ I~ [ d‘
audfvesmanuaemies () inunsiianddnuazidunsinay (SG) faguin 2.5
a = ! = ' P2 a ~ ¢l A W &
A) A1URTIRsIgandnvd nuasunsbndusziand u Ll a99nunsind N da nwugiduy
nsInanansoanaaululasaseganiale wiaudaniunisiianuseu nsaiuniuy
A157ANTOU LAZAIUNIULTIFUALLTIOUADENIWAANNEDLNN LAZLNANNEDLNS IWFAF MDY
[ A v a Y o Qy 1 o [} A v < =
AINITIN 2.1 NS URIUITVITUAIULATDITNTNABINITANULT LTI AUNLYT Ay
Aunmusieauauvangu iwa1gniled tnadoimies Lnaeg (e uAseddns WJudu
(Boonmee, 2013; Goodrich wag Lobenhofer, 2002)
winuaewnslwAdmueu (CG) flassasunshidndusmueu (CG) fsguin 2.5 1)
=2 a Al 1 = @ 1 = < | =1 a I3 al
HanURllanIzn I nio W ranasm useLanasite) Inedanukdawss anuiden
UINAINAANUADENT LATAUTRNITUIAMUS U NITAIUNIUNISAANT DU NITAIUNIUY
) ~ Ao I ' ~ Y] a % a Yo & & 1 &
LSIAUALDUNANIMAN ALY AIAN5197 2.1 NS NUReUTIYINTUAIUSOUALIY LED
d' I3 = % qy 1 d' I @ 1 d' [ d' 9; v ay
guinTesus vsoldnaunuiuduniduninndamiluieIesdng il eandmtinveuu
Judu (Boonmee wag Stefanescu, 2010, 2013) (Stefanescu wagaue, 2016) (Collini way

Ay, 2008)
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A15199 2.1 WSsuiiguandmganaved IMannasmn Lanunasknsindd1rueu Luanvas

Wwilen Milassasradonuduinsalast (Boonmee, 2013; Boonmee wae

Stefanescu, 2010; Collini Wagaguy, 2008)

. L wianuaaunsIve ..
ﬁﬁJUﬁ‘UEN'JﬁG’]I tWanaaimn o LAaN1aatniue
ANUBU

Tensile strength (MPa) 250 450 750
Elastic modulus (GPa) 105 145 160
Elongation (%) 0 1.5 5
Thermal conductivity

a8 37 28
(W/m.K)
Relative damping

1 0.35 0.22
capacity
Hardness (HV) 208 240 286
R-B fatigue (MPa) 110 200 250
Yield Strength (0.2%) 160 380 425

d' ! ¥ fa & 1 <3 1
E‘U‘Vl 2.5 ﬂ']‘Wﬂ']EJQ']ﬂﬂa@\‘iﬁ]'aVliiﬁu@LﬁﬂmiBULLUUﬁaﬂﬂiﬂﬂ‘UB\‘]LLﬂSVLWGﬂu (n) WaNMABLNN

() wianuaaknsINdfruay (a) Wdnvaswiden (Stefanescu wazAny, 2016)

<@ 1 ¢ 1 va <@ 1 a & & [ v
widnvaeunsindg (DG) audfveunannasyini st uey nulaseasiaves

Fuidouwnstisidundn 3nuddeifefutuRIaaNAANISIE UV INTINATY WU
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%’uunﬂﬂsﬁwiuﬁLﬁmﬂ'ﬁuﬁﬁ’;suaamﬁﬂmal,l,ﬂﬂw% AINARDAIUATUNIUAIUAIVDITUIIU
11 999701A9A5199801AN T RINT ULA DUVDIRIT U UTNLANNTISLA DUVILNTING 221U

lnssasravleslsandudvn (Ferritic rim) Aaguil 2.6

a P A Y] Ry Av U o vy a oA v ° o

JUN 2.6 mnlassaiaganmaiidiun1sinnIavesueuidudaiulduuuniaioumeiusiu

wagkuNILNesalnwtu (Kutz, Martin, wag Bihrig-Polaczek, 2020)

= o9 v o P Av A a P | a a & a

992V IAANUAIUNIUAILANANAY AINUITETLNLITDINUINUUSIURITUINUTN
[y LY 1Y} d%’ a @) v I3 d‘ dy & go’ d‘d a [~
FuNafULUUNIT 9T LA D ULASIES 19S5 15A L 99R1nANT UA U Nl oandaudu
| a < = a | v a Al & o Y a
daulsenou uwazeandudunilslusinuaniudmalminnisideuvesnslg viliusiu
(v 1 a ¥ dy < & @ q’j a el' a d‘ I3 =
aanafilassasrsnugrudumaslsd aeiu usarinansidsuvssunsindazsdaiig
AUNIUAIINE N9 UN 2.7 (Boonmee Uay Stefanescu, 2013; Kutz wagag, 2020;

Nasu, Fujita, Furusato, Yamada, wag Hiratsuka, 2017)
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A Self-hardened (Casting skin) No.1
| © Machined i
A Self-hardened (Casting skin) No.2
| @Green sand (Casting skin) ]

Stress amplitude oa, MPa

70
1.E+04 1.E+05 1.E+06 1.E+07

Number of cycles, Nf

UM 2.7 S-N diagram 9848ununaaauaual (Nasu kazany, 2017)

2.4  msneunsivdlumanvas

A5 AALNSINATULME Nva 8IS UFUAIN N1SIARTILAA 8aYRILNTINA LULMA NYaD

'
a

vaeuvial lagdidnsnau1andunesais (Undercooling) denasiadmuiuiliafea uaznis
Wiulnvespoawnuidinieas (Austenite Cel) Tradsauwnsluduuuunulumdnnasing
inainnisvindutangiadu (Inoculation) lnedisiauaaid ey (Ca) wuisoy (Ba) 1lu
drwlsznauluansdullenguau uenaneenledvesdaneu (Sio,),penlesveunaides (Cao)
waroanlynvataduiion (ALO,) waldileanlunvaanssidss (Rare-earth Oxide) 3nduiian
fal & a a 3 1 [ 1 1 6 @ 1

auaudnduilindvavosunsiduuuusulumanvaenn ludivesunsindnanlumanvas

a = « a 6 »w a = 6 a L3
wiled 31nged “aurdaaees (Double-layered)” daadsauwnslndnay 31nN153ATIEH
lagld wmadaganssmididnnsauluuaunuila (Scanning Electron Microscopy,SEM) vinlsi
ns1uIndasusenaveanlenvasdamas (Sulfur Oxide) lWuknunaniadsawns banay
wagdliarsusenevsenlanidetou (Mg-Al-Si-Ti Oxide) LHuldenvasiumdeaunsiid nay
MnuuasusuBasearatveglumanudonasunal Jndundusiuiuedeauasiiulaly
Duwnsludusazaianiuidiadea (Moumeni, 2013; Stefanescu, 2002; Stefanescu way
Ay, 2016)

o 1 =

dugruunsbildunnsneiu Auegivdrunauniuend waednsnisidusivesndnnae

EL]

[

wnslldaagui 2.8 Tnedl 2 Snwauzds duguunsinduuulaluginain (Hypoeutectic) uay

Y 9
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daugruunsliduuulaasyinain (Hypereutectic) MINNANTUIINUHUY TauAa
(Equilibrium diagram) veswan wazunslg wuinvdnnaslalugmadin iaunslusiieldu
Aarueamnduisegmedn (Eutectic temperature) diutvanvaslailesgmnaiiniin
LLﬂﬂWG‘TLﬁamiLﬁuﬁaﬂﬁuqmwﬂﬁﬁﬂiﬁa (Liquidus temperature) FaduIun uaziuml
nmainunsirdvesmdnudewnsindSwnnsnaiu Inefiunsindfiinludrunauveslawes
ginain fvuialvgiendnlnsuniunslald (Primary Graphite) duunslidiiag uly
drunanlaliginaaniSeningimadnunslne (Eutectic Graphite) (Kanetkar, Chen,
Stefanescu, kag El-Kaddah, 1988; Fischer wagmgdy, 2015; Nadal wazaady, 2015; Vadiraj,
Balachandran, Kamaraj, ¢ Kazuya, 2011) (Moumeni, 2013; Stefanescu, 2002;

Stefanescu wagang, 2016)

-

»
l
LY

|

»~

B
L ]
e
1
’ ’
.1
*

L ]
-

r. .. .R.' ‘ {c e ® . P . ®
® . 9 ¢ . "‘ . s 0 @ .. - . ..
"‘ "0_; " . . “‘ ¢ : _ A
o 5 ® 100 pum
.92 0g " % ..’ o :

* .
» X X 3 =1
Ao X v 9100 ’
’ s = um d J y .
R NS A

gﬂﬁ 2.8 nssaianiavesmidnuaewmien (n) lelugmadn, (v) lewesymadin

(Boonmee W@y Rassamipat, 2023)

Fauguunslwdinandvinavessiauaiiuiiiiesglumadnudenasuimal mnilsm
wanuegluseiuiansilidugiuunsidveneimludnuas iy lnesmuaiuazidnliunsn
falulasandnvaawnsivdiidueneslnuoalaaaunn (Hexagonal close pack, HCP) Tu
S2UNUYINETY (Prism plane) liluszununaBuiindsuanas dniissuiuuiea (Basal

plane) 31nWITeMALITaINa1TI mMnkifistguaiuansuniunisiaveunsiid wnsluday

Tnluluiemng [0001] vinldfidnwzidunsinay (Spheroidal) uad1s nuaiuusunIy

' [
a a =

wnsbldazlaluludiemne [1070] vilddaugmunslidfifaduluiamsdiisnuas duwsiu
(Flake) wazidounaruilulasaie dagui 2.9 sinuaniuidinasenisinvaaunsig fe

Augdy, oandiau wazlulasiou delumdnfudsnavaiiunaueyluliuamis Wende
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wEnvdefiiuTinadaneuiininun arldduguunsliduuuuy faiudednnslduuniiden
vietiZouniinsnuafiumariennty lnesmstusquaduiiogluszuunddu Bonansi
btAnunslidnandn alesealawes (Spheroidizer) (An wagatdy, 2011; Boonmee Way
Mai-Ngam, 2017; Ivan bagAade, 2012; Lekakh Wag Ay, 2012; Martin wag SI, 1979;

Riposan iagagie, 2003; Stefanescu azagie, 2016)

Single crystal Ve>>Va Polycrystal Ve<<Va Polycrystal Ve>>Va
0001)
[0001] (0001] [00011, c—élrecﬂon
Ve ¢ Unit cell

Basal plane
Va pl

Ce, Mg, La [10io] 3 0.671 nm

a-direction

oot 0.246 nm

Branched

Unbranched

n) ) f) 3)
JUM 2.9 dnwaznisiavesunsindludeulusie (n) lidaisiwevulussuundniaes, ()3
swaiudovwilinmsleeenlumessununidy |, () Wewvasadsealawesiioly

ifméfﬁumauaﬁu, (4) STUUNANVDILNT NG (Stefanescu wazme, 2016)

2.5 asidauvasunsinanay

(%
Y

a & < ' a a a
n1sLEauvadwns A navlumanasitel@uIsaiala lunsEUINNNSHER 19nau
LALLM NINLENNEDVABULAAIAILUUNED (Lekakh wazAiy, 2012)
A5LE DUVBILNT A NDUWLNANNE DNADUMAIRIUUNAD NISHARNAN A BT
a ° N A a ) ¢ ° Y a I3 a A A Y
dn1svuunidi@ouns M uyii ey linauwns i nay nnUSunalunigaundnng
(Mg Recovery) Wagdngdiuvasuunii@aunanuzau (Mg/S ratio) anad esaninuzauly
[ 1 a a a . . [ 1
WManvaenasadge LansiEeuveIkunii@uy (Magnesium Fading) naenauiranyas
a Y o A a a | XY ¢ & ' =
wasumaiaeantinIndusnauniull dwalddagiunnsindainnaunateduwiuise
wnslssIruaula (Chisamera wavAy, 2002; Elmabrouk wagamg, 2011; Lemner kag
Panteleev, 2002; Martin wag SI, 1979)
n1siinnstdenvaunstndrawnaswuudlngfnfiaguau Wesansiauaniu
Muaneg TuLuUnIIe 1Y AMugdun 1911015193189 514 (Furan sand) 714 PTSA

Y

(p-Toluene sulfonic acid) WudnnanveIilszauuds sanduniludnusznavvesimeglu
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LUV (Green sand) waglulsiaudieglusauszammaedunusanlasiu (Akaline Resin)
Tasauafiufinuinnluauddofinusdermedu (Sulfur) vlidadnvesuunidideuse
Awzduluvnuimandomimasumarduiaanas denalvidugiuunsindnsanay
st uuvuusiuns sunsluddmueulsguiudsg Uil 2.10 (van wazam, 2012; van,

Chisamera, W8 Riposan, 2013; Martin iag Sl, 1979; Xiaogan, Jin, Xugqi, b8z Yaoke, 1992)

s h{

Ao VWA M ',’a
AN “.’ = bkj)\

). j}-oe,

Bk o - 2 B
K B
{ -

i\'

E‘Uﬁ 2.10 Iﬂiﬂﬁi’]ﬁﬁ]aﬂﬂﬂ%@flmaﬂﬂa@L‘Vi‘LJEJ’WIL‘EJ‘LJG]'JI‘LJLLUUVIT]EJWT]U

(lvan WagAne, 2012)

a ¢ < ' a &£ = A ° Y < | ~
nalnn1stEauknsiugannau Uiy L1Aad uil o unuzo ulumanuaswnilen
MABULNAT NS BLUNTLTIUAIAINANRS N LEAFIUVDILUN TG IUAUMULOUANAY WALLLD
USunawunii@euliifisawafisiusinuiiugdy yinliniusauwnsnallulasananuaawnsiug

I v

Adusnszlnuaalpaannn TuszUIUTINSTY wazynlrlussuIunsSTUINS 19 IUana 1IN

£
=

syunuuwea dsaliunsindlalulufianns [1010] dugruunslidmintuiidnuas Suusiu

wazideusefuiulnsete (van wazamiz, 2012, 2013; Stefanescu wavAuy, 2016)

2.6  MIAATIAFUINAUFIULATIHA

suaTedldlusunsaBinsziam (Image Analysis) FUUNFUTIF U INTOUNT LA
Tnelusunsuazszyalusuiithanunuanluaunislagaidildazidonduslanessusie
(Shape Factor) Usgnaunag aunay (Circularity, Circ) #ad3u3usn4 (Aspect ratio, AR)
uazANLLL (Roundness, Round) ilautstuunslnddensenandudngiuewunsindnay
TnoansnisAuadsioludl (Friess uazaniy, 2020; Rueden wagani, 2017; Shi, Yang, Li
Tao, uag Ma, 2020)
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aunisaunay (Circularity, Circ)

Area
Circ=4Ntx —— (2.1)

Perimeter?

