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WATCHARAPHON WAENTHONGKHAM: EFFECT OF BISMUTH ON MICROSTRUCTURE
AND MECHANICAL PROPERTIES OF DUCTILE IRON.
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This study explores the effect of bismuth on ductile iron to enhance its
mechanical properties and to prevent the formation of chunky graphite. Various heats
of ductile iron were produced with varying bismuth (0 - 0.010%Bi). Microscopic
examinations, Brinell hardness tests, and tension tests were conducted to characterize
the samples. The results indicate that bismuth influences the microstructure, nodule
count, hardness, and tensile strength of the ductile iron, with optimal amount of
bismuth (0.005-0.007 %Bi) depending on section thickness. Bismuth prevented the
formation of chunky graphite and increased nodule count, leading to improved
mechanical properties, particularly in heavier section thicknesses. In addition, the study
demonstrated that Ce/Bi values of 1.29 — 1.60 were corresponding levels that showed
optimal microstructure and properties. Thermal analysis demonstrated the inoculation
effect of bismuth-addition by shifting TEjqy, and TEy,, toward the stable eutectic
temperature. EPMA results showed that bismuth oxide and sulfide were found at the

graphite cores as heterogeneous nucleation sites during solidification.
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481 452 483
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E‘Uﬁ 2.15 Iﬂsqa%'wﬁgamﬂmaaﬂiw: (@) N528 1 (b) "1 2, (c) N7 3, (d) N384 [17]
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FAUYBINTINTEUMLazUTIINYeRsului M uaUSiudadnimazauian Tu
n1snaaesl nsiiuadivluuTunungWuddusednsamantulunisuiuussduguine)
YosunsbnAilunsinaudniie msiudadni 0.01% linaansanian Tuvaendnsdiy
Ce/Bi agfiUszanay 0.6 fatiy dnsauves Ce/Bi danuddny Liasnnaniiuunanganind
a A @ a wa P
p1asnansenundunadesieanaudinianale
AINNISNAADIVBY Pan WAy Chen [19] WUl 19ns1d2uW Ce/Bi Tuy19 0.8 619 1.1
ansadesiunisiiadenunsiwaludrunduuiningla wanwdisenunu@nae sy
gn37d1u Ce/Bi 1iu 1.1 dnsudruidivuisuan
Stieler wagAny [20] 1WYINN1SNAABIEITIWNULAUDINANTENUTINVDIT AL NLAY

2
a I o

F3euineteenudugiuinerveaunsiig laenald Ysuadadnivuizauasivediu

€ acs

USHuBi5eun3es10ussiasy aganuvuIvesmtnng tnediundvuinlngagiedianiig
duduresdaimasnindminiivuiaén
finsfinw [11, 21-22] IneaeswwiAnlunsifaimdiluluasdulienguaun 1y

a & v Aaa o =

Bullengatuiiiadv 39 Margaria wasansz [22] lBuanandUnsdmiunansiusiasduteon
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o

Auaw Muszneume Tadvuazusiidsm ansdullonauauriusenaumensiidsn Jadv wa

o w

waLAzN2 LRedlons@Iu (Bi+Pb+Sb/RE M9UUA) 581119 0.9 D9 2.2 wi3198i99910a kNS

WigugusenInan1sfinwd1eg aunseagulananununvesdiunlngnintudenis

Y

Jaimunnin (n3eAn Ce/Bi N71) M15199 2.1 agudwivanzaufigaves Ce/Bi INNT

ANwNINNANDIT9AU
= asludtv 3 d' (v Y a Ly} [~ a 1
n1sAnuifiingussasdionsivaeudnuninlunisldadmduai sy elu
& | a & a ° a a a o Y] | . e v
WIANNABLNTEILUUN WAL AL MNUAUSUIUN MU aN90alNWaLDns1dIU Ce/Si N1

UL IRl AnalUANIRDINTS

M99 2.1 agureiwinzauves Ce/Bi 31nMsANYININA1IAU19AY

31989 Ce/Bi UL
Glavas uagmug [12] 0.67 AT 50 — 100 Jadiuns
Bauer Wagagy [18] 0.60 ANUNUIGIGEADNS 300 Tadiuns
Pan uag Chen [19] 0.80 - 1.10 | sz8zt3a1n15ueigeantia 3200 Funil
Stieler wagmgy [20] 1.56 - 530 | Auvun 75 daduns
Margaria kazAy [22] | 0.45 - 1.11* | *wiasua1n (Bi+Pb+Sh)/RE

2.5  nswdenvaslane (Solidification of Metals)

a 2 o 4:1'

9N VADUVAIANAIAIIURRUNYTUTIRNT NTEUIMITIRATUABN SR Y

Y

'
(% 1 a

anuznvenandutesuds nszuaunsidanuddyesidlugaamnssalavguaznis
vdelavy (osninarelassaiumnsganauazautRidnavedas findnty
251  nszurunsHsiavadlans

nszuaunsudsivedlanzannsontseanidiu 2 fumeundn Ao nistuda

H1wAdea (Nucleation) waznistaulaniaveiesiivestimdea (Growth or Expansion of

Nuclei) az1duduneudaun mﬂgﬂ‘ﬁ" 2.17a uansnsiudadueduasuiueseands Juin

Mnermeuvaslangvasmmalnniaty Wegungivesilansifuasnfagaudesh

sunmevaskiuadniidendt “dndle (Nucle)” azvsnedilatu esneznewvedlany

Tulavgmariswnnziuinduiasveneduduisiuavadedsld (GUN 2.17b way 2.170)

ad o Y] a CH - SN v . y A A o £ A
LAZUTDLIYNATUANWUSVIUDILNAUIN Naﬂﬂfllll (Dendrite) Lll@llﬂ'ﬁsUEﬂEJGnIWSUUlﬁ@ﬂs]



20

Uanevaandnisliagauiu (§UN2.17d ) vilvilianunsavenedaluludienaduladn usay
Wasuluvenesludiusinaniureinalaunseiaaarainaaurakdaianus nannal
dadulsiufaziSenin Wansu (Grain) wazvauvaddinnsudusesdisusaiuazisenin

YaUN5Y (Grain Boundary) flauansluguil 2.17e nmsiinfiaadea (Nucleation)

JUT 2.17 nsguauniswisivedlany a) nisiatiandle b, ¢, d) lassassialiaensd

e) Augansudsiiindinnsuvetlansuazsosnasuniiveunsu (23]

252 nalnnsifiadlandes
nsudaivadlanganiatuilelangvasumandudiunfgungiudadi &
nsruIunsazinisanemausowiadu lnenawiuauseuvedlasininazgnaemn

a

POANIN N1 UANNSBUTBIlATINANTBENIINA I AN Ul ulanEaaLa) Fuhn
ANULANANTBINE 1 LANNSDUART UsEIIw BT sfUve AT 1515 enTIMEIuT
NS daTHTUINms (Volume Free Enerey ( AG, )) Tneiilevinavesvasudslntuassiild
WU AG, isTude

i a a < v @ < a o oA
WelavgrasunaitsudnisiiewilluresldeasiinsogltoNmnasewiNgniIIed

aunAvedsiulavieviaeunad duandluzun 2.18 WauBasH B (Y ) asduius
funsWenseseniniivedlaneaoual InuiUuIAYe0UYN1ATEIRIIHULIALAT ALY
TN ruaiuA nAuT a1 Aedu n1sasullasweandsusiy ( AG,) 3aduluniy

aunng

AG = gﬂT3AGv + 4mr?y aun1sfi 2.1
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4 A 2
HE) 5771’3 Ao Uumsvoseuniaveudsgunsanad (Embryo)

4tr? fe Nufifveseymevosudegunsanay (Embryo)

Y A NAIIUBATHLTINUR?