¥ !
s ! = Ql

AunauduAianuduiussenitaiuiivessy (Area) wazidusausy (Perimeter)

[ < '

lngvnAldadesndt 1.0 uanadnguilldidunsinay 8eenlnd 1.0 wansdnauundu

é’fﬂLLam‘lugﬂﬁ 2.11

2 axa 41

§ 2y 202 (aa)? <

nr

47TX(27T—r)2=1

4 1

JUN 2.11 Asiigaulienuvesaunay

aunsandIugUIe (Aspect ratio, AR)

Major Axis
AR=—— (2.2)
Minor Axis

dndrugusadumanuduiiusseninudunsiiiainseninweuuneningauazdu

' ¥

a

7an IngvinAiiiaiuinni 1.0 wansisuillidunsanay ea1lnd 1.0 wansinnauundy

9 Y

Fauanslugud 2.12
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4 v

MajorAxis = Minor Axis =D MajorAxis > Minor Axis

g =1 %ﬁ >1
gﬂﬁ 2.12 msiigaiiemvesdndiugusn
gun13ANUUY (Roundness, Round)
Round=4x Ariz (2.3)

TtxMajor Axis

& v o & i > - ] ™ = LA
AnunuduAmANudIiusTEn I A TINaInsEninweusUNe1INgaLas i uives
sutu lnevnneailfidndesndy 1.0 uaneingudlidunsanay Baailnd 1.0 uansiinauuniu

Fauandlusui 2.13

axa 4q?

4 x ; =1 4 X ; <1
X (2r)? " 4mr? T x (aV2)?2 ' X 2a?

JUT 2.13 Msiigauiienuvesnnuiy
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2.7 mIudananuaaunsindg

wiannasunsidgdumanvaeniidngiuunslud 2 el Audstuiuseninaunslng

<9

wuwazwnsindnan Tnod aulunisifawnslud dunuseandudnSwaveanisidusa

LagdvignavessInuaniu Inelinwideninetesidelull

Ia

a a < d" a < { 13 & = o & ! !
vdwavesn1sidusi Wendnranraswnsliag inadulul 1989 AuduIuiadnsa

Y
Ausdududy g37edeinisviediduduien (Monolithic iron pipe) 13 uusnvioydadildy
WANVADMNIUNITNAR LNSIEIMANTEWNTUANLNSaNUNTARUE S UAMUITNTUSasay 95 7

figaungll 120-150° C uaglnadiemnusigndn 3 - 4 wasaeduniild windesnisaany

Ya v =

wisusaienusenssiugineluvie ndudedddviomannaamiidanuu megided
Y & i =~ A va A v o < | < | = % 1Y)
nasesldinanudemiley naiilarenianuruwyiiudumanaem wanraewmileldinuiu

wsasulannnnin wnldnsanuzduutulnasieanuisIfinann viemannaslnilenannis

Ya v =

=3 ' ' 1 13 ' v O 4 « i = <
dNNTUUINAITINBLURANRABDLNT AIUUNIINIVIY IﬂjﬂiSU’JUﬂ’li Delavaud” @ 9tUu

Y

a

NI¥UIUNITEIALSoUlUNTEUIUNISRABLNIEY (Centrifugal Casting) Usgtanudleiilgin
naoldunRuuuuas ielinunanuaemeusniianisudiiininangluve nefdiunay
maaliveananuaslannnsususovay 3.0 Fanausevay 1.8 Muzduiesay 0.006 uaviiu
wunfi@eslndumannaomiles Inefiuunii@eunsine Sevaz 0.019 - 0.026 UsINgiTuny
AUV 1 99 1Aan1siUatudugIuveinslniszninusnaiinandurtiwu uia el
< o & a a1 v o & o Yy a A« @ v @ o
N13.8ud57 wazuiaRmaiuluninsduditinga Tneusnuninisdudisidugiu
13 I o v Y a v Y Ao & 1 Y
wnsbsazilunsanay dmsuiulunduigininfidugiuveaunsludidunuuuey fnuou
1 (Y [ a i =3 1 [y & J [ !
LagNsINaNegTINiL a3URl 2.14 lassasremdnrasludnuazilaiusanudenisinnseu
YoInIamuziuamiuiuiosas 95 Mllaaumagll 120-150° C uaglvamernusigndi 3-4

1 a = v ! 1 [ 1 = Va o A 1 <3 1 & 1 < 1
bHATABIUIN lﬂﬂﬂ’J’WI@LWﬁﬂ‘MaE]WquJ'] IZ:JJ’J‘\]EJL?EJﬂV]E]LWﬁﬂV@@Ui%LﬂV]‘L!’N Natnaniae

(%
tY

wnsbilde Aetudvsnasinnisiuiasibiunsidwiulidnvauzadaunsivdnan Tagldnas
WHUDE195ALSIeIUS N aLUUNED dnalinns iidnauusaullaunsavenasadu

wiue? wazUszanuiululassield nadumanuaeunside



21

L] A - . L
" 3 2 o oS e B
Y o ’ .."' L
. 4 L
LT | . ‘\_’ B ~
- o -
- ; . \" }\ . f 1._:'“'
s N : & - r -
" - ' e - AU § ]
1 X 2 . ), ot
S - . § o . - - . -
. - . - L
= - o i 4 f I o -,
; . R BVALE M
L P L b L e
- B S » 2 2 e 2 £
- N . o . - -~ -’ i
~ : i i R g e
L . : . ) .. - .
F L ’ h 3 N A - by o b
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[ - — e LI g
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> - v oo ! (3 LI ~ T i‘ -
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‘ g o G, J EAS TAY
- - 2 - .
% (D
: g ? : A P T
! ! » : I G L. 1 1o
} \,_j‘. » a ir L F
“ & BN * _ - -
n) ) f)

‘:ll U 1 -'-NI a ¥ 1 d‘ r-:ll ;%4 o % -'-NIQ
JU 2.14 dugruvasnsivdluviafndanienseuiunisvaemieanldnisiiauseunin
wWUUTABAEUT (1) M1uuan (1) sEnlnenuusnkaza1uly () auly (Malizio

way Jennings, 1989)

dvidwavestuzdiuionsiiamanaewnsiidalnimeassunsust 2012 falaguu
Tnglul 2012 Lekakh wazpazlsnaasadnmanuasunsindeaindnsnavesiiuzdu lng
1 < o &
wlinsmeaeseenidy 4 mmaaednail
N15NAaeaT 1 nasna e nuaewnstndglnenduneslsdaies (Fes,) lu
[ ! i3 1 a a a 4 € o ¥
wiinudawnsindnauraauvaIi unsEUuIuNTRIndgeunIniuidiwi 5101 aewlasls
Fawesildadliludnivsuauanseiulusdaziin maildainnsmeassfie 3ngun 2.15
Y @ ! s a a o 4 ' [ a = [ s
wansliiuanuuanisveuuliiumaslstamasunndeiy IR sEeudg LN 5 I
a X o4& A < [ & v 3 ! A X
nauinTuiaguay wWasuluibuduguwnsiiddmvueunazinsiduny aun1sintuves
Ysunaneslsdamesldluusazidn delu 38nsndnveanisvaaed 1 liawisands
wianuaeunshidgld wivinlisiuhusunauneslsdamlesniesay 0.14 amnsaUdeuuda

Faus1uwns AN nau D UL UU AU IT U

£
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9)

gﬂﬁ 2.15 Iﬂsqa%afqamﬂmmmimaaqﬁ 194 5 1hlne (n) wdnvaemieanounay FeS,,
(9) W@ FeS, 0.02%, () Nau FeS, 0.05%, (3) Wau FeS, 0.1%, (3) wau FeS,
0.1%+ CuO 0.1%, @) W@l FeS, 0.14% (Lekakh wazmaly, 2012)

ManRaesd 2 naassvideanyasunsiiddlaenaeslsdameslumannaeiis
n3zUIUNsRINT@eunImundIuIY 5 wuu tnsldwleslsdamlasasluwuumeisduansy
(Instream) 1T anauand sy nafi liainnismaassndiefunismaassil 1 Aelinnis
LU?{‘EJULLﬂaQﬁ'ﬂJﬁWULLﬂﬂWﬁﬁ]’]ﬂﬂaNLﬂULLUULLNuﬁgﬂ%UQWUV!ﬂLL‘U‘U feifu FBn1snanvesns
yaaoaft 2 lausandnmanuaeunsliidld uinismaaesivhlimmuinumnaruegdud
azaweglumdnuaeimilemasmaiiosas 0.02-0.03 anunsaiAsunyasdagiuunslyi

nnauusUULELITLY fagUR 2.16

n) — )

JUT 2.16 1A59a5199801AY83N15VIRERT 2 113 5 wuulee (n) manvaewdeinaunan Fes,,
(¥) Hay Instream FeS, lngduTunaumugdusg Yesag 0.028 - 0.034 Tuduau

nedaau (Lekakh Lagmaly, 2012)
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A15NAaDIT 3 naaeIvaemanraownsindelnsnauesisdameslumanvae
wnshidnaumasumaniiiiunszurumsuunfideuvdnsiun eeldmesdamesadluiuude
'3%5uam%‘muawqﬂﬂmamﬁaL'Jmshulﬂﬂ%;wﬁqsuammm susuunslnavenanvae
wasumaduLuuana1stuuL Bottom-Up) a1ntuthdusuiidiunsndemnnsiaaeuly
LL@iazé'susuaﬁumuﬁqgﬂﬁ 217 ldun mdsunlans @ua1siuey d1unansd Uy way

ANUUUYDITUITU

Zlin)

— X fin]

E‘U‘ﬁ' 2.17 mwaﬁaaqwaéaﬁiﬁumimamﬁ 3 (Lekakh Lagmug, 2012)

~ I3 1 v ::l‘o.l (] a =1 ¥ [~ @ 1
IN3UN 2.18 wannaevaeuwadtuingildiunsduansulassasraudumdnvde
wnsldnavauysal drussuumaisilaneddugiuvosnsbididunuumiu Tududuans
wazludIUNANITUITUTY é’mgmmmLmﬂw&uﬁmwmmu LALLUUMNUBUTINAY TUdIUUU
Qy a o 6 o d'd [ [~ ¥ 1 1 1 1
o Uil dagiuvesnnsinddanusuiifidnwazidunoulng wana1eaindiuansias
dqunanalassasiansinddvusuidudusin annimeaeerilinsiuinludusiudiuuy
AnNsuensavesdug uvewnsing winUSnaumuzduluninnaenasumadliiieaneli

Andugiureunsivdndens nszuiunsiliviliAnmanvaewnside
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N)) Q)

JU7 2.18 Tpssasneganinvestusulunsazdiuveinisnnasiil 3 (n) iwdnuasinilen
NOUNEY FeS,, (¥) Fuanudauni1a3dsunlane, (A) @1ua199993 U914, (1)

A7UNA19VITUINY, () AIUUUVITUINUY (Lekakh wazang, 2012)

a 2 <3 A o s
NINARRIN 4 NeaeIndeTununaaeulagnsaniaeinaumeslsdaies way
Linauneslsdamasasiunsouiulagldszuumasilansidudiimungafivssauiulu

Fununageu Aeguil 2.19 nanafie Wiwmannaewilumasumaindlinunisvinlinden

[

I3 & I3 ] a a ° v o
ﬁmﬁ']u‘U@\‘lLLﬂiwamLVla\‘i‘lﬂSLULLUUQ']ﬂUUW] LAANVA LN UYIVIADULANININ 'T'],Jﬂ']i‘V]'ﬂ,‘Vi b D

LSl

Foug1uvawns llsmemesisdamas

L]

[in}

U 2.19 mmdraesuuuviaeildlunismaaesil 4 (Lekakh uavmaig, 2012)
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JUM 2.20 Han15nAaedi 4 1ag (1) BUUNAEY, (1) NMNHFIuTeIMNs N luuSIMYes
LAA N ONARULUAIT HIUNITAN FeS,, (A) way (1) nnlATIas 199893 Uy
nl' [ 1 @ I 5 a
VROV fl ANUITAUAUTENINMEN RO NABNWA 2 ¥lin (Lekakh wazAnue,
2012)

Ql' A a a [ 1 <@ { A [
nanaasdl 4 Ae TuusnafilszaiuiuseninunanvasvasumaINau wagliniu

a o s I a 1% <@ 1 6 1 e’l’ a
nsduneslsdamles nudninlassasrandnnaeunslide a1nn1sveaesllaiunsanie

|3 1 Y aa v 1Y | <@ | o AaA o 13 1
wanuaswnshigaigisnieuiusenitunanvaonddugiuveunsliduiukasnaulag
widnnaeaglinaus iy esnanuvuiwiy warenuanusalunisluaveanannaeiia
2 wiadunneneiu Ay navaaesd 4 vinliAnminunaswnsludgld dsgui 2.20

Tud 2018 Boonmee uay Mai-Ngam lannaeslddnd navosnusauli ondn
wannaeunslide lnaiiumuzdususuuvanneslsdameslunnelduuvvingloy
(CO, Sand) §IdelamuanUSinamugiulunge 0.5 - 3.5% lneldnuaereununagey

93U 2.21 9 nuan1sveaessnuIninmanvasunsindadulaelinnunuininiige 4,794

Y

Km Tnedusunamuzdunanlunsieldiuu 3.36%S lassaseilaainnisnaassiidu

@ =i

lnssasveaninuasunsidafsun 2.22
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T 31 67 1 67 1 67 1 67, 038

<l

g

Unit in mm.