AG, fp nasnudasedelsung @anduau)

Retarding energy

AG, = surface free-energy change
= 4mrrly

AG,

- AG, = total free-energy change

Radius of particle, 7 e

Driving energy AGy, = volume free-energy change

. 3
=gmr ..\Gl,

| <t Free energy change, AG e +

JUN 2.18 wisnudasesiundsundasneuiusaiingfvedeuuile [23]

IAANLATE0UNIATBITY FUFBULUAIN NN INEI UL T I LR LA LD

v a

USanas drfedivesoynaveudsdvunidnniiaiingd () ndsnusuazandias vl
sumavesudsilomaararenduluifuveunadnass uidwunveseyniavesudeivunn
Tanddaiingd () wassuswiazanasdnuiy wiegslsinusyniaveswdinazeeiadi
Imsﬁuﬁbsﬁ] qunanetduiiinded é’mﬁaﬂmmﬂlﬁ%’uwé’w}u@aizL%aﬁmmﬁgﬂﬂéaﬂaamn

VUL LANENADUNANAANITUTIAUN 01T IUNITAS 19N UAIVDILTIT Uunlnd nT1nL ans

(% v =

ANUFURUSTENTNNGIUTIY (AG,) USATveteUNIATRUITTTATINGR (%) wanadagy

[

2.18 suMAveNnIsAiings () disiSendtenusle (Embryo)
a a a Y . I aa a
maiAnduafgauuuenius (Homogeneous Nucleation) iunszuaunsiilundea

a d” dy [ dQ‘ <) 6 Y ¥ 2
Lﬂﬂ“UUﬂ’]EJIULU@‘*UENWia’ﬂﬂillll(ﬂaﬂllﬁﬂLLUﬁﬂUﬁ@NN’]LUU@UEJﬂa’N fosldndsuannlunig

%

adeiedva eendeteyugnasuimvinias nsiiadadealuuieniusildniia

(Y

I3 Ly a q‘d‘ a < . . .
NNsuledivedlangusansngumvgiiudeitauna (Equilibrium Freezing Temperature)

q

vodlanziue lngn1siintindsdeznouazinfousiiunsniulaziianusylanydsiunaziu
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"y 1% & N @ = & a a U o U Aa A
a9t auldvnanifuenuileuazveemlntuluiduiluadeawuuioniius Sailingd ()
ilAUN 8ITBITUAIUUANA VDI UNY AN AN NI naeuvaIveslany Faus)
13un31“Undercooling (AT )” Tagunin AT fa1unnazyilin1sivdsuliaandsaudassids

USU95 (AG,) HA1LNNAY UANSWUBATLITINURY (AG) azlsiiuGauilasuntn

YWINVBISATINGA (r* ) TAuANRUSAU AT AsaunIs

* Zmi =
e — dUN1TN 2.2
AH¢AT

We  AH; A9 ANNSOULRIYRINITHRBNaTaY

QUNONAUTIG7

—]
8

)Y

®

8 Ty, — T (U31184 undercooling)

o))

AT

MIARTILARLELUUTISNUS (Heterogeneous Nucleation) Wunsyulunisiiniiag
leanduisvululanevasuwmad vsoNuRIvewuUnaaluswie Jenisiatidledlawuuil
£ a ‘3 [y ‘gj A g A & 1 e’lj a wvua % v I 1
Infeuiutuanuvaenidulans Mdwuiinsiglunljimisdnlduuurasiunisvde
Tangliidugusnemneg auiisidesns dwduilansisdosdudaduuuunadenioeiadl

dadevueglulaznasuman sadudnvihliAedaedeauuuiisius

Y v v Aa

TupaunIsiintiedsanuusiustazisuannlangvasuwvaduiaiuiivewdwa s

Suindnoyn1aveinduaniivewsuds lnseyninvesudsiifiaduazdidnvasidy

¥ 1%
o (5

sUnsInauwazdnuidudaiulavemar suniavesudiitindunnvzfinegiuiuiineuds

£ '
a = =

wazdyududa @ Windu nsiiszasanImaeseyniavewdilviedldvzdaadiaiuaunaves

AUAIRT 3 @1 AYANNNT

VYs. = VYsn T Yeos® AUNTSN 2.3

[ Y 1

9 WANUNIFY ﬁi%MQ’IQSUENLL%QﬁJU“Uana’J

o))

Lﬁa YsL

Ysn A9 nasnuiduiassrinwewdaiuiaeiesa

b

Y Ao wasUIduREve L alnulIAded
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Spherical cap

Heterogeneous surface

(a)

(b)

VsL Ysv  Solid
Ysi = Ysnv T Veos®

(©
U7 2.19 nsiinduedvawuuiisius Inensiindindlovuiuioveuds (23]

mMavnawniaiingAvesiaeded wnduazdewaunfgiuindundeatyusnams

IS v

nauuazdiseadl r Awanslusui 2.19 b) lngA1vesaregsening 0° < @ < 90° avla

-2 A
r* = =¥ AUnN1sn 2.4
g

o

WoSuuLiisuA1ressANIng AuaIlnnAsal uuLeNTUS LAaZITNUSILNUINUIUING

YANARYALUUDNNUSILLVUIANLIANINUSUINSTUUARYALUUIIGHUS AIdUNT

(Vo)hom = §T[rc3:;

3 o
(Vodhet = erc (1- %cos<p +%cos3<p) AUNISN 2.5

o
Y v

AIUY WAIINUDATEN LT LUNSIAAT AR LUV ISNUS IR BINITUINATINITEAA

Tndvauuuieniusiazaen15gamgil Under Cooling Weendn Jsdwwalimsiiniliiadfea

[
a

WUUTIsUSIAnYuienIuuniuswaglunsUfiRvununaesiniieiefgaiuuiiswus

1NANIILUULDNNUS
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< Y] 1
2.5.3 N15uY9Avalans IuLUUEaD
Tunsednduanunas wWevinnswmlangvasuvaladiUluluuvas dilanzay
a 2 o q' & < v o v o & ~
Annsudada Tnewdsuainveanatluiluveswds udalagununaediiseenuiluiign
anwaznsudssivesilanslunuunas azusznauluime 3 diu danansluguil 2.20

1) wnsuazden (Chilled Zone)

£% 2
=1 1 a A o LY

UsShafiiansuagdunilagegusnaniilansduaiivesuunaoiay

Y

Duuauiiiesuns wihtdu Snvasveansuasiidnuasiinuarasden duandhu 5UN 2.20 (b)

% =) = a v A

a o | ¥ = [ Yal . 1 ¥
Suflp9ndensINsatewmaNNsougedevinlrdamnail Under Cooling & danalisad

kY 9 Y

¥
a a a A

IngAvesiuedsalivuindnuaziadudusiuaunin Sniedainuiiiveswvundedu
Uinns 31 andusteaiuayumsifniaedsanuuiisiusiuinudngn
2) NSUKUULNY (Columnar Zone)
ANUATVDLNTURU UM Tianwaze1IRdeia Ty TneUateveandnas
dulvlufiamadmaudnasveseuiounasiminduntuuunds anvndivhls insud
anwauzduwvie wmws1zn1sveedavesnsuazdulunniianig usiinisveiedleen

e saglurudiiureuvesdainsudug vinliliamisaveneesnaudiald wiaansa

o
IS

YgneFeanld U%Lam@usjﬂmwamuwdaiﬁ Fatiy LNTUUSHATEANwus U Aaland

[
Y

Tuguil 2.20 (0) Bnvis deflnailanindnagidenusnasiuuunds Suidewnandnsns
fewenufeurnaiagiind duies
3) INSULUUALLEND (Equiaxed Grain)
datnsunvuaiiaueiazsiAatuuinuinaesuuunds Mduiduil
wzilavguinaiinanuuundessthemardeussaing uardiewldyniians vl

wEnvenealanniianig Jsdmalvilidnvasnilunseaunnng dwandugun 2.20 (d)
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%Nuc]ei Chill grains

(a) (b)

Columnﬁ]r grains Equiaxed grains
_n,fuu]juw]ur UVY}C Jﬁ\,f*dT;VEJhrm
:).\:}Il‘x I lI | / | J/,.f_.{_'_ P “_\'t [ | v "’)C
:)__}\\ | | | S—=C _:‘\\\ d
>’ Ll D i —

D>—— —
>——— —
D——JF —
>——A | —
>——/ | | —M\C

AAAAAAAAT

(c) (d)
U1 2.20 dnwaiznsudsivesilanslunuumde (24)

2.6 nsustiliuug (Grain refinement)

[y

wnsuslhluudidunszuiunsidunuimddglugnainnssulanzuaznisndn Tag

q

lnefignUszasananiunisaiuauwasysuussvuninsuns endnvedlaneuuzidudiuay
wiadh nszuaunsivilinuaniRidinaveslansAvulunatesiu laun

1) N3N52LAIVDEWNANATY tnsunfivunadinaselisigrauvseansiuw sy

langnszaremegwadiaveiindululasaiegania dergliaudinienienimuaziaiived

¥ [
Y

TanedaNUaLELaNINTUNITUY
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2) antRiBanaidunniianisminiu insuiifvuadnuaznszsnefiogisaduane
Pagllansdautfidenadint uasfenuadiauelunniians Fadudsddnyluniswde
Funuiifesnseuudausawaraumunulunnis

3) lonaianis@nvaizseutosas nsanvuinnsuililansiianuvideuaznuniu
wnPu Fetheanloniafenisinuanieunninunslanseglugangiias dauduteldiuie
ddylunszuiunisvdenasnistuglans

1) wngaudmiunsouunInLiey insuiifivunadnuazaiiaueyvinlilans
anusaReUALEaNITUINNTaUTUNANLSaulEAB Y Tastamelunssuiumsiidesns
AIUANAINRILSILazALMTEIvesTag i zauiunsldny