JUT 2.21 mwdnaesiuumias (Boonmee Uay Mai-Ngam, 2018)

5UN 2.22 la59a$199801Av0N F ununaaesiluTinuiusduwansiaiulag (n) 0%S,
(¥) 1.92%S (Boonmee ae Mai-Ngam, 2018)

Tud 2020 Kutz ldnaassuiulasiasisganavestudouunsindlumanaomie

Y

Wi ot nnelunisuseilivandisuainudiuniuaugl lnednddelevinnisuanivanias

1Y aa

wnsbndaAIedsn1snanemusduludnLuundidunaunan feo saiiflondding wayld

Y
13

weanegediluivhavaty andumunivsalduuuisuida PTSA Inefinsauzdudy

o
< o o

fusrauuls nduhluneimuanweswuudsgun 2.23 wuuiildluniswiniuanunaaes
siluludagui 2.24
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casting

sand core

JUT 2.23 MnnIaveuuinaesiununnaedaedunidelsiwesinlaveuaslnesoune

Uaanhinnuseunnlswasuilany (Kutz wazane, 2020)

¥
a o

Tunsnnaesildndetumnu uasiluiunssuiunsfuuselassad ey (Matrix
fa838n19muiou 2 35n15Ae tledalawty (Fenitization) waziwes & loiudy
(Pearlitization) 911 1T LITLNARDININTIIEY Iﬂiqa%qqamﬂwudﬁumuﬁN'Tu
nsindoufindehuzduiatudonreaunsiid wazddudouunslvdiiadutosande
500 Um FafigamorionmsnAntununpaeudauiumuaTd westudouunslndlumg

PAFINNITY

overflow
runners

JUT 2.24 wuundsiaysruumaailanenlglunsnanduaumeaes (Kutz wagans, 2020)
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U

a9 nUsulsalaseasianuae3sn1annusou nunisanaznauvesdiuuled
(Cementite precipitate) Tuushatudonunslog wagluvinasudouunnsivdliaiunsari

Tiian1sidsuudasedlassadaiulanuandusufl 2.25 Inslassadeiiuvestudon

wns A uneslsivianun

JUT 2.25 15985 9001AT09TUNUNARDS (Kutz kazAnsy, 2020)
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MNNTEUILNIKERTUNLUNAAesT sthundmesiuedulifiudrsveauuunsg
waslimdnvdeviasuvadlvaruiadudonvesunsindliaiiane fuistunu Tnsuiw
Uaeanvestunuivinudonaouailungadugngaiine asdedudouunsinigefigely
Fuawiifinsudndieitindouialduuuieiusdudauanduzuil 2.26 aunaiitudon
unsldlilasiiaueiinanmsifinszaneanmsiamiaedu Wemmannaenasumaiadly

LUUKAD

DGL Thickness [pm]
]
e
N

flow direction
of the melt

GEI GE Il GEIll GEIV
A =M =E =mean

f) )

nll og d‘ & 1 o I I3 1
SUN 2.26 NANISYNARDIVDIAIUNUITULE DULNT LA L ULA AL ALUUINIT AT WNaNNED
VALY N) LUUTIADIAINUINIT AU I NE NYa D NaDULMATY V) AITUANY

PNTULEDULAS IRl ULsaTAwUe (Kutz kagade, 2020)

@ 1

2.8 ﬂ']'iLL?Nﬂ'ﬂ‘ULL‘UU‘WaEWIT’IEJ

nsudeilunuunaens e ATURS INNAENid D ViaBUUAIA L ULUUNABNI Y
TngLdustininanunasluwuunasiane (Die Casting) WiBINASENEMAINLS BUTDMUUNT Y
Fninuuulane Mandivesvianvasiuwuuiaanednkiiansuvesvdnvasey 3 anvas
& a I3 . . a dn” A a LYY a & (% < o a o s a
A9 Faainsu (Chil grain) LnTuUTAdURAR ULUUNTIETEUA NS WgR LAndunasads
(Undercooling) g4 vinliiAnfiainduaveveudwnn danalidinsudnazideniign aeauu
N3 (Columnar grain) AN WUENITAUIARIRINAUNTILUUNTIY AFNNNSAIEWANLSDUTDY
wid nviaelwia et S lud i dudanuiadinsu yilvis nwagvesreauu nsulunsue g
NAUNTILUUTSE BeNLONGInTU (Equiaxed grain) IAnTusgsdasyluuiinundndwanisiiu

Fvesdadinsulilinansevu JUTveunsuninTulianeniswivlawsiagiulnglfesiu
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1600 ! I | f 2910
1538°C__1495°C l I / Lo.wl of
1500 —+- Uiquid —1—T—F_ o T—177%
— 9
(5-Fe) '\\ / iquid iron
14 ? L —
00 [1394 °C \\ ‘.\ / 2550
1300 £ 2370
N ,y 1227 °C
4 26% o o o e
R
1200 |1 (y-Fe) N nsece A==t ——11J21%
Austenitz 2, —-*'-—ﬁ‘o;"’- e S S
1148 °C
160 #2.11%, 669% | 10
© 1000 Cementite 1830 w
N Austenite (Fe,C) —1— <
3 912 ¢ i 3
s 900 # ¢ 1650 ¢
g o osa%/( a
E : | 7 A E
2 ogoo N —{1470 2
moeN/L |1 [ [ [ [ mec
700 [——0.77% —/] - - ~ —
A, (727 °C)
600 |— ! i 110
500 —f— - 930
te—v (a-Fe)
Fernte \ ‘
400 T T 1T Ferrite i | ] 70
\ | *
300 — ( T,h | cvemenu;e 4_ - 570
200 et —F t 1=t L t 390
100 f— | { - ] { - {210
0 | 1 v | ' | 1 l 30
Fe 05 10 15 20 25 30 35 40 45 50 55 60 65 70
Carbon, wi%

JUT 2.27 unugliaunavesvianwazansusy (Giannuzzi uaz University, 2004)

a ¥ =3 =3 %Y a
msdsuiuaddassainnaniaresvandstuediunisiudsuiuaiamnveamaily
<) < a ! 2 < =Y
Juvewdadley 2 aniug Avanugyesan kaganiuzvadnds luaniusivad ddnvugns
wdeiafuane1eiy 2 dnwae Aeolalugnafin asiiandnvesseanulus (Austenite) Tu
wianvaenasuadneu wiltalesywainasiiaunsidneulurinuaenasunad il
wianvaevaeumaninnsulnujisenemainUseneumeesamuluiuaziiamadiuy
19 (Cementite) lunsdluduuuiuatios viafaunsiidlunsdlifuwuuiatios auunugl
AUAATBAVENLATAISUBY
< Y =3 A a £ %Y v A | a [
nsuwlsinlumanudedrunaugmainIuegiu 2 JadeRedunaumani uaydn
2 o w v a < I3 s = & ¢
maui Auandiiuluisugiiaunavesvan wazasusu Tngarsusudsuduwnsing

MnnsiNganeulumanvae FaneudieiiuaAsueuauya (Carbon Equivalent, CE.) virli
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¥ a

matfnunsiudiafesnniu uidnuardugiuunsiidazgnseumeniammisinvadlasudn

]

wnShls (Moumeni, 2013; Stefanescu, 2002)

2.9  msaremanuiaulunuuvas

n1saNEmANsould 3 JULUUAD N15UIAIINT B, N1TNIAIIUTBU LAt
NTHHAILTOU

mMshmnufeu Aonszurumsmemanuieulaserdenmaiadeulmueteynouvie
Tuanaluvesudslumugndu iWudifiuiideanfufiemamsinavosanuieu a fumisla
Fuviisnianegludaing TUSnumufeufitemriuiuiidenat YinuidGend Wwind
audeu fvthefiugiuviniu (wW/m?d wihdu g uag g wUsHuAUANNTUYDIRUNL B
dunariu nanfemnlioamadvingy T K Wsreznanuiianianisinavesaiuiou
Wiy x [m] wagliimAsfivean1suusiuidy k W/mK)

(Kanetkar wagAguy, 1988; Stefanescu, 2002)

¢z (2.0)
g=k— |

AUN1TAINGIFENT AUNITANVALRUSHUFIVYBINTUIAIINTOU Y38 AUNITVDY

a s

Wises

Y

nanwvesianuianila A1 g LunandausaunTlUnNTANIIUINTBI X WAZIATBINUNY

(Fourier Equation) lagA1asil k 158071 dudseansnisthanuseu iuaaudfinig

aUMeiuYINTeaNNsIansIn anufeulvalulufiennsiideamgiiandias (d7/dx) < 0)
aunisiluaurasmdnraslunuunse anansaldadrsuusiasaiianeinsainsfusialy
Luunaeveumanuasly lneaniusouazlnaninmdnvaenasu inaioongnisuuunsng
wianuaenasuwiaIUs AU edsunnvesaduresudtousunidu et
Amdsanudeumelu (Q ) sdsuduaunsvessasimsiniuremdrnuanudeumely
W 91781 (£ W UA vuwUasly (Rate of Internal Heat Energy) AIUNUeINe s lulauidn

(Thermodynamics’ law) (Kanetkar wazaaz, 1988; Stefanescu, 2002)

—=pc— (2.5)
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W 9U1EUN15VIB AN LT UVDINA I UANNFTDUNE U LNAST 1A UL N UGAU
aun13veeises MUNYIBINITUINGINY AednsfiauTeuarauwiniunsinaveay
Fou  9AUU AgleaunisnsdariuAuIeau (Heat Transfer Equation) (Cannon, 1984)

a0 a
0 _ % (2.6)

at ax

Wotaun1si 2.4 way 2.5 WAUANUENNISN 2.6

/( x)) (2.7)

ntudaguaunisn 2.7

a k FT (2.8)
ot pcod ’

) ol 2

fatuazle

aT T
T _all (2.9)
at e

lng @ Ao ANSUNSYOs8UNYI (Thermal diffusivity)

A1sNIANNSaU Aonszulunsarsmauseulnsodunisindouiivesvediua n1s
a1eANUTIUTENINR Mg fuvedlug ABn1sMANLSoUTIART UL TS YR
LﬁaqmﬂmmLmﬂsmsumqmmﬁ NIDAMUNUILUU LT8NTT AITNIAIUSDURIUTTIUYIR
(Natural Convention) waznislwaiifnduaintuvienay 5undn nswiaudeusienis
Jafu (Forced Convention) Tuaunaeansign1sniAusoudInNialuumas A3usaugnn
sonluanuuunaslngenafiduiatuiuuraense Wunsmaudounusssued lunns
advaunsanusanuualiug (Node) GuaﬂmmﬂmauaﬂLmumwmﬁuqmmﬁmﬁlﬁ NS

szuuvesenAaneueniluszuulnginisanamanuiounasnial vilamnungumgives
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E]’]ﬂ’]ﬁﬂﬂﬁ"léj (Boonmee way Stefanescu, 2013; Kanetkar kagandg, 1988; Welty, Wicks,
Rorrer, ag Wilson, 2009)

nsuHAeU Yaavnuinazudrduwimvanlnihfifanuenedu wazaandudy
mwﬁamﬂﬁuﬁaagmaamnm Tagan g 1IAAY LLazm’mL%m%uagﬁuqmmﬁmaﬁa@ NTUH
duutmanlEendn msusmNdeu mningdugandunduusimantiin agldundanuy
arwdou vilwgamgiigelu nmsudarwdouanusautsoanduaniunisained (Steady
State) meia M3aomauTeu MInszneguniineludiing uazuSinuamieud
mamﬁmmﬁiﬂsﬁuasﬁunm wavanuglinadl (Non-Steady State) Aausunannusoud

anuwiaAsilUasuLUasnnuan (Welty tazaug, 2009)

2.10 N15ANENIAFTT IURUUKAD
| < | | ¢ ~ v a & & A \
ASTUIUNITUABMANTIED NISENTVBIANTUB UL LAAMUULNT IR KA5aN1TWNIUDY
ﬁmzﬁumﬂmifqqumﬂavjiwuL%’wiﬂiuﬂuﬂaLwﬁﬂwaammm 139077 NITANLNUIBANT NAbN
1 a A
A1SENUMNIRANSE 2 UV AB
1) nMsunsvadluana (Molecular diffusion) lun1sanemsnaiiinainnsiadoud
wuuds (random) snuinansviegi
2) N15W117a (Convective mass transfer) LWUNISANELNIIAMAATULAEAINANUD
YINAY LN15AABUNDIANAINNNTTNIU LATAINULANFATIVDIAIUAU U
Tun1simmanuasuallutuunasoiaialens 2 naln winnisluaveundnuas
< a . 1 I3 oA = A PN
auUa I ULUUSIUSEU (Laminar) N1saneinaiatduwuuniswns tesankifinisweaoun
Yaavdnuasumalteliianisuns nnsiraidunuutuliu (Turbulent) N1sanemung
WWunuun1swiula (Convective mass transfer) wUabdu 2 WUy 79
1) A1SNIUALUUUIAU (Forced convection) Aa N15Ava9lnaLAd auiilae
p1fedunTegunInidu o
2) NISWIUIBBUUSTTUBIR (Natural convection) Ae N15Ava9lnaLAd auil
INANULANANTENINOUNN ANUTUTY TTBANUNUILYY
drunisunsvasluanaiadumnnisinasesndnaerasiiraniiuwuy
FIUEEU LARNSIARDUNRUUdUNUENTaasuMAa) uSITUTANTY Ao AIUWANGIAVDY
AT UYBINIAATT (Concentration gradient) N15WNS 31NUI AT T UglUE

USNAUANULTUTUAN TASANEULANTWNGT 2 WUU A



34

1) n3unsves A sy B filiuns nanfe waves A indeuiinluluinaves
B Tnganaves B neadidliindeufiuaniuasuiiuinaues A sndiogiasu munsvesmiuey
WnlUlwmdnindn ?JQQﬂi%U’JUﬂ’]iVT’]ﬂ’]%‘lqﬂi%\i (Carburizing Process)

2) A uay B unsviaglufienanseduiu nanfewaves A wdouiidluly
waves B lnanaves B AlndeuiuaniuAsuiumiaues A fewsuiu snfaegnatu n1suns
S¥WINEINE (Zinc) Auneauns (Copper) lunsnanneonaes (Brass)

n1sunsvesiuzdulunssuuunaslumanuasiiimasuinal nilouu
nsunsuuudl 1 Tnefugduunsidilluvdnvdenasuma iliAanndeuvesdugiu
unstidannaunateduusy uasdmueu mavdnnsiannsatuadiuuusiassns
Lﬁmﬁumaqﬁmzé’ﬂumﬁﬂmammmLﬁaé’mﬁaﬁuwaéamwﬁﬁﬁmzﬁuqﬂﬁ NIYUIUNS
unsanunsnesuneldfeaunsnndamansainnguesiind (Fick's law) Wandvesnsuns
wuU 1 fRuuudne Adenuuanssveseandudumuiuiinuaninsneiungldfeaunisng

fofl 1 vesflnd (Fick’s first law equation)

ac
ax

v o A A o [ | [ a Y v aa
ANANUFUNUSY LLDUINNANUIALTUDATINI T UASULUAIVBIAULINIUNLAANDN

nsuns Jsladuaunisngded 2 vesiiad (Fick’s second law)

ac J

x_ 3 (2.11)
at ax

dlethaunsi 2.10 wnualuaunisi 2.11 agls

ac 32c

®_p7e (2.12)
at Fx

oD As duuszdns nisuns (Diffusion coefficient) @115t UAIAIT LAY
wUsAsUlARNLAINAY FUUTEANTNSUNTIUA Y 2UINNINFUUSTLANT NSNS LUVD LA

WaYAZUINNIFUUTEANS N TUNSTuvR LTI Ua1sU a1unsamunldanaunisi

Q
D=D,exp- (R—T) (2.13)
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[y

AITY FIwUSNEINARBAEUUSEENTNNTLNS UBNAINADIULVBIAINATTIUNITHINT A7

[y

AduUsEavENsUNSTURY fugngil (T) (Boonmee, 2013; Maisuradze Uag Kuklina, 2018;

9 U

Stefanescu, 2002; Welty tagagg, 2009; Won Wag Ramkrishna, 2019)

2.11 msa%’wLmua‘i’\ammilﬁﬂmﬁnwéaLLns‘LWﬁf;j

ﬂ?iﬂ%’]ﬂiﬂ'ﬁLLﬂ'ﬁJLLU‘U"X‘]’”IGENﬂ’]iﬂ\laﬁlmgﬂ%ﬁ@LLﬂﬂWﬁ@ fanusndulunisnaaeandn

< '

wianvaswnsbilde wewinnsiatudenwnshidlumanvaswnsise \duusingnisali

a

gaum)iige lanusadnsiznusngnisalsenitansiiatudenwnsivdls vilinavestu

9 U

=3

=

A a £ & Ay o & 1% o ~ L4 a &
LﬁEJlI‘VlLﬂ@ﬂUINLUUIUWWMW@@Qﬂ'T‘J At UNTAS L USIASHLUUTa NN NTUATTLANYTY

[

Aeuwnsiis Fududeddalunsiauinssuiunsudnmanvaownsiig

aunsfiliiiioaalusunsudasdldndnnisvessufeuisinluinnmesisus (Finite
Difference Method, FOM) 1 517 Tnefvunlifidlefin1sidd suudasAiveiiundesy 9
zdmastorlusuntsdaly (Explicit formulation) nsrunadudnuaei Tnseuady
uiaziuesnsiadsuiivesgamgiivioutaansioninluun (Node) mamguinaain
Seluuamsiuaniiuin ildauandeamesuuustaesiiinndu daiy Wensuiames
wuudiassegluzuuuunisauandulvue nanisauiavewsasivuaneunidwalud
Tnuslunandaly Ssanunsaldlusunsy Microsoft Excel Faulusunsuegnanelunisnaass
asanuuTnaes lngldn1sussgaunisvesudaslvunadluluudazioa (cel) vaslusunsu lng
ammaﬁ'”l,%ﬁaﬁqmammwwmaLaai‘ (Equation of Taylor’s series ; Explicit formulation)
wusdunsdaandienan () wWasuwlasly Inglddunman (V) anuuandisuuuly
awth (Forward difference representation) 4agn15AuIgiAnLuAnsIsilafinIsasiug
u aAeInL lEAIUIMNAIAULLANA19ATINaS (Central difference representation) &
suuuuvasaumMIdwialull

AUIUAIANULANAWUULUT19UTN ( n+1 ) (Forward difference representation)

z - (2.14)

(éV) ~ V?”—\/? \/?+1_\/§7
N At

at

ATUIUAIANLANANNATINAN (Central difference representation)

AATUIUANNUAAIULIN (i+1 ) F9dUNITN 2.15
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VY o 1V
7Y ~ (2.15)
ax E AXx

NsANaAAUASTLSNE (-1 ) feaunish 2.16
v\ V'V
Y\ ~ (2.16)
ax W Ax

WIOMINARAIIYRIEUNIST 2.15 way 2.16 azlaruadluunnsinand

(a("‘//ax)) ~ [0/ 5)u] (217)
ax n,i - AX ’
730

32_\/_ 2V Vg (2.18)
a° - (AX)Z '

deldaunisvesnisidsundasuesatnig q Tulsarduniaal aandunthauns

YIANNHBINITULNUAIAILLANNNT 2.14 WAy 2.18



37

time step

3

0

0 3 e &l 5
a /)
GRID

a | A o | | ' ~
JUM 2.28 JULUUNITWNUALT 8AIUINNIAIINLANA VB IA Luks aglnuail aian
wWasuwuaaly (Stefanescu, 2002)

nsaduuiasseanmsiinminuaounslise Aon1sas1suuudiaoinIsunsves
ugdulunuunssludiamdnudemiefiduiatuuunme mnsundastuegiugamgl
Tuusiazsumiamsuns lnganasnunisaemanufouseniiinvaevasumalaunseis
wiSnndevasumanldsuliumesuddnsauysel msunsFuatioungaas fadu aunisiides
TidususuusnAeaunsnistemanudou agldaumsdwiolud

WUANANANTT 2.14 wag 2.18 asluaunish 2.9 Taglsy V=T

TSI ‘E‘A(A)f (70,-277477) (2.19)
Nt fvuals
M (2.20)
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laaunisvesnsamenaamaiintdunuanluluun Al
+1
1=Tor (T 277477, (221

N3t uf79sd 03l g 10 Ud sunUataniuzvesian a3dn1sA1gausauLIs
(Latent heat, H) panu v linsduiuanaieanlutievewnal 1Sonaaugluyieii

A07UzALF7 (Stability state) Falu @UNTITIWDANNAT @ AB BRTINTITINNTUTDIAMNTOULNS

AH ; v
(1+ CT; ) Ing? C fig Armnuganufou agldaunisesseluil

For

T'.7+1:T?+

i

(72 ,-217+77,) (2.22)

a
winagUaunisvesnisiduiveanannasmiumasuadluusasanuzazgla

dnugveanal (Liquid state)

i+1

+1
T? :T? +FOTLiquid (Tn

anuzAIAT (Stability state)

FOTL. d
T —22 (70
a

i i i+1

2T7+T7,) (2.24)
an1UzYa909 (Solid state)

T;H] :T?-I-FOTSoUd (7’7

L 2T+ T]) (2.25)
d‘ Y o1 A ! o 1 dl dl :j o a !
Welarmaumgiluusaziuwnisnudsuwdadly mnduiigamadl (7) vunuaily

aun15¥ 2.26 Werwinmduyssansnisunsluwiasiunismiuasundastd ngldaunisi

2.13 wekiiadannsunsiisTulure sl winTutiun seuudlaminuaduyseansnisung

TureadaBidumasnassalul



39

FUUSEANTNITWINS MANITVDI VA

O

FuUseansnisunsluan1nzvaads
Di=Dsiq (2.27)

Wielamduuseananisunsluudagiuis Jnhuunualuaunisnmsunsnineglu

s w &
sUMUUTRIYAAUNTINaLaeS Aswialull

WUANANANTT 2.14 wag 2.18 asluaunish 2.12 Tagly v-c

p(at
=+ (i )Z (c,-2c+c),) (2.28)
Nt e
F ey (2.29)
0.= 7 .

v

Y ] ° o ay v ' Al
Q%lﬂﬁllﬂ'ﬁ“U’eNﬂ’]iLL'WiSU’eNﬂ']iJSﬂUVlI%LLVIUW]IUIWU@@QU

+1
"= +Fo (-2 +C,) (2.30)

Walsaunisiiiam A lukuUIaeIneetadans 39iunaskdouluiawnuaily

MsiaLNsvRILULIaaIma bl (Boonmee, 2013; Kanetkar waymaly, 1988; Stefanescu, 2002)

2.12  walladanasaulnsululaswaunlada (EPMA)
dianmnsoulnsululasweunlada (Electron probe microanalysis, EPMA) fia n1539

ANMEAILAIVUIALEN 1T TUITUATIVADUAIUNAUNIUAT V9T U uwUU LY a18d9819
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Fuau Ineshlusidnasoulnsululasweunladaldinsy (probe) lunsinszsidundnnns
FAenfuiumedalddidnaseuwuudesnsin (Scanning Electron Microscopy, SEM) Tagiiiu
ANNENsaluMSIATEiduNaunsaiil wandrdgyuesdidnaseulnsululasuounla
%aﬁaﬁﬂaﬂuuﬁuﬁwqq1%3mﬁwzﬁﬁauwaumﬁuﬂﬁmaQ%ﬁqwuﬁﬁmuﬂ@é%unﬂ 1-2 lupsouuns
Laz3ATILINANETIAE W wAeaduwmadanriam daies @ audnlnsalasy
(Wavelength dispersive spectroscopy, WDS) dianaseulnsululasuounladaaunsaldnis
Anszideiudisue Tngldanuannsalumsadeneazdeanndunusiodgn aunsa
1%3Lﬂﬁwzﬁu8ﬂuazﬁdadﬂaﬁlﬂuaWiﬂizﬂaln%Q%auﬁaQ5amﬁﬁuﬂ1&WaLﬁsamaquﬁqu
55EANLA LTULAT LAZLININGTIINGT LaUADIANATOUYDIBLANATOULUUEABINTIA %50
didnaseulwsululasuwoulada WiauagiBennniigs uazseazdoanimannninaudily
wasfiveadiuld Ffunsiienegidiedddagldndomanssauuunassssunn luanse
Annevineasidnnmlusziugania vdedvuadnin Adugaemzld Sidnnseulnsy
lulasuounladaaunsaldonuldsmeluid

1) Wasanmn Wneldimeiady waeunes-sibnnsou 513 (Secondary electron
image, SEI), wip-auAnLnas Sannsou (Back-scattered electron, BES)

2) Wadrsamituiionn TugUuu 2 G

3) ldvendeyavesarsuszneu lagldnallndidnnsou-faosdn adnlnsalay
(Electron dispersive spectroscopy, EDS) wag watianiam daasav aldnlasalay

4) au1503As1essruundn lagldnadasidnaseununawnanesanuisnduy
(Electron backscatter diffraction, EBSD)

nEnnai ugIuresnITeuvesdidnnseulnsululasuourladade ndos
Ranssadidnmsediindnmavaulaeldnsssdavesesmenuuiafanuds fanswnain
ALY LATUEAIYDIATBLANATOU X IANAIULRNIZUIRINEAT LASNANIUVDIAIDET
dianmsouveegazUaosndsnunnusaudundn uididnaseuvassiegnslaiieuius
109818nAeu warssdiendaie Tnealuudusagldineunei-idnnsou Suiude was
win-auannes Sianaseu Tun1simsgimiedamsssainel azlanmvesaisusenaulu
sUuvuAedsifiegluian msaedidiondiinanmsvuunuylidang uvesdidnnsouiian
nsznuiuBidnnseutuluvesernauluiedne iedinnseurestdendulugnineanain
2ulnasuaolviinididnasoui fivdongsninganasluluiiined wasgapdonday
vegslugUvesdsdiond TnendudeuSinumaiidudnuusianizvesesdusznauan

A989
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I v s

dianaseulnsululasueuladadunisimsigsinuuliviane fe Ssdiondiiinain

[%
a o 1

Uﬁﬁuﬁuémm@Lﬁﬂmiamﬂajﬁﬂﬁﬁaa&iquﬁaﬂ%mm AT TANANLIUINNTINTS
gj Y gj a & a = U v o 1 dy
Asale ety ddnmsaulnsululasweunladadanungiunisigaunasaludl
1) WAz BaUS R uTuUIa gl duwsvundnn1essanvnele
2) IhasenTandunsiesils wu wil-nousnmes wasguilasnaudninesia

I [ [ caa o

lusnAdemsimuinszuiumsdnminuasunsivde lutandunszindidugu

Y 9
¥

wnstrldwanasiuluduudediu n1sinserasuseneuninatuluwsasdugiuwnsing
fodldimatindidnasoulnsululaswauilada sananlunisiasie

Al < a ¢ a v & A | ' o ¢ |

Weosnidunisiiangvsadeuluiunaseresenitedugiuunnsing 2 3Use
A oA o A o v a A 4 A A v o a
WWOBUEUTTR d13UsznaU Avinlsiian1sasuwlasdiy 5IMNLNEIVINUNITIURBULYAS
AananvziivTinaeylurisiesas 0.03 - 0.01 3NAN5199 2.2 Wisuiieuded waztednin
voawsasinatianldlunisiiasieisnn asuseneu MvibiAnnsasunlasdngiuunsiva
Tu JIdefadenwmeiinddnnsoulnsululasuowilada lun1snsngit (Cubukey, Ersoy,
Aydar, wae Cakir, 2008; Laigo, Christien, Le Gall, Tancret, Wwag Furtado, 2008; Shi ae

AUy, 2020)

M15199 2.2 Wisuigumatalunisiesgisigiagansusenauluusunswdsundases

FUFDULNTING LazwnsaUuns

No. S18aZLRN EDS EPMA WDS

v - Energy of X- | Wavelength | Wavelength
1 | Towmedewsizilag

ray photon of X-ray of X-ray
A3 NATIEAANUTIUTUULAY
2 - Yes Yes Yes
LTIABUN TN
Dwell time ALAT1EAEINTIUTU L L
3 3-5 min PN 5 min | YI1N31 5 min

WATLTIAMAIN

Dwell time ALATIZYLUY Mapping L .
q 3-5 min ¥ 5 min | 911371 5 min
WAy Linescan

5 | anuaztendunmsune 115-133 ev 10 ev 10-15 Ev

6 | awnasuiin Peak overlap 3170 Uowan 9 oy
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M1319% 2.2 WSsuiisumaialumsiesersinuazaisusenauluusnanisidsundas

VDIVULEDULNST NG LazwnsndUn® (si9)