Tngsauuds insuilidiudidunsguaunsifivssleviegrannluynduvedlavy
e warlineliiAanadenislanginen adideaninnisuiulgaumauagiasiainaves
insutedfiugunnedanglunndiuiousinundusduauismmunuuazanuanng
Tunsviulugnnegsng 9

lavgrauudazyiinldansidunsusiniiues (Grain refiner) sineiu sndieeauy

a A

1) langnanozqiiilon laun languas Ti-B (@dunas 3 - 10%Ti uaz 0.2 - 1.0%B)
(U7 2.21)

2) Vangnanwuntideou lawn zr

3) wiannan leiwa Al w38 Ti

4) wianuaa lewn Al Ca, Ba, Sr Inedl Ferro silicon (FeSi) Wunwne Sanin “duusn
AUAUA” FIDE1IEIUNALYDITUUDANUALALARIFINTIIT 2.2

nsu3liiandfmngaunstautfdwolui

1) Massaamdaniiniuldiulansnauesunas

2) fIyAviaNfiiganvselndlfgaiuInNasNRIYeNIUTae

3) fimnunukuulnaAesiulaneiaauLad

4) fipnuanunsatunsidenid (Wettability) Afnulangnasuiman



a) luvi Grain refinement

27

b) 11 Grain refinement

JUN 2.21 lassasaumniavesnumae AL7Si Tinunsiinsuslividuudmensiiulavenay

Ti-B [25]

31971 2.2 fegndunanvesduuenpuauddniuldlunsndnmanmae

Si Al Ca Ba Ce TRE Ti Mn Sr
a6 - 50 05-12 06-09
74 -179 1.25 max 05-1.0
T4 -79 0.7-15 1.0-15
a6 - 50 1.25 max 07-12 07-12 1.25 max
60 - 65 08-15 1.5-3.0 4.0- 6.0 7-12
70-T4 08-15 08-15 0.7-13
42 - 44 07-12 9-11
50 - 55 50-70 9-11
50 - 55 05-15 9-11
36 - 40 9-11 10 - 15
46 - 50 0.5 max 0.1 max 06-10
73-78 0.5 max 0.1 max 06-10

dwsuinsusduudlumdnvaeiiu Sndulude “Buueagatu (noculation)” o

Y

=

duusnquausddulngfl FeSi ilunmsuasdsnndu 9 ledun AL Ca, Ba, Bi, Sr, Rare earth

(RE) @9vrantaniaindaa (Chill) Tuai L9993 UBaLTII8an o NsINITAN989UBIDUUDA

Aadulpglanizinsniill Ba, Bi wazusidsmiduesdusznou dnsnsiAuduuenguauives

wiinuaeinuavmanvidemiletaglugie 0.1 - 0.3% uay 0.3 - 1.0% lngwminauadiu

Tngmniusnnitlugudenainlayvn duueaauaudliazaty Myazaudiluiaia n1san

v A

& @ %
AUNALHDS LUAU
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2.6.1. nsiduusagadu
fivtavun 335 ldud
1. nsuamesiaiia (Transfer ladle) Wuisitendigaenisiiuansduueng
waudlumdnvasumaniifdsgnaemlgafalasfinaiafemsliafadivinassman

Uszanamienawiu lnglinisnsduuenguaudlinnuadaimnsize1ainniswndniund

[y

Fannulnld Msliviniuduueaguaudanidmviirinnasumaifiny wfaudivzlilinad

=

Wesnniswauldainaneiu wazdunenaiaunenIfinAaaLanld 1§11nviduuen
AEtuLEY MsvaeTiuT Wasnuadszaranely (eevalunaszansasesmianiely 5 wii

wazvanUsyansnalaeaudenigly 9 ui NeilTuediulseinnvesduuenauaUAnly) 13

Y

Ueuduuenauaudondligunsallusersduuannuaudmeusaliugig viseanalduseiueinie
' ' :s vaa a ¢ . a v a
Py viveldisdouainduueaguaus (1n5a Fe-755) aunnisiintvedaida

2. duansy (In-stream) unaddluvdnrasumvaivaegninguuunas 3

¥ a A

o =~ a o v Ao 14 a Y] 2 a
91aviiealETuN15Y1 Transfer ladle o alaiuSeuiidaauelinanduuenniatuidui

o A v Y] Naa ¢

Hewnlddessamaiwuunas tednindifgfedasseiansansuuenauaudviastazaiyl

]

= [

anysal vilmdusynielanislununae nievililassasiganiavesnuvasliadiaus

6 a

Uadefidesmunulinn aaumaim Usinaddneuly widinnaeumval Usunaduuenguausii
14 nsviBunennatuluY In-stream danundesUsenmils Aedilenianduusnguaudiay
LdlaudlanenaeumaiwazlUusUustiunsiewuy vililalananu desns
3. duluan (In-mold) 1sndunenauaudliluszuumaiulaevasumad
! a s A < ! a aaa ¥ 1 ! £4 Y
Wy vuilawes Weawdnvaeuwmadlvaniuasiinufnsewaslvadnduuunas delawieu
YosistfelinavetBuLenaaty LN vendnlfaunsaldszauvesduuengaduluusiay

wuusatulamIemAnrasuMaLALAeIAY
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c)

JUN 2.22 FBnnsviduuenaaty; a) nauawlesialia; b) Buansy; o) duluan(25]

nalnvesduliengatdu Aensvintliidaunsindiinasidenannisiiniamdeaiioy

(Heterogeneous nucleus) luvasiiudnvasumaiangamgluneglutenmngigmadn vin

Y {

Tiwnslwdgmainintuldielaglidesilisnsnisdudus viedadunonaisgsly
seduntaarnsiiaunsivdemainasduniiegmaineadndawndn

TuduusnazfianisnemvesdudanUasuiilueuniavessinuuinidnieglugves

arsusznaveanten Aegun 2.23 (nseanlannidnnuaziduvessin wan AL+ (Mn, Si, Ti, S,

Y

Zr WJudu) ntuazinnsnesiuesa1susenay (Mn,X)S vuRivesdalatuanuvunndni
nemluudineuntdn gavinaunsldfazlududiuy (Mn,X)S Faunsaselinisinisusuanin
\UeeAu (Preconditioning) wasainnsmdaLaanneumiiisimisuiwaniiiiindsafion

neuuazydulengaduindwuwnswdlinndu
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Nucleus

Graphite

AV 10084 9118710

JUN 2.23 anwarvestuadeaiielulavenasumad [26]

wallansiiudueaaLaudiinasgeIInsanIsAIUANANAIN NM3vdusafatuly
w1 (Ladle inoculation) AenTswinansBullenauaudesissiaiiosadlutilaneilvastiiie
andenisiranvuiutuvenhlangteviliiansdullenguausinszaerifuazainaue ns
hdueaaatueIMTIAUTEUUIBHAmNSRlulR (Automatic pouring furnace) Fasendn
n1svidueaaatukuulyseludlangnasumaifinaanaadn (Zn-stream inoculation)
Ingldansduennuandnasidensuimannituaslddnsifuiininitwuunisitludy fam
AauAlRNa1sdueAgLaudIuismsmiilangaduwuuaIsazdungansizmniialiuiuagih
Tansdutlenguawsiiuaisneludsasdulonguaudusaryianfidnsnisdeniiunnanaiu
N a < Y v o a N
ganly wennnmadiansiduisaeiuulinanluna enaldmsdulenguaudiidudavuin
& = a s a & ¢ o |aaa o 9
wnnebilugwvisendwesilangluiuy ansdullonguaudivziiujisenduilansaiely
wuunaefassennaiiaiiinnisvhduteagaduluwuumas (In-mould inoculation) Ineens
dutlonguaudld uuseondu 3 ngundnlaun nqu Graphite (C) nqu Ferrosilicon (FeSi)
uazngy Calcium silicide (CaSi)
o a Y 3 o v o = & Y o 1 v
wennmsisuuenfaduluminuaetislilalasiainsiazideniuuad Sagaeli
andaymlenainTadeing 5UR 2.24 uanmsSeuiieulassasisganiavesninuaemiley
Pldiuuaziunsvihduneagaduaziiulaiinisiduneagadudiaudlunisiindaduay

ylailalassasanazidendulunafeniy



31

U7 2.24 Wiguifleulassasisganavesniinuaswmiles a) liduuenaady;

b) vBuueaaatulalif; o) vinduusagatulan [25]