No. YA EDS EPMA WDS
AANTEAATIEYIS AITUTINAIS 0.01 %wt | 0.05 %wt
Ty 0.1 %wt up
A9LLH up up
8 | fegrauiuy Uunan VRIBERE UN
9 | Wlwsuiaszn I Toiey (5 CH.) | Tvgy (1 CH))
10 | Begnilidy No Yes No
11 | Jayasnvesined No Yes Yes
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3.1 NISHANYUIIUNAADY

3.1.1  n199anLluuNIsaIu

[ '
av A

nszaununaevaaedluiIdeiladnisusuusanntdymiintu 2 ase

AOC
he

JUN 3.1 wuunszanunldlunuddensen 1

Snwarvetnszaulunuifonded 1 duwnnlfnismmdnrdonaomnaiadugm
nansuuy Liielivdnvdevasuianivalugsdunumeassi 4 Juilegdonsou Tnegmnans
wuuvhmid B ulsiwes (Riser) WWindnuaovasumaifiimasluuuy ndumdnvde
asuardlvasiuumasweriuzfuiioguinamadiuuy (ngate) vosdususia 4 fu
uwidswesiugduiioguinumadiuuy fusumutugdudiuandatu nsoonuuuiua
YAABY TUINATNFIWBTUIL 30 Lwufiuns iodliannsonsuaumundudonunslid
FATeTseenuuulimngevesiununnassgaiunitaduidonvesnuifediiuun eth
wuunsganlusmiddoadedt 1 Feguil 3.1 indraesmsinaveamdnvaonasmaimui 1in

A5 iranuutuUIUUS UM LUUNMNs e lE LU UN AN A LS Y é’qgﬂﬁ 3.2



aaq

Fluid Velocity Magnitude [m/sec] Casting.New.model-1Step No / Time Step @ 220 / 1229002
] ated Ti : 2.9818 sec Fluid Velocity-Magnitude [fn/sec]
regnt Filled 416

ctlon Solid 100

odel-1Step No / Time Step
Simulated Time

Percent Fillod
Fraction Solid

1.000

0933
0.857
0.600

0733
0.667
0.600

Core Sand

ProCAST

[
v

U7 3.2 nan1sdraesenudanisinavesuunsraiulunifensa

navibiAnn1sienserevestuzduiioglunse lduvuiadunmsnualilinis
wnsiiteanalnien datuiloanANugugeuratUsngnIsainIsnasunvesiuEduINMse

THwuuldsiumanuaenasuval Fsssvenuuunszaiuiidnvaragud 3.3

Fluid Velocity-Magnitude [misec] Master-for-Sim-Rev1 Step Mo / Time Step & 370 / 2.402¢-002
Simulated Time : 4.4408 sec
Percent Filled Ty
Fraction Solid 100

ProcAST
JUN 3.3 wuunszanunldlunuidensan 2

Tunsnalduvuiduunaswesimegiu @Ewdedusun 3.4) Inensliduuuresiuy

ol dnyiasnasuinalle T uLNFUE A oL ANLUY
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50 mm

50 mm

5UN 3.4 msnmnelduuulunszanuililunuidenssi 2

(Boonmee wag Rassamipat, 2023)

Tasuuunsraulvailaeiionin 50x50x50 fadiuns aru1sananduaumanosld
pdraw 6 ouly
3.1.2 MUY
wuunseildlunsnaaesnanunainniedley (CO, Sand) Sasrdudld
NALSEIII YuAa wasnaierfe 1010 anduimaedlonuit uuvy uagdafie
mfveulnoonladiinlulunuunseTleydusrezinat 5 uii Fvinsaeauuuiilosinnme

oy LivihliAnUgymmsideuunsing dagui 3.5

JUT 3.5 wuunseildlunisndnduaumeass
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3.1.3  nssauzdulunsie
msiiumusdulunselduuvagldunasfinvestusudumoslstames 7
TUSunauiurdunausovay 44 ¥nsun wazkenuuin neldnseunsasaulenauindnnsiey
mmfuﬁflW\Iaﬂi%'aLW@%ﬁﬁNaguummeme (Mesh) 100 snlgluniswaslunsielduuu

wazdnmuuu gIdelainginnisnaaeddnemuzdu wudt YudeuunsianinTutgunud

a

AN ldflenuadiiadevestunNuruTudsNun T AI3UN 3.6 A maiuzau

Liwnsihumeaemdstuanumanuaewnsiise

JUM 3.6 lessasanevewanuasunsindeiinasiaelinarimeiunalunelduuy 4.49%S

Tunsmmass §3deldutaioulvmaiinviinamuzdulunelduuvoenidu 2
Seulused
1) mswasnesistamesiunselduuulaenss (Mixing)
2) Maspdeunselduuusednuuuiinauneslsdames (Coating)
TngnN1sHaLNeslsdaasunseldnuuwiasUSunun Uz uAe 0.0%S, 4.4%S,
6.6%S, 8.8%S, 11.0%S Way 13.2%S AUa6U

nsuaueslsdamesludniwuy fidelanavdniuuuiuueanssed wagind1Ay

Y Y Y] = = v a = Y &
VUARNIYOIYINAITUNRURN Iﬂﬂﬂqﬁiﬂasﬂaﬂﬁﬂyisﬁnaq 10 ']u’]V]VlﬂL\‘iau‘lsU AMNUUNTUN L‘V\Jaﬁﬁ
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Faasdnuuulildusnamudouls Trldusinadnuuusin 100 ndu feaunisd 3.1 Tog
Yueaneseanauiumlaslsdameslusnsidiu 1:1 wWslaraundavesdlidsunlas
MntuthAeunsglduuumnyudnuuuiinaueslstames uazqaln itel¥ioanasadgn
wrlnglaunun Aundoensdnuuuiifidndiuvestuzsumudionis

aun1sMsAmuInUsInanneslsainasnnauludnwuy

FeS= % Xcoating (3.1)
ield
FeS o USnawnleslsdamlesiildnanielinls %s fideants (n3u)
%S fo  Wedwuruzduiidesnisaudouluiitivun
%Sview A0 WWoSlwuruziuiifleglumoslsdaines
coating fe  USmadnedeuiidesnisld (nsu)

JUN 3.7 manmaelduuuinaunestsdaumesia 2 Reuly

< 1 =
3.1.4 nsvasumianuaawitlen
nsvasunanuaswten lasldmutertilnid (Induction Furnace) 119
250 Alansulunisvasy waglinszuIUNITHIWIY TUNISVILUNTLT oL NN UN INNUUY

wgsegslusuuneasiiatiliimsziaail lnanisnaassassilinnisvasy 2 1m0
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ool 1 10udiunauveavdnvasmieleldgmaiin uazail 2 Wumdnuaomien
lawosgmafin axldununnassoonuvianun 4 Foulafwiolud

1) manuaelalugmaanildnsiinuiinaiuzdulnonsaanlunsielduuy

2) wanvaslslugmadnildnsiisdTunaiuedulasnisindeunsiglduuusmedn
wuUTNEs Y

3) wanvaelaiesgmainildnmsiisuTinuimzdulasnsuaslunselduoy

a) wanvaslawesymainilénmaifinymnuiuzilasnsindounsnelduuuded
MuUUANaL ey

315 maedentiununnaes

Flovdetununnassiadafiu iiduaudaiadieiniesdmate 9ntui

Fuaruandalildauindifoanis uazthahiugouuuudu (Cold mounting) Kagudl 3.8

Wi lAa1u150a18n I NIASIAS19US RAURITUN UNFUN AN U s dulaTRL Y

d‘ b 1 s a Q’I a ¥
E‘U'Vl 3.8 G]’JE]EJ'Nﬂ'ﬁG]G]LGﬁEJ@J’UUQ’]U’JLﬂi']ﬁ/ﬁﬂiﬂﬁi']\‘iﬂaﬂ']ﬂ

(Boonmee W@y Rassamipat, 2023)
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32 AISNAREUIUNILY
3.21 asrdaulaTeEinwgania
‘Lun'13@nﬁlaauiﬂiaa%f'm?\;ammaﬁmmmaaq LATINADULRNITFUFIY
wnslis Tnearldvinisianse Etching) 1¥nszarvnsiedniwuss 1,200 91ndutnum
(Polishing) fen1agiit1 (Alumina powder) 4119 0.3 Pm
3.22  Aerenguedagiuunsing
N5 sUTeduguLnsvd I mlaseainsganinuuin 40 win uag
100 W AIATIzRMsTUTLATIALATIZAAIN AUAANULTLEUININUIAN 8-bit wagli
dineust (Threshold color) Wiy 140 mﬂﬁuﬁﬁmﬁmeﬁmwaaﬂmLi‘]umummaﬁﬂiw
(Shape Factor) Usgnaunie aunay (Circularity, Circ), @ngiususne (Aspect ratio, AR)

v & v

warAINNLY (Roundness, Round) A4inae19lusUR 3.9 U119 e u1aS19ANUEUNUS AU

Y
V- o [

sregnUlasasavesiuay nusnaiIndudaduiusduluiuunsigaudsdugiu

9

wnsbdunANlaUAs UL A

SUN 3.9 fegamamaunawme s wmelusunsiiiasginn

3.23  n39980U waznsusziuamnnvastudauunslng
mathwdnuasunsivdgumdndutuanu desanansadenuinaiidenisld

NuanTRveundnvdsusazuialadny wariimiuaiialanannusunltuantR e e

' ¥
fal a ¥ =

USNUADINNISNAIR WA LML AUNITITIU AU TULEDULASINANLAATUADITIAINNAUN
ANUANUADINIT BASADINAIUIIULSHUVDITULEDULATING LI anNAINI ZAUNA DT ULHDY
WASIHAN T AMUNUINIUADINTT TUNITUTLIUNANITNAABINITAANITLA DUVDILNT LA U

[

3 ! = | o Y a <3 1 & 1 o 1% a 1 1% 1
ANVaBLNUYD ‘Vﬁ@ﬂ'ﬁ‘Wﬂ‘VILﬂﬂLﬁﬁﬂ‘Viﬁ’e]LLﬂilW(ﬂ@ ANUUADIUTELIUNA 2 AN laun
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1) APNUAALAT (Q)

v
v

2) AIANUNUITUERULATING (T, o) & 2 Wouly sail
2-1 FUAUNAUNVDITULNT NABHUTLARTUF 8 ML DI NRITUIN U AU

Aunseldwuuinaumuzau (Tey)

[
a

2-2 Fuanunuvesnsandugedugavosunsiiduiunlinedes

q

MnTUNURduRatunTeldwuuinaunug iy (T o)

lngvia 2 A1AsNa9EilgnsNSALINAIB LU

AUNNTAIAINUAALASYDIYULEDULLNS bH

L
AAnuAalas (Q) = —= (3.2)
L

cast

L fe aenuenvestudeuunsiidgareneudasudunnsindvssnan (Fulse)

Lo PR Aanmevassumnildlunisin (duiiv)

| Y Ay 8 A v % ~ = = "
ﬂ']ﬂ')']llf’\lﬂi NIMRNIMRIGO! llﬂ']LGU'ﬂ,ﬂa 1 ll’]ﬂﬂ/]aﬂ LLEPNDNATINUITULIYUVBINTITLLUIYY
z:i s aay
LEIEJ@JLLﬂﬂV\IG] IUﬂimwma\‘lﬂaﬂLLGNN'JLW@IVLV@JWuﬁiJﬂUﬂ'ﬁIGUQWU ﬁ?qmﬂuqsﬁULa@NLLﬂilwmﬁ]u

ol LALDNITUIIU

g;? %&y@wv RO O

f\,‘ \
f‘,’ ~ /E") “;f\ﬁ% \L(J
- a

PipiFac .
© 0%
g & = '+ 4

gﬂﬁ 3.10 fhegumsinanueiildmuineauAalasluaunsh 3.2

(Boonmee Way Mai-Ngam, 2018)

TBaiuteyamanuanlfestiudeunnsiid Aeldlusunsuimszinmnudoya

A3UY17 (Length) Weluwnualuaunisd 3.2
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a0 30umusosel Fle Edi Image Process Analze Plugins Window Help

JUT 3.11 naifivdeyarianuenivestudauwnsiidgarensudasuduunsinivsnay

AUNITANANUNUNTULA DL LN AUl 2-1

XY
Ti61= - (3.3)

= ] g ¢ 1 oAda X A
Tici 3] Gﬁu@qqmwuqm@\iﬂuLLﬂilWﬁLLNu‘V‘Lﬂ@sllum@l,u@q

A I 1 1% gj (3 1 A a é{ 1 =
Y; A8 mmmEJTﬂuLLG]a:’,LawUENGljuLLﬂﬂWG]LLNu‘VlLﬂmJum’eJLum

= ° 1y ] ¢ 1 Aa X A4 do
n A8 ﬁ]']u’gul,ausﬂaﬂsﬁul,l,ﬂilwmLLNUWLﬂ@Tum@Lu@QW"J@

SUN 3.12 degumsisnramniieldmunaranuvwesiudeuunsiisluaunisi 3.3

(Boonmee wag Mai-Ngam, 2018)
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AUNTANANUNUNTULADULNS AUl 2-2

n
i=1Zi

T16:= (3.9)

o o '
[ v S

Ticz A9 YUANUNUIVDITULNTINALNLTLARTU AL D

P

v
a =

Zi Ao AANUEMIULARLLEUTDITULN T INARHUTL AR YU R BLBq

n A9 UIUAUVDITULNS AL LT AnTUlLsa i1 9

JUN 3.13 fegumsinanuvuieldiunaainuuIvestuldouwns inAluaun1si 3.4

ac 2 v ] g ¢ a ¢ 2 v
FBmsiudeyamanuvuvestudenunsivd fe ldlusunsudesginmiiudeya
Anuvu lendnguas 30 A1 wadtuunuAluaunsn 3.3 wae 3.4 ausnyastudey

wNS bAvaIwFARZAIN

597 00s02 0 um (03 Fie EdR image Process Analyze
Holalox &K A

JUT 3.14 nsifiudeyamanunuuestuwn s INAUNWLAAYY
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A a &

3.3 msialegelvimssiinamatindidanasaulnsululasueunlada
thihegstunulslgmeainfiiiuiuzdudeifindouiifitus funaueyoras 8.8

WAL ENAILaEAANTA L‘fiaqmﬂﬁuawuiﬂuﬁﬁmmﬁﬁmﬁwm%juL?%ammslw&aq"tusm

YOULAYDINITIATIERANABINTT 1T YIdnszuumsInsesisemaiadidnaseu

nsululaswaunladaiisoulusanisnen 3.1

A15199 3.1 Weulumsieszvmamaiadianaseulnsululasiouilada (EPMA)

318N13 %E]S;IJE!LQW"I% 3I18N13 %’agaquz
Mapping and Line
Model EPMA 1720HT Method
scan analysis
ACC 15 kv Beam size 1 um
Current 50 nA Analysis mode Stage scan
Start type Center Measuring time 10 msec
Step size 1 um Area size 808 x 607 um?

3.4  AN5AS19MUUINADITULEBULNT LG
3.4.1  nsiviunkeuluresnisadnauusians

Ya o

= v a =3 ' ¢ 1 = g v °
eliidlausingnisvesnisiiamdnvasunsise f3dedsdduuudiaeinis
a s Py 14 J v 1 ¢§J
adinmans lneszyleululiuuudiass Aseludl
3.4.1.1 fvualinisudesavesnannaeienduvingnadn nis
= [ < 1 a = 2o
WisuuUasanuganvesvanluvesdazliiinsiaavesnudafame
3.4.1.2 Mvuavieam)imeuaniuuviaeadf esindundeudussuun
fpwalnganunsaivualivesgnmaildiudeundasla
3.4.1.3 HAYBINIAUINAINITAIEINANToUlUT T UIIUNAREY A11130
WUeA3 98U ngusazdiulAInN1sa1emANTouyiiY HIT8ABIN1TNANTNITEEm
ANUSPUUSAURIEIREs T I UUNSEAURIMEN YOI
3.4.1.4 mvualiuuniidesluiununeasai iesnlduuunsedley 3
Lvhugfsenduuun ey

3.4.1.5 8nnsunshuvesudeiudidgnimunlitianne
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Core sand thickness : 10 mm

Air : 35°C

3.4.2  NISAARUASNNISN LY IUKUUINADY

578013 dayadnie
TUsaiwes Intel Core i5-9400F
RUIYAIUIILTY 32 GB Dual Channels
g1innan SSD 256 GB
SEUUUNUANS Window 10 Pro 64-bit
TUsuAsy Microsoft Excel 2016
0 mm i\iﬁltfﬁﬁ%;l surface 50 mm ‘Sample thickness : 50 mm ‘

25 mm

Temperature (K)

“Fick’s law Equation.”

Diffusion Coefficient (D)

i =l

T

I

L

Represent

“Time and Transfer step equation.”
%Sulfur(C)

“Resulting equation.”

Graphite degradation layer

Mg/S ratio >> Result

dl L4 o o a [
E‘U‘VI 3.15 LHURNINITATUIULLU U DINNAUAFAIFAT

n1suaunisunllun1sAuIus AUl UIWASY Microsoft Excel 3tdudaq

Weulvieglusuwuuvesoulunmlusunsudmun dadeluil

3.4.2.1 gUA1318ANNSUY

WasannsanewmaNusauvaudnuasiinTule 3 anus desilnig

muuaeulanisldaunis fie samglindurewidsiosinnigamgivesnandnies
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Tsotia=TLiguia AT (3.5)

A9t Ltnuas1ANUENNUSTILAUAUANNISA 2.3 D9 2.5 azlaaunisiu
For,. .
i\ T2 Toigua T+ For,0ia (T?:rll'zﬂ_[+T;'1—_I[)aif<Ti>TSolid’ 7?”*%“"1 (71 -
27?"+T?.'/):T?"+F0Tsoz,-d(7?i'r21?"+Ti’/))> (3.6)
3.4.2.2 @UN1SNITHNS

Walamvesgamgiiluusazduviwestunu dlvuwualuaunis

ANFUUTZANTNNTUNSIUANNTST 2.6 way 2.7 aglpaunisiuwad aamalull

if (T:>T,,Dyexp- (1%) ,Dy) (3.7)

WolaAduUseansn1sunswaisuwnuetuannsy 2.30 azleaunisluwadeanalul

_ D (Af ) . |
cr'+ 289 (et o vci) (3.8)
(Ax)
W leAUSunuveImMuzduluwAas AL awa ¥1AA1NE S UNIMISAUAN
A A v A A o Y] B A o P Y A a !
wunfideu Tlaruuniildeunaniugau (Me/S ratio) L edanAisunuaATLINT I ause

Auzfuresdugrunnslidusuwasznsanay Tnsdtainunnanisan 3.3
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1397 3.3 aguandnauwuniifeuderiusiuresurazdugiuwn sl

Mg/S ratio

No. Literature References Year LG CG SG

Min | Max | Min | Max | Min | Max

Boonmee, S. (2013). Ductile and Compacted Graphite
1 |ron Casting Skin — Evaluation, Effect on Fatigue Strength| 2013

and Elimination.

0.38 2.00

Martin, F. and K. SI(1979). "Localized flake graphite
2 Istructure as a result of a reaction between molten 1979

ductile iron and some components of the mold."

Boonmee, S. and D. Stefanescu (2013). Casting Skin
3 |Management in Compacted Graphite Iron - Part II 2013

Mechanism of Casting Skin Formation. 121: 449-459.
0.40 | 2.00

Riposan, L., et al. (2008). "Surface graphite degeneration
4 fin ductile iron castings for resin molds." Tsinghua science| 2008

and technology 13(2): 157-163.

Riposan, |, et al. (2003). "Magnesium-sulfur relationships
in ductile and compacted graphite cast irons as

5 2003
influenced by late sulfur additions." AFS Transactions

111(03-093): 869-883.

(Chisamera, M., Riposan, ., Stan, St., Sparkman, D., Kelley, 0.50 | 2.00
D. and Barstow, M. “Experience Producing Compacted
6  |Graphite Cast Irons by Sulfur Addition After Magnesium | 2002
[Treatment”, AFS Transactions, Vol.110, pp.851-859
(2002).

3.4.3  nsiviuaaidudslglunuuinaes
nsimunAiusieiilflunsdunsiu asdidney 2 Ussam fio
1) fudsmunu fie AandRvesian thdeyaunainiidedu
2) Fuuséu Ao Ardeulalumsudauazarteululunisdiass 3o

USinawesingauildlunisneaes Amsmuaillaunannmmeasduaided
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Conditions Label | Data type Silica sand | Eutectic Iron | Pyrite (FeS,) Unit
Pouring _
T Experiment 308 1,723 308 K
Temperature init
Initial sulfur Cpy | Experiment - 0.017 a4 %
Solid diffusion _ _
AT Simulation 40 - K
range
Time step At Simulation 0.00475 - s
Node size Ax Simulation 300 - Um
Initial magnesium Mg/,m,t Experiment - 0.035 - %
M13797 3.5 Araudivesdanildlunisveass
Eutectic Iron
Material Properties |Label | Silica Sand Pyrite (FeS,) Unit
Liquid state | Solid state
Thermal conductivity | 0.52 2.92 48.9 47.8 wm k!
Heat capacity c 1,170 915.4 752.4 510 Jkg T K!
Density Jo} 1,600 7,000 5,050 kg*m”
Liquid Temperature T, 1,883 1,427.5 1,461 K
Latent Heat of
. AH; - 292 - kg
formation
Diffusivity D, - - - 9x107" m?es?!
Activation energy 0 - - - 188,149.65 J mol’*
Gas R 8.31 Jmol* K
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emsnsdsmaniiivestagililunismaaes

Thermal conductivity (Silica Sand (Stefanescu, 2002), Eutectic Iron Liquid
and Solid state (Kanetkar Wagagady, 1988), Pyrite (Popov, Fedorov, iag Kuznetsov,
2013)), Heat capacity (Silica Sand (Stefanescu, 2002), Eutectic Iron Liquid and
Solid state (Kanetkar wagAeue, 1988), Pyrite (Waples kag Waples, 2004)), Density
(Silica Sand (Stefanescu, 2002), Eutectic Iron Liquid and Solid state (Kanetkar lag
Ay, 1988), Pyrite (Waples ez Waples, 2004)), Melting Temperature (Silica Sand
(Ahmed, 2013), Eutectic Iron Liquid and Solid state (Kanetkar wag Ay, 1988),
Pyrite (Farndon, 2006)), Diffusivity constant and Activation energy of Pyrite (Zhang,
Law, ez Wu, 2015), Gas constant (Stefanescu, 2002)
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4.1 AEIUNENNIUATIVITUIIUNARDY
n1snaaesiinisuasuranraomiled 2 ddunanniuadl Aon13197 4.2 dauNENnN1
S < J = a A | < 1 = s
wilvenndnvaemieilalugmadin uwagnsned 4.3 drunauvesnanvaemieilaes
gwAin aviuldiwdnnasunsiidiidngiuuesunsivduansieiu Jusgiudiumaumiaad
wardnsnisiiusvesnanvasunsvall 2 dnwae fie dugrunnsiiduuulallawaiinuas
dugruunsbiduuulaeswain WeRinsananuuugiaunavesnanuaraisuaulugui
2.27 Inssadgamaveuvinuasiiidunaulalugmedn wnslidaziiadudionsidusieiu

a o

gam)fiufisengmain dmsulassaiiganiaveuninraeiddiunalaasgmadn

Y
[ Y

zLAawnsinaion5Lus USuiuansuauazaielatssadluveanial nlmnanIswens?
AINLVANNEDVADUMAY WAz IA T uwnsIg fadu Yu1e wazdunIniIsIAauY

Tassadiiureuvanvaounsvdfuansnaiu dagui 4.1 uag 4.2 unsludnialudiunes

[
=

vodlawesywain sslivwalugySununstidvtaianlnsinsunslig dmsuunsinaniing
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A151971 6.1 HANTIATIENFUT T IUUNT
. . YuALin Graphite Shape Factor
U sing y
.. x4 | unslwedn
798149 ADRUIINUN o Circularity Aspect
Tnajingn Roundness
(Particle/mm?) (Circ.) ratio (AR.)
(Um?)
Hypoeutectic 266.45 1,547.68 0.67 1.53 0.73
Hypereutectic 152.54 12,092.71 0.72 1.30 0.80
A151971 4.2 drunaunaaiii 1 widnnaswmiealalugwmadin
USunasdrunauniand (%)
No. Mg/S
C Si Mn P S Cu Mg | CE
ratio
1 3.50 2.34 0.44 0.039 0.016 0.00 0.029 4.28 1.80
2 3.44 2.33 0.45 0.041 0.017 0.00 0.032 4.22 1.86
3 3.45 2.35 0.45 0.042 0.017 0.00 0.032 4.23 1.89
ﬂ"]LQ?iIEJ 3.46 2.34 0.44 0.041 0.017 0.00 0.031 4.24 1.85

JUN 4.1 lasasnsganiavestununaaadlaluamadnilaidiumugdu (n) Maswee 40 i

(4X) ,(v) Mass1e 100 1 (10X) (Boonmee Wag Rassamipat, 2023)
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a ] ~a < 1 = 4 a
B39 4.3 @IUNFUNIUAUN 2 maﬂwaamuaﬂamaigmma

USuaudrunaumanll (%)
No. Mg/S
C Si Mn P S Cu Mg C.E
ratio
1 375 | 274 | 041 | 0043 | 0007 | 004 | 0032 | 466 | 457
2 369 | 279 | 041 | 0042 | 0007 | 004 | 0039 | 462 | 557
3 360 | 280 | 041 | 0042 | 0007 | 004 | 0035 | 453 | 5.00
Auade | 368 | 277 | 041 | 0042 | 0007 | 004 | 0035 | 460 | 505

JUN 4.2 lassasiganiavestununnaeslaesymainiliifuiugdu (n) Mdswee 40

W1 (4X), (v) Masene 100 111 (10X) (Boonmee wag Rassamipat, 2023)
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1&uwuu (Boonmee uay Rassamipat, 2023)
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S
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1.00 p----- A== r-———--- Q------ r-——--- A== r-—-—-- - r-——--- - - 4.00
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1 1 1 1 1 1 1 1 1 l 350
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Distance , um
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s¥8% 2,134 um daAnviiu 0.64 antuaziAntunsideninsiiisnass

Tugaei 2 mdpgiugusnsasanagvinenniagunundudaiunsieiiin sy Aue sy
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AN v v W

dl = 1 U 1 Cll [ a a dld
N9e8e 3,083 um UANINU 2.6 ATAINUNUATEABY N ININNNITUINUNAUN TN UNIIENUNTT

[y

QI o d‘ a1 ! U ! CI) [ a QQJ dl
WUNUEOUNTEEE 3,083 um dANIAU 0.49 LaZAIAIUNANATEADY NINAINNITUINTUN

—

LYY

dudadunsendmsiiiuiugduiiszeg 3,083 pm dawvindu 0.38 lagannsnlugui 4.5
zdunadArdadiuusiazivuilunanas AuNY warauNauiuuIl ALY uaziy
Al InellAdndiugusieingaeginaniadunundudadunseninsiumusdunsses
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MugduAszey 4,506 pm AR 0.66 UagAANUNANGIgABYMNEITUNUNTUETY

NI18NANTRNANLTUNTEEE 4,506 pm AAVINAU 0.57 Laziilafarsansuiulasasng
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9 U
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fanegluyiesser 711 pm way 3,083 pm 81319819 1 wae 2 ANFUs19duguunslug
uwkutiu sefiduguunsiidnantunans uazdnntaei 2 asuasuguidagiuunsiig
nay Fedlaurlawesiusilndifesdagiunnsivduniivestiununaasslalugmainiliiy
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MuLHURISUN 4.5

Y

Y v Aa

foduiivgrunsiaimanudounslaliduuy 2 94 (Dual Graphite Double Layer) s
U 4.3 uar 4.5 1inTuarnnsnausleslsdaueslunselduuuuimasnniduluyili
vaeuiemeldiuvanas ilesainnisgamasuivealeslsdamesnaulunselndides
fumdnnaonaommariivluiuy vilhiAensdevvesmunslig wasifinnsudeiduuiiom
Auuunae Mindumdnvaenasunaiiudsfiazanasunlulanevasumaniissldiinng
LL%qﬁaﬁaLLUUﬁﬂaaﬂugﬂﬁ 4.6 (Xu, 2008)

nngudfinaninlufaguidadentu anugndunizvesudeunnniivesnan
demdnudevasumaduiaiulduuuiinauimzi LLazLﬁm%ulﬁauLmsl%lﬁ‘?jy’umﬂwq@aaﬂ
wdanmadenunsliddnadudleminvaenaeunmduianiuliuuy iesnUiinaiuedu
finaulunselduudsnsdinauegmelunseiosas 13.2 Ssanunsaifedudenunsinidnads
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= CRAR

n) %) A) 9)