2.7 vdnnsuasngefvaunasludlila

waslududa (Thermocouple) Wuaunsaliliingamgiilunaivanaivnssu lne

9

1R unaNN13v03UIINgN1aligiun (Seebeck Effect) TagnAunulag Thomas Johann
Seebeck Uninediansveasiulul a.d.1821 Tagldnannisiasuwlaininusounse

aauvniidunsaadauludn EMF) Tueas WelinswWausalanzassvidaisieiukazlanesi

9 Y

aovedlavgiudonmginneiy d1yarivaesndaamgiisniuagyiliinisivavesnssualy

Y

9
1aslaneiniviaes (FUN 2.25)

Thermocouple

Metal B

v

Ul 2.25 nénmsveamesluduida [27]
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wesludlaivanvaieyiinrinunainainlaves1awila J9YIeIngaminuaneg

e wandlunnsenaseluil

o

M50 2.3 drulsznauvestieumgiiariandiiinisinveanesiuAuilausazyin

¥iin dauUsznauvelanii gaungil (°O)
$auan (+) 48U (-)

B | 70%Platinum,30%Rhodium | 94%Platinum,6% Rhodium | 600 - + 1,700°C
E 90%Ni,109%Cr Constantan 55%Cu,45%Ni -200 - + 800°C
K| 90%Ni,10%Cr 95%Ni,2%Mn,2%Al -200 - + 1,200°C
J 99.5%lron 100%Platinum -200 - + 800°C
T | 100%Copper Constantan 55%Cu,45%Ni | -200 - + 350°C
R | 87%Platinum,13%Rhodium | 100%Platinum 0-+ 1,600°C

S | 90%Platinum,10%Rhodium | 100%Platinum 0-+ 1,600°C

[

%

luaghuresnuidelinsfnwinavesdadnindsalassasnganiauasautmganaves

widnviaewiles Fagnuasuadluaiwuumienivinenssualninaamall 1,500°C nouw

asdnFuinlavislazauUvdenSIe RN

WUU S wszudgdmIuanuingunglgaazing

a9anegil 1,600°C

a

U

1Y

Y

unnfilameliiad lngaiulsainauund

1380°C Tunisvmassiilaidanldimasiuadila

a

9 U
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A5 IUN15IY

3.1 YUABUNISALUNUIIY

3.1.1  N1999NLUUNITNAFIUNIINED

[

WY

4 k4 GJ-’-NI

UAansaesdnudninaveslainiinarelasiaingananazauds

Wenaveaninuaewnie fduneulunisdniunuidouansisgui 3.2 lngldivaiianisnas

o A

wianuaomdedTunianun 5 4 9ua3ei 3.1 lnswsazgaiinsiiudadviuananeiy

Faus 0 149 0.01% aumidn 3slunisesnuuUNSAdBUNITUE TUMUREIa L
2 Usuuaw sasieluil

1) N589ALUULSNABNITUA BNTINTLUBNAINSUNITNAADULIIAY AN
UINTFIU ASTM E8 YU aLEURIUAENaNIUMAD 25.4 Jadwns

2) MseenuuuUsEIaniidefonisndouuututula (Step pattern) §9qd]
ATUUUANGANSTY S 4 9 16 25 uay 36 TaAAT AU Flagui 3.1

vonnigldiheendiisiasinsvasdmndsd uldiiteUssunusas

NS HUFNEAARBINUANUNLNUBIEIUA BNAIY

JUN 3.1 aunavesmvaeiuutuiuln
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PUTINYINATITTUNTTNNNITBINLINUITL ]

l

.
A aa A A o Al Ao
\ianisnInaaas tasesdauaziagiltluniian ]

\4

[ ANLUUTUINU T188ININADLAZINILNINIIARRDN ]

i

[ AALAIBNLATBIND LLa:m’%swi‘mqﬁuﬁﬂ%%‘umi@‘mﬁumiw@aad ]
[ ‘nﬂaawaau%ummﬁaﬁnmmamaaﬁaﬂ‘ﬂﬁﬁ@iaimaaﬁ?ﬂﬁ;amﬂLLazaw‘“ﬁL%ana ]
SlGrar Usuilye

[ ' ~ ' A
NINAINUIDU [ AIVVRDURIVBNIUNILAN l — | RIUNFUNIILAY
[ RADTUINUNAFOL ]——>[ FUINUNITINTZLAN ]

FUINUD WL b ]

i

AATEANIIManIW

—

[ NAFAUFNUALTING ]

uwazlasaaiigana

v

[ 3me:ﬁwauam§ﬂwa VNBLT I B9 ]

JUT 3.2 Junaunisatiuauldy
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M1379% 3.1 aguieulunisnnaes

Feuly AU (HAGLUAT) Sruaueain (%vomin)
4 0, 0.003, 0.005, 0.007, 0.010
9 0, 0.003, 0.005, 0.007, 0.010
widnviaainiled 16 0, 0.003, 0.005, 0.007, 0.010
25 0, 0.003, 0.005, 0.007, 0.010
36 0, 0.003, 0.005, 0.007, 0.010

3.2 Jaanldlun1side

[
[y (% ) [ a

3.2.1 wanau (Ductile Pig iron) uingAvdsdudmsunisnanmvdnuasmilen ay

q

Tdaslluwrasuduaisunsn lnedasuilannudulumanneauiinasiilumiviasy

'
[ a =

3.2.2 wannan (Steel) WuinadaunldaslUiiatisanusunua1suauvainan

q

aeuwal lnIaNwanaeuwaItuIASUBULAUANABINIS

[

323 esls-Fanou-wundi@eun (Fe-Si-Mg alloy) tHuimaauiifuasciuluman

q

'
=

wasuad ieUdsugunsswesunsivdidugunsinay (Spheroidal Graphite) n1siUdsu
sUTwansnATuTueg AuUSINa NGy
324 wIA15UBY (Carbon) WudngAudlAui e uusuiaasuouluiman

s Aa o a s & s K% ]
43NN NQV’HTUEJ‘UV]LmllllﬂﬂJLﬂaﬁL%Uﬂqi‘U@u‘lmu@ﬂﬂﬁq 99%

a a A a =~

325 Jainuians (Pure Bismuth) \uingAuiidiuiieiinusunadainluman
vaouval iUSIaAn SusumuReulenivue fsgun 3.3
326 asounennuaud WuingAvdmiunsinduueaawmdu ludmén gty

wepAkauAnldlalunimeassillaun Superseed?5 inoculant ngfldiunaunumI5199 3.2



ANS199 3.2 FUNAUNIATURIINDAUN

a a

9

19l unnsvaswanvaswilen

36

Materials %C | %Si | %Mn | %P %S
Ductile Pig iron 4.439 | 0.61 | 0.062 | 0.058 | 0.028
Steel scrap 0.191 | 0.284 | 0.359 | 0.0082 | 0.0018
Materials %C | %Si | %Mg | %Ca | %Re | %Al | %S
Ferro silicon magnesium - 48.0 5.1 - - 0.8 -
Materials %Si | %Ba | %Ca %Sr %Al | %Zr | %Ce
Superseed 75 inoculant | 73-78 - 0.1 Max | 0.6-0.1 | 0.5 Max - -

Steel scrap

Fe-Si-Mg alloy

Carbon

Pure Bismuth

[y

Superseed75 inoculant

JUN 3.3 Tanilslunimeass
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¢ a4 A& o
3.3 aunsaluaziAsasiianldlunimaaag
331 wivaeulanguszianliinnszuamilead (Electric Induction Furnaces)
& a4 A A 1% 2 a ' = a A S
Juasesdefildlunisnasuazareioumaniu newazdnsidudiunanduasluliunlans
waauwmal elrladiunaunisalnuReulunenis lngmvasuuiniouynniuaung

Fendsulnianunsadneidslnihgeaalan 100 kVA uansdsgun 3.4

JUT 3.4 WvaeuuwazRAIUAY
332 1A304LUNTIY AT BIUANSIE (sand mill) ABLAS BITNST LT a1 UTUNS B
9 d{' Y & d'al al &'a o [y} %
N32A8FININE L lRladans1eNdvUIAasd sALaANILEND Winnzdusunisigenuluy

NTLUIUMSHEAR WU nMIvaelane nmsuannszdes nienmsldaulugnaivnssudy q 9

v v

AoIN1INTEazidennunmes insedlinsednivaegliuunarauin Juegiudnuurnisly

v Aw

NULarUTHIANYBITANNABINITUA AIFUN 3.5

JUN 3.5 ATedliinge
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332 Aunuuwaznsiewuy Wugunsaluazianfildlunsviudfnidmsunisvas
lang uluy (mold) Aelassaiefildlumsasnsgunseesduau Inenildnviainlane

Ty 2 | Y& o ° I a !
v3aYanuidu 9 drumsie (sand) MHduTagiudiuilunssuaumsnaelans Tnsamzly

a a P

Asnaaannseaitden N1 lena NN 1SHANAITIAL LA DL LAITLLD ILTILALAIL

Y

numulumsldau degun 3.6

G

UM 3.6 n8uUU ($1g) fuwuu (121)

333 gegunsalingamgiinisznaulumemesluduilaUsswnn S Tlun1sia

gaungiuilavevasuvalneumadiuliliud fwanddugui 3.7

9 Y

gﬂﬁ 3.7 yagunsalingaumnd (s : http://th.grdetecting.com wag https://nakayama-

meps.co.jp/english/thermometer/index.html)


http://th.qrdetecting.com/

39

33.4 uiaw LU (gas-fired mold) Wwdenaslunislimnuipuiuidfiun e

MwdAuNSaumasnsaultaulun1siaslans NSWILIRLNASWAAYISLAUAINU LU

a

nsmuANgam il i liklRuiianunumuuaglinadnsnandlunszuIunsan degy

3.8

SUN 3.8 uiadnsumiuy

335 wWhsessuinlane (Ladle) Wuiniisessuinlaveannvaeulany wasidui
Tlunsnauanslugaailsigas (Nodularizer) 3aansduionguaudneumatiuunas A

wandluguil 3.9

5Uil 3.9 Whsesduilane (Ladle)
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336 Yagunsald@miutnalegnauilane Usenouluatuwd Wun i vine e
langnesuntaziiisessuunlanyd miutnaieg1suuunioy nouiiazinlunsiageu

drunaunaaineiniesaiUnlasiivnes (Optical emission spectrometers) fanandlugud

3.10 LLasgiJ‘ﬁ 3.11

JUN 3.10 wiliissineuasdmsusessumstndmegrailans

JUN 3.11 wWhsesiuinlangdmsudndiegng

337  LARITIUIMUNLUUNENULAZLASBIAAINA (TI8LD8M) F1NSULASDITINGU

THdwmsudananau (Pig iron) uaziAwwannaineunsuldinvasunasiasssiavidentuly

o U Q’I o a 1 ! ﬂ' L 1 a EOI U dl
FMIUTNIAOAUAN €] adgin1asal WoUSUaUNaELISATvR I lany ﬂQLLﬁW\ﬂUEU‘V] 3.12
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,0‘;_}1(_ e ) e
1%
o

' '
v

JUN 3.12 iFesdaimtinuuunety () inesdaiwinuuuasden (¥7)

= et
o

3.3.8 LATDINTINEDUAIUNANNINLAN WTTSenInaUnlnsimes (Optical emission
spectrometers) 1uLAzaslunsnsiaaovdaunaumanil luraefivhnisvaenaouuaynou

- ia ¢ A | = H =
W]u’]IaWSaQLLQJWQJWLW@WﬁQQﬁ@UﬂQUNaNWWQLﬂll?]@ﬂu’ﬂﬁ‘ﬁg LLamﬂ,ugUV} 3.13

JUT 3.13 1ATDINTIVABUAIUNANN 1AL

339 gunsaldmiunmsiadnsnuiusivesnanudewdes Usenauldae
3.3.9.1 wesluAudaussian S Nanusaingamgilaasds 1600 °C deagsie

Leﬁwﬁ’uszumﬁusﬁaga (Digital data acquisition system) LLaﬂ\ﬂugU‘ﬁ 3.14
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wasluaiida S

= ¢ o U v v < Y [ ! =
E‘U‘V] 3.14 Q‘Uﬂimmmum%mamwmswummaﬂmaﬂ‘waamum

33.9.2 szuufivfoyauuufinea (Digital data acquisition system) wUu
aunsallunisiiuseuudeyaann Transducer uag Thermocouple Fdasyuuiiudayatiuay

Weusderiumauimesldndniieuaninanisnaaes uanslugui 3.15

E‘Uﬁ 3.15 szuuiiudoyauuuainea (Digital data acquisition system)

3.3.9.3 aaufiamesidadn \Wugunsalvimidfiiduseuansnanisnaassd

Igananszuuiiutoyanuuiinea wandluguil 3.16
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JUN 3.16 Apuawesiundniveuansua

3.3.10 A303Rnman (Steel Cutting Machine) Wwiasesdnsnlddmsudnmanuay
Janlane1eq laeniluiivatgUseianiiesniuuniiiosessunsaaluUuiuukaz vl ad

wansinaiy wanslugun 3.17

x

JUT 3.17 wnsesdnmdniiieldlunsintiuanu
3.3.11 w3eslaridunu dwsuwienidunulvissudeunievinasivaily way
AulUTeuves Uiy Yrelidunuinuninuagauatsnunaduiiediunlelunis

ny1adeulasaiagania uandlugun 3.18
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JUT 3.18 1AT0elninTunyY

3.3.12 naesganssatuuulduaindaugunsainisaiunn (Optical Microscope with

. . I A A A Y] < 9 ~ v <

Imaging Equipment) Juipsesdentdlunisvenenininguuisniniaelduas ielvinediu

a Mo 2 v vy a a & 6 1 A o o= -

swadeadliaunsanesiiumennlala nedinsindigunsalaenmieduiinnmvse
aa a do v ) v @ W

Felovesdsndnnald ldlunisnsiaaeudnunizveddasiainanianiendinivas aauandy

5U# 3.19

JUN 3.19 ndesganssaluuulduamsauyngunsaldnenin

3.3.13 1A3eandanin (Metal Lathe) Aawa3osdnsiilddmsunistugiuazulsgy

3 4' -y aa ] o Y A o
LV@ﬂLLa%IaV%@u i IWL‘IJUGUHQ']UWNEUVW\WYN i IﬂUﬂ'ﬁ‘lﬂlqlujaﬂiaﬂLLﬂu‘WHULLa&’I‘ULﬂﬁa\‘]N@



45

v
v A a

Tun156m 1912 M3aTANURY LAT0INEWNA NTNa18UTLAYLAZAINNTO LTI U UNAINTANE

Y <

Usziny ASUANURATuduILIAEn IR UNEATudIuvwIatnglugnanssundn A

LLaWQIuEUﬁ 3.20

U7 3.20 1p309nEemandnlusin
3.3.14 1AspanAaauANLde (Hardness Tester) Wuias asiiafi bglunisinaainy
wiwesian Fudunmsusediuanumumunesiansonisiinsesyunienisdeguuuunnns
A o al & Ay Yaa o A ' 1Y) I aa
WadisInm 1AS8IAERUANNLT ST Na18UsENNT I8 NS TN wAnANeA el U 35015
NAABUANULTIWUUUSIUE (Brinell), SaaLia (Rockwell), 3nunasa (Vickers) wagdu 9 F19

LLamﬂugﬂﬁ 3.21

JUT 3.21 ipFeemndouaIuuds
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3.3.15 Electron Probe Micro Analyzer (EPMA) 14 wns aefiolun1s3astzian

aarUsenaulateniusznautduaans Tnen15a1e59881818nM5aUaAIUUNURIVBIAIT WAL

dnuauzlanzvestdiendiiainety dwansuguin 3.22

gﬂ‘ﬁ 3.22 43049 Electron Probe Micro Analyzer (EPMA) (Fan: https://www.jeol.com/

products/science/epma.php)

3.3.16 1A30INARBULTIA (Tensile Testing Machine) Lugunsaliildlunismaaey

o
[ 0

= o i = o vy = en' = ]
LL?Q@\TGUE]\T}ﬁQW'N 9 I@Uﬂqiﬂﬂaaﬂlﬁﬁl@a@ﬂﬁ]uaﬂf\]ﬂﬂ ﬁﬂuuumﬂﬂiasl]']@ ﬂ']iV]@aaUuGU'JEJsLu

9

myiannantininavesian Wy AUy ANBavgy wavaumunl Auandlugud

3.23

JUT 3.23 LAT0INARBULIIAS

& 1 < 1 =
3.4 VUNBUNITNEBLNANVIEBLRUYT


https://www.jeol.com/

a7

3.4.1  wssntnhvtningAvuazwssraunsall dwsunisvde

2.4.2  INUUNAUNIEBUULAZAILUUNG 2 TUINUN T UIUTUTUlawa T Uy

N3INTEUBN AagUT 3.24

ST

a

UM 3.24 Fuppunisiwuuviae

343  Yundndu (Ductile Pig iron) Mwseulildmvaeuuazyitnisilamiviasy
Tavg Wowmdnuasunainddnvinisugsaunaunisedauidoulenimun tngaziins
NADUYIIVIIA 5 YA AIM1597 3.3