JUN 4.6 amdnaesdrdunisiiamanuaewnsiude 2 7u Inedsnisuauiuedulunseld
WUU (n) Tuidennnsindusn, (v) dudeuwnsiidusnugasen, (A) Antuideu
wnsef 2 Ay, (1) Iaseasrsganiaveavinuaewnsings 2 4u (Boonmee uae
Rassamipat, 2023)
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4.2.2  yunulallgmannildisnisiadeunielduvuasdmuuunnauniuzauy

132w
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| 200 um

| I

JU7 4.7 laseaganiedaugiuunsiidvestiunulalygmainildisnsinfounsglduuy

PANILUUNRANNLZ U (Boonmee taz Rassamipat, 2023)
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a  a

4.4 %S 6.6 %S 8.8 %S 11.0 %S 13.2 %S
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micro-shrinkage

lammellar graphite ircn spneroidal graphite iron
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Abstract

Graphite morphology plays significant roles in mechanical
properties in graphitic cast irons. Typically, cast irons are
made with uniform graphite morphology and distribution
across the microstructure of castings. This research
explored the possibility of using the difference in graphite
morphology over the volume of castings to create u
Functionally Grade Material (1'GM). The I'GM will enable
Juture  applications  that  require  the tailor-made
microstructure. The hybridization method used in this
research was the sulfurization of liquid iron using the
sulfur-bearing cores. The result was the Dual Graphite
Iron (DGI) that comprised with the lamellar and spher-
oidal graphite (LG and SG). It was found that the thickness

of LG layer increased with increasing sulfur levels in
cores. The maximum thickness of the LG layer of 2.2 mm
was observed at 6.6 wt%S. The LG/SG interfaces were
quite smooth (e.g., controllable) up (o 8.8 wi%S where the
scattering of the LG microstructure appeared. It was
concluded that sulfurization of liquid iron was viable
method for producing DGI.

Keywords: dual graphite ivon, functionally graded
materials, ductile iron, casting skin, graphite degradation,
sulfurization method, hybridization

Introduction

Previous studies showed that the subsurface microstructure
in ductile iron castings could differ from the bulk
microstructure depending on the casting parameters. The
differences are including the graphite morphology and the
matrix structures. Several investigamrs"2 reported the
oceurrence of the lamellar graphite layer near the casting
surface which leads to the negative impact on the
mechanical properties (e.g., tensile strength, fatigue
strength). The lamellar graphite layer is known as the
“graphitc degradation layer”™ which is a subsurface feature
of the casting skin. Figure | shows an example micrograph
of the graphite degradation layer. It is seen that the graphite
degradation layer is observed next to the casting surface.
The main formation mechanisms of the casting skin were
magnesium depletion and sulfurization via molding mate-
rials.® There have been studies on minimizing the occur-
rence of the graphite degradation layer via mold coatings.
It was reported that the MgO coating was able to reduce the
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International Journal of Metalcasting

thickness of the graphite degradation laycr‘“; This con-
firmed that the sulfurization is the main formation mech-
anism of the phenomenon. Furthermore, Ivan et al’
suggested that a reactive coating of Mg-FeSi materials
contribute to the Mg replenishment which further reduced
the graphite degradation layer.

Functionally Graded Materials (FGMs) arc materials with
variations of chemical composition, microstructures, and
properties over volume of the parts. Previously, FGMs
were mainly made by combining materials from different
familics (e.g., ccramics, polymers, metals) to form com-
posite materials. However, typical composite materials
exhibit an abrupt change in microstructure and properties
which sometimes suffer from the delamination when sub-
jected to thermal or mechanical fatigue.” On contrary, the
FGMs have gradual transition of changes and do not prone
to fatigueS The examples of FGMs fabrication processes
are including powder metallurgy. centrifugal casting. and
vapor deposition method. In fact, FGMs can be found in
nature as well. Bones have denser structure near the surface
providing wear resistance and strength. On the other hand,
bones are less dense in the central part resulting in the
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Figure 1. Examples of the graphite degradation layer in
ductile iron.

better specific strength. The study of design using the
inspiration by nature is called “hiomimicry”. Assuming
that nature has been going through iterations of designs
over million years, many designs by nature are the clever
ways to use the materials and inspired by designers.g

FGMs can be created with metalcasting processes. There
have been number of studies that created FGMs using the
centrifugal casting.'” Distribution of reinforcement parti-
cles can be engineered by adjusting casting parameters
such as rotating speed and solidification rate. A review on
these works can be found in Reference 10. For conven-
tional casting processes, some studies focused on engi-
neering the casting surfaces to achieve desirable properties
such as wear resistance and corrosion resistance. Rane
et al.'' developed a method to improve hardness and cor-
rosion resistance of a steel component using a metal
powder mold coating. The results showed the formation of
the surface alloyed layer containing Ni, Cr, Si and Mn
which provided lower corrosion rate and higher hardness
than the base WCB steel. A similar approach by El
Fawkhry et al.'* was the mold coating of silicon carbide
and ferrochromium for low alloy steel. This led to the
formation of the silicon and chromium carbide particles
near the casting surface which resulted in better wear
resistance than the base steel (AISI 1020). A recent study
by Wrébel et al.”? used the additive manufacturing in
cooperate with sand casting to create a FGM. Gray iron
was poured in mold cavities with 3D printed spatial
skeleton I1 inserts. litanium carbide particles were
observed in an area adjacent to the inserts providing better
wear resistance. The application of additive manufacturing
to create FGMs could gain more attention in future.

Cast iron is one of the most commonly used engineering
material. Since cast irons have lowest cost per unit mass (or
volume) among engineering alloys: therefore, they have
been used in wide range of applications. The main draw-
back of cast irons is the lower specific strength when

compared to the lightweight alloys. Microstructure of gray
and ductile irons consists with graphite particles and the
iron matrix which can be considered as a composite
structure. Therefore, variation of graphite morphology and
fraction over the volume of a casting can be considered as
an IF'GM. This infers that the performance of cast iron can
be further increased by having the appropriate graphite
morphology at the location that requires specific properties.
One excellent example was demonstrated by Malizio and
Jennings.'" In the patent, it was claimed that the gray iron
pipe has better corrosion resistance than ductile iron and
steel pipes for transporting 95% sulfuric acid at elevated
temperature (120-150 °C). The interconnected lamella
graphite in gray iron inhibits the propagation of corrosion
(a.k.a. self-corrosion inhibition). On contrary, the spher-
oidal graphite particles are isolated and do not have similar
effect to the gray iron counterpart. Therefore, a pipe for
specific types of corrosive chemicals can be made with the
lamellar graphite on the interior for corrosion resistance
and the spheroidal graphite on the exterior for strength. It is
worth noting that the corrosion behavior of the gray and
ductile iron can be different depending on the corrosive
media and conditions. As seen, the differences in graphite
morphology and fraction can be altered to achieve the
desirable properties at various locations in the castings.
Another potential application is the engine block. The
lamellar graphite in gray irons promotes damping capacity
and thermal conductivity whereas the spheroidal graphite
gives the strength and ductility in ductile irons. Engine
blocks require both thermal conductivity for heat dissipa-
tion, damping capacity for noise reduction and strength for
the structural integrity. The present solution for the engine
blocks is the compacted graphite iron (CGI). The further
development is the hybridization of the graphite types
across the casting. Presumably, having the lamellar gra-
phite at the locations where heat dissipation is needed and
having spheroidal graphite where strength is required
would give the optimal solution to such applications. Pre-
sent study focuses on the hybridization of cast iron
microstructure as an FGM.

There have been studies regarding the dual graphite (DG)
iron. Martin and Karsay'® found that localized lamellar
graphite could form at casting surface. This is due to the
reaction between molten metal and molding materials.
Several investigators reported the negative effect of the
casting skin on mechanical properties. Approximately 10
and 40 percent of reduction of tensile and fatigue strength
were reported, respectively.! Nasu et al.’® reported that the
test sample from green sand molds showed ferrite colonies
on the casting surface. The combination of the graphite
degradation layer and the ferrite colonies contributed to
approximately 30% reduction of the fatigue strength
despite the finer eutectic cell in the samples. As for
development of the DG iron, the method for fabrication of
the dual graphite structured pipe was filed by Malizio and
Jennings in 1989."* The invention claimed that the
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Table 1. Summary of Previous Studies on Development of DG Iron

Experimental Approach

References

Malizio and Jennings (1989) Double pouring with different melt composition in centrifugal casting; pipe shape 14

Lekakh et al. (2012)

(i) In-ladle FeS, treatment; stationary molds 17

(ii) Intermittent in-stream FeS, treatment; stationary tundish; moving molds
(iii) Similar to ii) but with different design (plate with a core, bottom gate)
(iv) Double pouring; plate casting with cores; multiple side gates

Boonmee and Mai-Ngam
(2013)

Kutz et.al. (2020)

treated melt

Rectangular block casting; multiple sulfur-bearing cores; single pouring of Mg 18

Multiple rectangular plates; sulfur-bearing cores on the bottom surfaces 19

connected network of lamellar graphite provides the self-
inhabitation property. The method involving with double
pouring in centrifugal casting process. Lekakh et al.'’
attempted to produce dual graphite structure in castings by
various approaches such as partial melt treatment,
sequential fill with different melt composition. The result
showed that the processes were rather challenging. Boon-
mee and Mai-Ngam'® used sulfur-bearing cores placed in
the middle of castings the generate the graphite degradation
layer around the cores. The study showed that the higher
levels of sulfur resulted in thicker graphite degradation
layer. However, there were difficulties in the controlling of
the formation of the layers due the convection of liquid iron
and the graphite flotation. Kutz et al.'” experimented with
the adjustment of the formation of the graphite degradation
layer to produced fatigue test samples with the presence of
the casting skin. It was found that the conventional furan
resin did not produce the intended thickness (500 pm) of
the graphite degradation layer. Furthermore, they con-
cluded that using pyrite or sulfur powders demonstrated the
most promising results. Table 1 summarizes the previous
studies on developing DG iron.

Experimental Procedure
Test Casting Design

A test casting was designed specifically for this experi-
ment. The design criteria are as follows.

—  The design must provide the placement of mul-
tiple sulfur-bearing cores. These cores will be
used at the source of sulfur for melt treatment.

—  Mold cavity must be filled with the minimal
turbulence. Convection on the core surface will
result in uncontrollable of the occurrence of
lamellar graphite.

— The test casting must provide a comparable
cooling rate to the typical industrial counterpart.

In order to fulfill the design requirements, the commercial
casting simulation software was used to determine the
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filling pattern, velocity at the gate, temperature distribution
and cooling rate.

Figure 2 shows the design used in this study. The sulfur-
bearing cores were place at the top of each cavity providing
minimal melt convection. The design allowed 6 samples
with different sulfur levels in one casting. The simulated
velocity at the gate was in the range of 0.18-0.27 m/s
which was acceptable. The simulated cooling rate (5 °C
before the eutectic reaction) was approximately 0.75°C /s
at 5 mm from the top surface.

The molds used were green sand. The molding sand used
was silica sand with GFN 55-60. Cores were made of silica
sand and ferrosulfur with sodium silicate as a binder.

Production of the Test Casting

Two iron heats were produced using an induction furnace
(60kW, 100-kg capacity). The melting cycles included
superheating at 1620 °C to minimize pre-existing nuclei
and then tapped at 15501570 °C. The pouring temperature
was 1470 4 10 °C. To observe the influence of processing
parameters, no inoculation was done to the melt which can
obscure the influence in the as-cast microstructure.

In present study, the sulfurization method was used as it is
more controllable and has less limitation than other
approaches. The design of test casting is shown in Figure 2.
As seen the design consists with six mold cavities (50 x 50
% 50 mm). Sulfur-bearing cores were placed at the top of
cavities. There were two types of sulfur-bearing cores. The
first type was achieved by mixing the ferrosulfur with
sodium silicate sand and then exposed with carbon dioxide.
The levels of sulfur in cores were 0, 4.4, 6.6, 8.8 and 11.0
wt%S. The latter type was sodium silicate core coated with
a sulfur-bearing mold wash (alcohol-based alumina mixed
with ferrosulfur). The ferrosulfur used was 20-45 microns
in size. The coating thickness was approximately 500 um
throughout the experiment. The level of sulfur in the
coatings were 0, 4.4, 6.6, 8.8 and 11.0 wt%S. The
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Figure 2. The design of test casting in present study.

ferrosulfur used contained 44 wt%S. It is worth noting that
this design employed the bottom gates for the quiescent
filling. The filling pattern is rather important as sulfur could
be washed by liquid iron resulting in irregular results. The
castings were then dissected for microscopic examination
at the middle of top surface (adjacent to the cores).

Characterization

The quantification of the graphite morphology (e.g., gra-
phite shape factors) was done under an optical microscope
and an image analysis software. Several shape factors were
used such as Roundness, Circularity and Aspect ratio.
Table 2 summarizes the formulae and definitions of shape
factors used in this study.

To measure the thickness of lamellar graphite layer (7).
the line at the LG-to-SG transition boundary was estab-
lished. Then the perpendicular lines from the casting sur-
face to the boundary were drawn. The average of the length
of the lines (y;) was calculated for the thickness of lamellar
graphite layer (7;.) with the following equation.

Another parameter included in the analysis is tortuosity
(Q). The tortuosity measures the curviness of the LG-to-SG
boundary which is important from the development of DG
iron perspective. The tortuosity is calculated by the
following equation.

—=—

L
where C is the length of LG-to-SG boundary and L is the
width of image frame. Figure 3 demonstrates the measuring
method for 7} and Q.
Color metallurgy was applied to a selected sample, the
etchant used was 80 g of NaOH, 20 g of KOH, 20 g of

Table 2. Summary of Formulae and Definitions of Gra-
phite Shape Factors

Quantity Equation Definition
Circularity C=4njf  P: perimeter of graphite
particle
A: Area of a graphite particle
Roundness R=44 r: radius of circumscribed
circle
Aspect ratio Aratio = ’;:I: Imax: Length of longest ferret
Inin: Length of shortest ferret
Graphite for = e Ag,: Total area of graphite
fraction

Ayotar: Total area of image

picric acid in 200 ml of distilled water. The samples were
immersed in the etchant at 120 C for 120 seconds.