3.4.4  wasnmsugsdrunanmaaiiiufiseusosudn azdaansidoudiunay

a H < | A o = 1Y | | Ny
M4LAdl Ingmu I udnasuuLIuvaaLas e s sgydlog 1slUnTdeUaUNaLN AT Y
wIBsEUnlnsiines (Spectrometer) WazANAAIANUBUEANYES (Carbon equivalent, CE)
19 05991UAMNADINTT WINUNNANTUSUIUAITUBUNLINLALILYINISANENNAT Liloan
a ¢ H 2 A Y A a aa H 2 o v a 2 a a

Usunaumsuauludiman vsenndusuiadansululimaniuinasnaufunanfuliiean
USuauaanou

3.45  dwmsunisazvinliunsindnautu azdeainansinesls-Faneu-uiindideu

v v

duilonguaud uasdaimuigndindwinnisiidnesndiau wanviaemmalazgninliseu

uiaguuilas aggninesniiuseuin 1500°C wag 1450°C audny u1daudisessui
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lang (Ladle) mé’amﬂﬁﬁuﬁaﬂqLa%’uLLﬁamsmﬁ'}mﬁﬂ‘Léwaa'a U oUo9UN15919

meluvesansdutlenguaud AIguil 3.25

EU 3 25 ﬂ'ﬁL‘Vl‘LJ'WL‘Vi’ﬁﬂll']ﬁl\‘lL‘U’]iafliU‘UWIaW"L‘W@Vl’]ﬂ’]’i’e]uuaﬂﬂLa‘Uu

a

3.4.6  Wowlavzadguuunaensaeiuuunigamil 1380 °C Seusesudd selv
BTSNt TS oLUY
o [} Qy (% @ o = Qy P a
3.4.7  ¥NSTAVUIAT U UNENAINITHIIAD LD YUINT WU A s UL Uagld
Tnglgnsiniematadetarintndniwasuwdasluiiomuiamusuinsnmely
348  Wwunuiliannsraesuutudulalyiessilasaiganiauas duau

yN39nszvanluneaesauURmTang

A1599 3.3 AUNALNIUATIVDINANVEDLNTEINADINTS

Fouly Bi C Si | Mn P S Mg CE
1 0
2 0.003
3 0.005 350 | 2.60 | 0.04 | 002 | 001 | 0.06 43
a 0.007
5 0.010
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3.5 NInTaaaulATIaieRanIALaN1TIATIZINNNNIN

351  duniildanmswaeuuudutiula v 5 deuluthundadioiriesdiamdn
(Cutting Machine) wonduduresusazauvu Aaus 4 89 36 fadwns andurinas
%umunﬂ%u wlewdenthlude

352  dunuiisaudundadenssaensedausiuad 100 -1200 9ntudadae

indnvanalagldnseyaiiun 0.3 luaseu wa 0.05 luaAseu MRy AgUN 3.26

JUN 3.26 Tunsunstnmerndnvanlaglinseyaiiui

Y

353 WP unuidatasaudaludansanae 3% Nital a1nduviin1snsiaaau
lassasnganiamiendesansseikuuldwasagyinismenmlassadaldiietinnilamn
Tn#I5IATIEINIINN

354 9NN MuAER e NALISIATIZENIININ A1NTURINITIATIUINNGD
it dusiuaudnans anunauvensing snsduiiuiiveunsiid eslsd uaziiisalad
o I ayy a &

Anliunsgiiavagung
355  3Fn1sinduiuneuwnsiie iduruaugnatwazaunauvesn g i
1 dl o 2 1 dl a ¥ L2 Q’l 1 5 1 =
ANENEANNFIVETE 50X 11 NUSNUIINANTNARYDITUINTULABLAIMUNUINILG 4 D9 36

fadluns WudlUTNIIAATIZIN1NIN (Image J) AegUN 3.27
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[ (Fiji I Just) Image! — a *
File Edit Image Process Analyze Plugins Window Help
B o z|o| /<] N AlQ|m| 4] o s fur| o] 4] a] |*

Polygon selections

Click here to search

JUN 3.27 Tsunsaiaseninianin

356 Waalusunsuuaiidenluil File>Open> 130n3UnIMNABINITNAR
NnTuAINEURTIUNTUAIN (dudndeq) Ivinduainauisuuguaiw udndenlun
Analyze>set scale udaldasnaqlinssiuguainadly w@Saudina OK Wieyinsaedang

WanasagUN 3.28

[0 Capture3.PNG (G) - o %
1.10x1.01 mm (329x304); RGB; 391K
Foe8 . = ¥

| £ Set Scale *

’. :. v o® v Distance in pixels: |41
\ .
.9 .0‘ e . X
Known distance:
) 90, - @y »f . .
;- . Pixel aspect ratio: 1.0
. ® i
% ... - "\'.? 2o 28 Unit of length:  [mm
° < o 9
i « % ® ®*n ] Click to Remove Scale |
B . o aq® ¥ Global
| 1D . oy ~
@ N )
@ e & Scale: 205 pixels/mm
4 w ’ «® ®

OK | CanceIJ Helpl

U 3.28 TBn1sasaLnavedlusinsunianin

357  myiaduhugudnansiurilalaganniduanveuveunsidlugdaveuiling

iy FelusunsuasAuineaninliluyes MinFeret Lanafagui 3.29

HANITATUIUAIA9 AN TITIUSHATUNIA N

A o ll ¢
WUNVDILNTENG
[T Results - [m] x
Fil itMEont Results
a [Mean [Min [Max [Perim. [Major [Minor [Angle | [cCirc. |feret [%Area [Feretx [Ferety [FeretAngle lMinFeret olidity |~
1 flooo2 ss 255 255 0167 0054 0051 3334 0973 fose 100 65 17 34992 919
2 0.003 P55 255 255 0206 0.071 D085 157.00 0915 078 100 77 118 142431 928
3 ffooos fpss 255 255 0187 0062 0055 399600 0964 foee 100 48 129 30256 940
4 Qfooos fpss 255 255 0224 0078 0051 5176 0793 fos3 100 62 139 13.241 864
a 0.002 gas5 255 255 0200 0.087 0D.046 IB,BD‘II 0647 062 100 66 145 157.380 854 |
< [ »
2 el audulenay iuruAudnans
AMUIURNT WA fl AUNAY
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358  nduaswuwnsindesnunduy Nodule/mm? Tnglufl File > Open >

EengUnImA A oan13n1AIe199 > Edit > Invert 31 uusuvidanimdu 8 bit uazld

Sy o

Threshold Tun1sideniuiinifesn1sm vin1s Analyze particle faguil 3.30

uaaé)‘m ¥ g@ﬁ(mgw
T O w, =
Eo8% o 0 ®

(] b
N @m@ B %@ @

3,2 B
S‘?u%%ga ED%@ o ?Q@@g m@‘g!w i
& - ‘ﬂg‘% T m@nﬁ@ @
“ 18 @mw 1 Q:zu
- o ;
“w“ mjﬁe‘%ﬁfﬁﬁ o @@\QFP !
i G [CRL MG
@ o ‘@'aq%%@? M

a1 %%%ws‘%’@‘ E 2%52‘

ANENTSS 1 Threshold outline

Image > Adjust >Threshold

JUN 3.30 M3ldwendnIsiagieinenn Akansisnistudnuauunsiig

359  ANSAIUIMAINUNANYDILNTINA VDI NA LISILATILANIIAIN A1lAaINn

aun1svia 2 aunsil uananagun 3.26

Circ = 4mwA/P? aunsfi 3.1

Round = 4A/nl,,” aunsf 3.2

3.5.10 35N15MI5auasNuNVaILNTING wiashsd wisalas uriunivewnslud wes
156 1salad NleanluswnSULIAIUINMISB8aTNUNVBILNT e waslsa wisalad miuun

aun1snmuualinasalull

AGr

%Gr = ——— x 100 aun1si 3.3
Total
A o
% x = —— x 100 AUNSN 3.4
Total
A o
%P =—F— x100 AUNTSN 3.5
ATotal

3.6  NAdaUANUALTING
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3.6.1 MINAFBUAINKTIIVEITHA (Hardness Test)
3.6.1.1 W3eud uaui ldannniswasuuud utule (Step pattern) ia 5
Reulviivihnsiaueniduiuesusazanumun s ¢ 89 36 Tadwns
3.6.1.2 SeAusInadmIUTnALUUSILad ntuthdunuinisdliinnng
599 fiomAeagnuudwostunu vuluimunsa 25 Ty
3.6.2 NISVAEUWSIAY (Tensile Test)
3.6.2.1 thiunumdnudemiemanszsusnsuaduriuguinaimae 25.4
fiadluns Alsvinisuaslilunoudy 1Uﬂﬁﬂﬂﬂé’wmLLaz'gUi'NﬁLumzauﬁm%’wmaaULm
FlannannnsgIu ASTM E8 wuuil 1 fagudl 3.31

3.6.2.2 Wondeulazusimiuunsgiukas dgunuliinismaaeuniy

LA DINAADUITIAIATUN YIuUlUN AT ILIL 20 Fu

. 249

JUT 3.31 Megrmpdeulsifansgiudmsumanvae

3.7  msdoudlaseasne
3.7.1  Yagildlunsdioud
1) Funumdnndemin Anumun 36 Jaawns Suay 5 Tu
2) lideulansenlan (NaOH) 80 nu
3) Inuna@eulansonlan (KOH) 20 n3u

4) nSANASA 20 NSU
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5) 11 DI 200 fiadans
372 sunsunsoudlasaing

3.7.2.1 @15 NaOH 80 n3uuaz KOH 20 n3u widewls

3.7.2.2 faindu 200 dadans 1 NaOH 80 ndu washutingu ADY LN
avdaudnuliazans 1ile NaOH azanevaaudalin KOH 20 n3u asluindu udrAuaunia
wazaevianua 1ndvaguadla

3.7.2.3 %3 Picric Uszanas 20 n§u wdareeq wadludninesiiazats NaoH
WEy KOH a7 ALAuNINazazany

3.7.2.4 1T Hot plate wéksgamqilfonmginsnfsuszana 120°C 14

a a

a & Y] a | A P a £ & ’~ ~
weiluiiwmesaeeinoamginia lusenitmiinnuseuintumeydergiifeuuUauindn
1na5hY LNEAANTISITLMEVDIUN INSIENTALIUALLADA

3.7.2.5 Lﬁannaa’wazmwmuﬁ’;ﬂsmzLﬂuﬁu"wmm%mmmwﬁ 3.32
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Micro Analysis; EPMA)
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Acceleration volage 15 kv
Beam size 1 mm
Current 7.5 nA
Measuring time 10 msec
Step size 0.4 mm
Total area size 410d x 307 mm
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M1597 4.3 AaNTANINIEN LS NEINUBATEUINTFILYRINSIRANTUTENBUTINEITRY

A19U52N0Y | IAVARIAY | AN, | ANNUIMULY, | WAINUBATINATEIY | 81989
,°c °c g/cm? aﬂauﬁqquﬁ 1500
°C, kJ/mol [2]

Bi 271 1564 9.79 - [29]
Bi,Os 817 1890 8.90 -136.5% [30]
Bi,Ss 850 - 6.78 -64.35 [31]
MgO 2852 3600 3.60 -7133.7 [32]
MgS 2000 - 2.84 -395.2 [33]
Mg,Si 1102 - 1.99 -8552.5 [32]

*AG; , Bi,Os = -584235 + 289.28(T/K) [34]
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13991 0.1 A1AULTLIIVEI9AATIN (Yield Strength, YS) WAZAIAIUATUNIULIIAGIER

(%
LY 1

(Ultimate Tensile Strength, UTS) wauwdnuaamilenfififaingaus 0 — 0.01%

Sample NO. Yield Strength  Tensile Strength
(MPa) (MPa)
0.000 %Bi 1 460.7 562.3
2 409.7 411.3
3 402.6 402.6
\de 424.3 458.7
0.003 %Bi 1 436.7 468.6
2 486.7 570.9
3 485.3 534.4
\de 469.6 524.6
0.005 %Bi 1 454.8 584.8
2 470.3 588.9
3 491.0 507.0
\ade 472.0 560.2
0.007 %Bi 1 455.2 538.8
2 4235 579.6
3 456.7 5213
\ade 445.1 546.6
0.010 %Bi 1 439.8 456.9
2 414.6 537.0
3 404.4 524.5
\ade 419.6 506.1
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I
LY

A15799 9.2 ANPNULTIVBL AN aawTEI NN DA AL 0 — 0.01%

%Bi AUNUN nagauAULT (58U)
(mm) 1 2 3 il 5 \ade
0.000 %Bi 4 110.8 110.3 109.3 108.9 109.3 109.72
9 98.2 99.9 98.2 98.1 97.0 98.28
16 92.5 95.1 95.3 93.7 92.9 93.90
25 94.0 93.1 93.7 94.7 92.9 93.68
36 88.7 90.0 89.5 90.0 88.1 89.26
0.003 %Bi 4 106.4 105.5 105.8 107.3 110.6 107.12
9 93.2 94.8 94.6 93.6 92.5 93.74
16 92.2 93.2 94.1 92.8 93.3 93.12
25 90.6 90.6 91.0 91.0 90.6 90.76
36 92.4 89.9 89.8 88.2 89.7 90.00
0.005 %Bi 4 105.5 104.0 104.1 104.9 106.2 104.94
9 96.8 98.9 97.3 96.1 98.1 97.44
16 93.0 93.7 95.3 94.7 94.5 94.24
25 9522 94.3 94.0 94.2 914 93.22
36 91.5 93.5 92.0 92.9 92.9 92.56
0.007 %Bi 4 105.0 101.3 99.0 97.0 99.1 100.28
9 93.6 93.1 93.7 93.1 91.6 93.02
16 92.7 91.7 92.8 91.0 91.8 92.00
25 89.5 92.0 92.0 93.0 91.6 91.62
36 83.9 85.7 85.4 88.0 88.7 86.34
0.010 %Bi a4 95.1 94.5 94.2 97.0 97.1 95.58
9 93.0 92.6 94.3 95.3 93.2 93.68
16 90.6 93.0 93.0 94.6 90.6 92.36
25 87.3 87.6 90.8 91.3 89.8 89.36

36 86.6 88.7 89.3 88.3 87.1 88.00
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Abstract

This study explores the effect of bismuth on ductile iron to
enhance its mechanical properties and to prevent the for-
mation of chunky graphite. Various heats of ductile iron
were produced with varying bismuth (0.000-0.010 wt%Bi).
Microscopic examinations, Brinell hardness tests, and
tension tests were conducted to characterize the samples.
The results indicate that Bi influences the microstructure,
nodule count, hardness, and tensile strength of the ductile
iron, with optimal amount of Bi (0.005-0.007 wt%Bi)
depending on section thickness. Bi prevented the carbide
formation and increased the nodule count, leading to
improved mechanical properties. In addition, the study
demonstrated that Ce/Bi values of 1.29-1.60 were

corresponding levels that showed optimal microstructure
and properties. Thermal analysis demonstrated the inocu-
lation effect of Bi addition by shifting TE,, and TEpg,
toward the stable eutectic temperature. Electron Probe
Microanalysis (EPMA) results showed that Bi oxide and
sulfide were found at the graphite cores as heterogeneous
nucleation sites during solidification.

Keywords: bismuth, Electron Probe Microanalysis, EPMA,
chunky graphite, ductile iron, nodule count, graphite
fineness, thermal analysis

Introduction

Ductile iron has been known as one of the most used
engineering materials across various industrial applications
due to its low production cost, favorable mechanical
properties at normal and elevated temperatures. Ductile
iron is superior to gray iron in terms of strength and duc-
tility, primarily due to differences in graphite morphology
The nodular graphite present in ductile iron offers

of Bi on the as-cast microstructure of ductile iron. Takeda
et al.' found that incorporating 0. (X)S—O 010 wi%Bi
increased graphite nodule count (nodules/mm?). This effect
was more pronounced at 2.0 wt%Si compared to higher Si
percentages (2.4 and 2.8 wt%Si). The study concluded that
Bi reduced chilling tendencies and raised the ferrite ratio in
the matrix. Takeda et al.” extended their investigations using
thermal analysis, showing that the addition of Bi increased

stress concentration compared to the lamell hi

found in gray iron. The typical tensile strength of duculc

iron ranges from 400 to 700 MPa, depending on factors

such as graphite morphology and matrix structure. Fur-

lhcrmom. the presence of ﬁncr gmphﬂc conmbmcs to
p i mechanical prop Th the

di the Temp of Eutectic Start (TES) and Temperature of
= ic End (TEE). The EPMA findings suggested that
mclalhc Bi, Bi oxide and Bi sulfide parucles acted as

g nuclei, lting in finer grap

In thicker sections, lhcrc is a greater tendency for chunky
graphllc formation. Baer’ summarized the formation of the

cal pmpemes of the ductile iron can be impi i by
Jularity and nodule count.

S &'4p

The graphite fineness.in ductile iron is influenced by various
factors, including the cooling rate (e.g. section thickness) and
inoculation. Several investigators have explored the impact
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graphite that the influencing parameters are
chemlcal composition, melt treatment, section thickness,
etc. Chunky graphite is commonly found at the thermal
center of the casting section. Although there is no con-
firmed theory for the formation of the chunky graphite, it is
promoted with @) the presence of excessive rare earth
elements; (it) the higher casting modulus and (iii) the
insufficient inoculation. Itofuji et al.** proposed a theory of
the chunky graphite formation through magnesium fading
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and eutectic expansion. Later, Sertucha et al.® used the
thermal analysis system to explore the growth sequence of
the chunky graphite. The sequence involves: (i) nucleation
of primary graphite in the liquid: (ii) initial eutectic reac-
tion with growth of austenite dendrites around primary
nodules; (iii) bulk eutectic reaction leading to growth of
chunky graphite cells and secondary nodules, formin;

spheroidal graphite cutectic cells. Overall, Stefanescu

suggested that the combination of the level of solute and
solidification rate is the major factors in graphite nucleation
and growth Iting in different graphite morphologies.