The Llectron Probe Micro Analysis (EPMA) was done to a
selected sample with 8.8 wt%S coated in cores. Both
mapping and line scanning were done with the beam size of

Figure 3. The repr for the ement of the
thickness of LG-to-SG boundary layer (T,s) and the
tortuosity (Q).
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1 pm. Measuring time (a.k.a. dwell time) was 10 mil-
liseconds. The accelerating voltage was 15 kV.

The surface roughness was measured by a stylus roughness
tester with a capacity up to 30 microns.

Results and Discussions
Chemistry

Table 3 shows the chemical composition of treated melts. It
is seen that the carbon equivalents were 4.24 and 4.60 for
Heat I and Heat II, respectively. This was intentional to
observe the difference in the precipitation of the primary
phases (primary austenite vs. primary graphite) in the
hypoeutectic and hypereutectic irons. Despite the low level
of magnesium (0.031-0.035%Mg), the overall visual
nodularity in the bulk microstructure was still greater than
80%. In fact, the higher Mg level than this could affect the
desired thickness of the graphite degradation layer.

Microstructure

Figures 4 and 5 show a microstructure of the test castings
without the sulfur-bearing cores for hypoeutectic and
hypereutectic composition, respectively. The casting sur-
faces (next to the cores) were to the far left of the images. It
is seen that both samples were absence of the graphite
degradation layer. This indicates that with this level of Mg/
S ratio the ductile iron can be produced without concern of
the casting skin effect. Furthermore, the hypereutectic
condition showed the large graphite nodules scattered
throughout the microstructure. This is known as the gra-
phite flotation commonly occurred in the hypereutectic iron
with the improper or without inoculation. The visual
nodularity was greater than 80% for both conditions. The
nodule counts were 266.5 and 152.4 nodules/mm® for the
hypoeutectic and the hypereutectic conditions, respec-
tively. The hypoeutectic iron demonstrated lower graphite
fraction (0.09, by area) as compared to the hypereutectic
iron (0.14), which was expected from the difference in the
carbon equivalents.

Figure 6 shows example microstructures of hypoeutectic
and hypereutectic SG irons with 8.8 wt%S-mixed cores. It
can be seen that the layers of graphite degradation were
found adjacent to the casting surface. For the hypoeutectic
iron, sulfur from core diffused through the molten iron and
reacted with magnesium resulting in low Mg/S zone.
Consequently, the available sulfur and oxygen promoted
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the formation of lamellar graphite. This phenomenon
occurred from the casting surface to the location where the
level of Mg/S increased back to the normal range (in this
case ~1,800 pm). As a result, the transition in the graphite
morphology from the lamellar graphite (LG) to the spher-
oidal graphite (SG) was observed. For the hypereutectic
iron, the primary graphite was the first phase to form. Some
nodules of the primary graphite floated to the top of the
casting. Thus, the nodules coexisted with lamellar graphite
in the low Mg/S zone. Noted that the casting surface
quality was relative poor and unmeasurable by a surface
roughness tester (over 30 microns). The introduction of
ferrosulfur in the cores reduced the refractoriness of the
molding sand; hence, greater degree of metal penetration
was observed. At higher magnification, the difference in
the presence of the nodular graphite in the hypoeutectic and
the hypereutectic irons can be seen in Figure 7. As seen the
nodules are encapsulated by the austenite for the hypoeu-
tectic iron where the nodules in the hypereutectic iron were
not. In addition, the graphite morphology changed over
distance from the casting surface (Figure 8). For hypoeu-
tectic DG iron, the roundness (R) and circularity
(C) showed low values at the casting surface and increased
with distance up to the location of the LG-to-SG transition.
On contrary, the aspect ratio (A,,,) decreased with dis-
tance from the casting surface up to the transition. At the
transition, values of R and C changes markedly with dis-
tance from surface. Typically, peaks of graphite shape
factors (R and C) were observed after the LG-to-SG tran-
sition due to the combination effect of sulfurization and
cooling rate. After the peak, the graphite shape factors
(R and C) decreased toward the center of the cross sec-
tion. These observations were in line with previous study.’
For the hypereutectic DG iron, the effect was not as clear
as the hypoeutectic counterpart because of the effect of the
graphite flotation. Therefore, the hypereutectic composi-
tions were not pursued for in the further experiments.
These observations were consistently found in all condi-
tions in this study.

Figure 9 shows the microstructure of the hypoeutectic DG
iron with 4.4, 6.6, 8.8, 11.0 and 13.2 wt%S-mixed cores. It
is seen that the thickness of the lamellar graphite layer
increased with the level of sulfur up to 2,151 pm at 6.6
wt%S. This was expected as the higher level of sulfur in
the mixed cores created the higher sulfur concentration
gradient resulting in the higher diffusion rate of sulfur in
the liquid iron. In addition, the higher level of sulfur in the
mixed cores provided greater available sulfur for diffusion.
At higher level of sulfurs (e.g., 8.8 and 11.0 wt%S);
however, the thickness of the lamellar graphite layer
decreased. This can be explained through the chilling effect
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Table 3. Chemical Composition of the Treated Melts

(o] Si Mn P S Cu Mg C.E Mg/S
Heat | 3.46 2.34 0.44 0.041 0.017 <0.05 0.031 4.24 1.85
Heat Il 3.68 2.77 0.41 0.042 0.017 <0.05 0.035 4.60 2.06

core.

‘.

Figure 5. Microstructure of hypereutectic SG iron (Heat H) without sulfur-

bearing core.

of the ferrosulfur in the cores. As the ferrosulfur content
increased, heat in liquid iron was absorb and used for the
melting of the ferrosulfur. As a result, the solidification
time of liquid iron was reduced; hence; the diffusion of
sulfur is demoted. Ifigure 10 shows the thickness of the
lamellar graphite layer (7;¢) for various percent sulfur in
mixed cores. At 13.2 wt%S$, the double layers of lamellar
graphite were observed. Presumably, the layer of early
solidified LG iron was shrunk and drawn away from the
liquid metal-core interface allowing the liquid iron to seep
in the gap. Therefore, the final microstructure showed
double LG layers. The other explanation was flaking off of
the sulfur-mixed core. However, this was unlikely as no

sand inclusion was found in all conditions. Nonetheless, the
occurrence of the double LG layer was not consistent as
seen in the error bar depicted in Figure 10. Figure 11 shows
the effect of the level of sulfur in mixed cores on the tor-
tuosity (Q). The value of the tortuosity demonstrated the
curyiness of the LG layer whereas the perfect smooth layer
return the value of 1.0. As seen, the observed tortuosity was
appear to be in line with the 7} . The greater 7} g resulted
in higher tortuosity and vice versa.

Tiigure 12 shows the microstructure of hypoeutectic DG

iron with 4.4, 6.6, 8.8, 11.0 and 13.2 wt%S-coated cores.
The similar trend to the mixed core counterpart was seen.
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Figure 7. Presence of nodular graphite in hypoeutectic (leff) and hypereutectic
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(left) and hypereutectic (right) DG iron with 6.6 wt%S-mixed cores.
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Figure 9. Microstructure of hypoeutectic DG iron with various levels of sulfur in

the mixed cores.
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Figure 10. Thickness of the lamellar graphite layer (T, g)
at various level of sulfur in the mixed cores.

The thickness of the lamellar graphite layer (7¢) for
various pereent sulfur in the coated cores is shown in
Figure 13. Notable differences in results between types of
sulfur-bearing cores were (i) the 7} ¢ in the coated core was
lower at the same level of sulfur; (ii) the surface quality of

4.0

Tortuosity (Q)

%S

Figure 11. Tortuosity (52) at various level! of sulfur in the
mixed cores.

castings of the coated cores was noticcably improved.
Presumably, the coated cores produced smaller 7ig
because of the available sulfur atoms were fewer than the
mixed cores. Figure 14 shows the comparison of surface
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Figure 12. Microstructure of hypoeutectic DG iron with various levels of

sulfur in the coated cores.
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Figure 13. Comparison of the surface roughness of the
test samples with mixed and coated cores.

roughness between the mixed and coated cores. It is scen
that the coatings have higher refractoriness than the mixed
core resulting in the better surface quality. In fact, the
mixed cores demonstrated severe roughness at higher than
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Figure 14. Thickness of the lamellar graphite layer (T, g)
at various level of sulfur in the coated cores.

8.8 wt%S that were unmeasurable by the roughness tester.
For the coated cores, some severe roughness were found at
the higher level of sulfur in the coated cores. This could be
the result from the presence of the agglomeration of the
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ferrosulfur particles in the coating. Figure 15 shows the
tortuosity of the LG layer (Q) for various percent sulfurs in
the coated cores. It was seen that the conditions with the
thicker LG layer produced higher tortuosity. This demon-
strates the nature of the random walk in the diffusion
process. In addition, the double LG layers were found in
the samples from the coated cores. This was explained by
the following steps. Firstly, the liquid iron at mold/metal
interface is sulfurized and became LG layer upon solidifi-
cation. Secondly, the layer occasionally fell off from the
mold/metal interface because of the higher density of the
solidified metal (i.c., natural convection). The new liquid
metal then replace the space and solidified with SG struc-
ture because of the limited available sulfur in the coatings
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Figure 15. Tortuosity (2) at various level of sulfur in the
coated cores.

First LG layer forms at
mold/metal interface

Coated core

First LG layer forms at
mold/metal interface

of the doubl

First LG layer falls off

(unlike the mixed core counterpart). As a result, the SG-
LG-SG structures were found occasionally at 13.2 wt%S.
Figure 16 demonstrates the formation mechanisms of the
double LG layers. The double LG layer occurred only in
the anti-gravity direction (top surface). To explore the
nature of the double LG layer in greater extent, a selected
sample was color ctched to reveal the segregation of cle-
ments in the microstructure. The contrast in the color
metallography was created by the solute segregation within
the microstructure. The brighter (bluish) area in Figure 17
was higher in silicon and lower in manganese and vice
versa for the darker (orangish) arca. Tt is scen that the
cellular structure at the double LG layer and the dendritic
structure at the SG layer. This demonstrates the cooperative
and divorced eutectic growth mechanisms for the LG and
SG layer, respectively.

Electron Probe Microanalysis (EPMA)

Tor better understanding of metallurgical phenomena of the
hybridization, a selected sample was further analyzed with
EPMA technique. Figure 18 shows the solute segregation
in the LG-SG transition area of the sample with 8.8 wt%S-
coated core. As expected, the carbon-rich and silicon-rich
areas were coincide with the graphite and iron matrix,
respectively (Figure 18b, ¢). Manganese was uniformly
scattered in the LG layer where the MnS particles resided.
In addition, manganese and phosphorus were found at the
interdendritic area in the SG structure (Figure 18d. e). As
expected, sulfur was found mainly near the casting surface
where the LG layer located. Magnesium was distributed
mainly next to the core representing the MgS and MgO.

Mixed
{:W\u@;\\n
SRR G

Second LG layer forms

First LG layer falls off
Sulfur in coating consumed

Solidification completed

Figure 16. Formatia h

and coated cores.

LG layer occurrence in DG iron with sulfur-mixed
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Figure 17. Color-etched microstructure of the double LG layer.

Further analyses were done with the line scannings of
elements across the LG-SG transition. As seen in Fig-
ure 19a, the carbon content were widely varying through-
out the scanning. This was expected as the scanning was
through graphite particles or the matrix which return very
high and very low signals, respectively. For phosphorus,
there was a peak at the LG-SG transition (Figure 19b). This
was due to the solute redistribution of phosphorus in the
solidified structure. When consider the IFe-P phase diagram,
the relatively low value of the partition coefficient was
observed (0.20-0.25). The signal of phosphorus was
peaked at the LG-SG transition and gradually decreased to
an average value of (0.04.The thickness of the boundary
layer was about 1 mm. [For magnesium and sulfur, the
redistributions of both elements were similar (Figure 19¢,
d). The scannings showed higher values at near the casting
surface and then gradually decreased. In the case of mag-
nesium, the values on the far side of the casting surface
were close to the melt average (0.035%). On the other
hand, the values of sulfur were higher than the melt aver-
age (0.017%), as there were influenced by the diffusion of
sulfur from the core to the casting. The occurrence of the
magnesium and sulfur-rich area was due to formation of
the MgS (desulfurizing reaction). According to Voronova®’
the reactions and the corresponding change in free energy
are,

Reaction Change in free Energy
Mg+1/28, = MgS —134350 +48.75 7 /mol
Mg+ [S] = MgS —104100 + 44.07 T1/mol

where 7'is the temperature. This is not to be confused with
magnesium depletion via oxidation. As oxidation forms
MgO which then leave the iron melt similar to the fading
effect after spheroidization (ie., Mg treatment) before
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pouring. In addition, there were some high signal value for
magnesium and  sulfur throughout the readings.
Presumably, these readings were corresponding to MgS
particles. No segregation was observed at the LG-SG
transition.

Conclusions

This study demonstrates an approach for creating the
Functionally-Graded Materials over the different in struc-
tures and properties between LG and SG. The hybridization
was done by placing the sulfur-bearing cores where the LG
were needed. [‘ollowings are key findings.

— It is seen that the sulfurization method worked
well with the hypoeutectic iron where the hyper-
eutectic showed a difficulty of graphite flotation.

—  Graphite shape factors (e.g., roundness, circular-
ity, aspect rario) showed different values between
the LG layer and SG structure. It was viable to use
the graphite shape factors to quantify the
microstructure across the LG-SG transition.

—  The thickness of LG layer increased with the level
of sulfur in cores until reaching the highest value
at 6.6 and 8.8 wt%S for mixed and coated cores,
respectively. Higher level of sulfur did not yield
thicker LG layer due to the chilling effect of the
cores. The surface quality from the coated cores
was superior to the mixed counterpart.

— The EPMA revealed that both magnesium and
sulfur in the casting were rich at the adjacent to
the cores. Magnesium and sulfur were tied up by
forming MgS in the area.
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Figure 19. Line scannings of the LG-SG transition area using EPMA.
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