The formation of the chunky graphite is detrimental to the
mechanical properties of ductile irons. In fact, the chunky
graphite is considered as a casting defect that significantly
affects the ductility and toughness of ductile iron.
Nakayama et al.” reported the reduction of tensile strength
approximately ~ 50 MPa for samples with more than 20%
chunky graphite. Moreover, the elongation reduced to only
1/5 of the samples without chunky graphite.

Numerous studies”* have investigated the role of Bi in
pr ing chunky graphite and refining graphite particles.
Liang et al.” illustrated that adding metallic Bi to the iron
melt counteracted the formation of chunky graphite,
thereby improving mechanical properties. Additionally, it
was concluded that Bi greater than 0.011 wt% did_not
further enhance mechanical properties, as the excessive Bi
addition led to chunky graphite aggregation.

Ferro et al."” experimented with the effect of rare earth and
Bi in heavy casting section of ductile iron. It was found that
chunky graphite formation could be prevented by both rare
earth and Bi. In fact, a higher nodule count was observed
when Bi was added.

According to Glavas et al."’, the impact of Bi on ductile
iron can be both advantageous and detrimental, depending
on the section thickness. In cases of heavier section
thickness, Bi was proved beneficial by preventing chunky
graphite formation and enhancing nodularity. The study
extended to 0.0042 wt%Bi, revealing a consistent upward
trend in nodule count for medium and heavy section
thickness. However, Bi also increased the chilling ten-
dencies in small section thickness. The results contradicted

the findings of an earlier study by Takeda et al.' and Horie
et al.'’, which suggested that Bi d chilling ten-
dencies. Furthermore, they demonstrated that the nodule
count increased with Bi up to 0.005 wt% and then gradu-
ally decreased. Similarly, Yicheng et al."* conclude that the
optimal range of Bi in ductile iron is between 0.004-0.016
wt%Bi for 10 mm and 30-70 mm thickness, respectively.
Song et al' reported that Bi improved mechanical prop-
erties up to 0.011 wt%Bi. Similarly, Gao et al.'* performed
mechanical testing at — 40 °C and found that the optimal
Bi was in the range of 0.010-0.012 wt%Bi for 180 x 180
x 200 mm specimen.

Bauer et al.'®"” illustrated how Bi prevented the formation
of chunky graphite. They d ated that the combined
influence of the cooling rate and the quantity of cerium
determined the optimal amount of Bi. The Ce/Bi ratio was
important as higher amounts were associated with adverse
effects on mechanical properties. In their experiments, Ce/
Bi of 0.6 yielded the best results.

Pan and Chen'® found that the Ce/Bi ratio of 0.8-1.1 were
able to prevent the formation of the chunky graphite in
heavy section. They further reported that the Ce/Bi exceeds
1.1 was required for the lighter section.

Stieler et al."” further explored the combined effect of Bi
and cerium in relation to graphite morphology. Generally,
the suitabl of Bi depends on Ce content and
section thickness. The thicker sections requiring higher Bi
concentrations than smaller sections.

There have been studies'*2%?! that experimented with the
idea of introducing Bi in inoculants (e.g. Bi-bearing inoc-
ulants). Margaria et al.'” filed a patent for an inoculant
product comprising Bi and rare earth. The inoculant con-
tained rare earth, Bi, Sb, and Pb with the ratio (Bi+Pb+Sb/
Total RE) between 0.9 and 2.2. Although, there are limi-
tations for comparing between studies. A conclusion can be
made that heavier section thickness require more Bi (or
lower value of Ce/Bi). Table | summarizes the optimal
range of Ce/Bi from studies mentioned above.

This study aims to investigate the potential use of Bi as an
additive in traditional ductile iron and determine the

Table 1. Summary of the Optimal Ce/Bi from Investigators

Reference Ce/Bi Remark

Glavas et al.[11] 0.67 50-100 mm thickness

Bauer et al.[17] 0.60 Up to 300 mm thickness

Pan and Chen[18] 0.80-1.10 Solidification time up to 3200 s
Stieler et al.[19] 1.56-5.30 75 mm thickness

Margaria et al.[20] 0.45-1.11 converted from (Bi+Pb+SbyRE

I jonal Journal of Metal
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36 mm

Figure 1. Dimensions of the step casting.

optimal amounts of Bi and Ce/Bi ratio that yield a high
nodule count and desirable properties.

Experimental Procedure
Design of Test Castings

There were two types of test castings. The first design was
the cylindrical castings for tension test as per ASTM ES.
The as-cast diameter was 25.4 mm. The second type of test
casting was the step casting. It was designed to accom-
modate the study of the effect of cooling rates. Figure 1
depicts the basic dimensions of the step casting, featuring
various thicknesses from 4 to 36 mm. A commercial
casting simulation software was used to estimate the cor-
responding cooling rates of section thicknesses. Further-
more, the cooling curves were retrieved from virtual
ther ples i d at the g ical center of each
section. Figure 2 shows the simulated cooling rates and
cooling curves. Overall, the simulated cooling rates were
approximately in the range of 1.0-18.0 °C/sec. These
cooling rates were taken at 5 °C above cutectic tempera-
ture. Noted that the latent heat release was dictated by the
heat of formation and enthalpy provided by the software
database. The enthalpy was a function of temperature. The
local solidification times ranged from a few seconds to
several minutes representing typical section thicknesses in
the industrial applications.

Production of the Test Castings

Five batches of ductile iron were produced using a 100-kg
induction furnace, each with different Bi levels (ranging
from 0 to 0.01 wt% Bi). Throughout the experiment, car-
bon, Si, and g ined After cl g
the melt was superheated to eliminated existing nuclei at
1500 °C and tapped at approximately at 1450 °C, respec-
tively. Metallic Bi was added to the melt before tapping.
Spheroidization was: done -using rare earth-containing
FeSiMg (Fe-45Si-5.2Mg-2.0Ca-0.4A1-2.23RE). The base
melt for the spheroidization was 100 kg of iron melt.
Inoculation (Fe-75Si, 0.2% by weight of the melt) ook
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Figure 2. Result of i imulation; (a)
(b) cooling curves.

Table 2. Experimental Parameters for the EPMA

Experiment
Parameter

Acceleration voltage 15 kV
Beam size 1um
Current 75nA
Measuring time 10 msec
Step size 04 ym
Total area size 410 x 307 ym

place before pouring at around 1380 °C. Green sand molds
were used for casting, with two types of test casting: step
casting and cylindrical casting. Silica sand with the Grain
Fineness Number (GFN) was between 55 and 60. The
chemical compositions were taken from the Optical
Emission Spectrometry (OES) and amount of Bi and Ce
were determined by Inductively Coupled Plasma Optical
Emission Specuwometry (ICP-OES).
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Table 3. The Chemical Composition of the Ductile Irons in This Study

Heat Composition, wt%

Bi Cc Si Mn P S Mg CE Ce CeBi
1 0.0001 341 259 0.064 0.037 0.01 0.078 427 0.007 700
2 0.003 342 245 0.061 0.041 0.01 0.088 424 0.008 267
3 0.005 3.40 257 0.064 0.040 0.01 0.079 426 0.008 1.60
B 0.007 341 246 0.055 0.046 0.03 0.077 423 0.009 129
5 0.010 347 247 0.058 0.044 0.01 0.078 429 0.010 1.00
0.0001
wt%Bi
0.003
wi%Bi
0.005
wit%Bi
0.007
wt%Bi
0.010
wt%Bi

Figure 3. Microstructure of ductile irons with various section thickness and Bi (unetched).

Characterization performed at corresponding locations. The cylindrical
castings had a diameter of 25.4 mm, which were later
Microscopic examinations were d i at the g hined to 20 mm diameter and tested according to

rical centers of each step, and Brinell hardness tests were  ASTM ES8 standards. Cooling curves were obtained for all
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Figure 5. Carbide found in sample with 4-mm section thickness; (left) 0.000 wt%Bi (right) 0.003
wt%Bi.

batches through thermal analysis cups with a diameter of
31 mm and a height of 53 mm.

PR ) .

C =4nA/P Eqn. |
where A and P are the area and perimeter of graphite

For microstructure analysis, the graphs were
used for measuring nodule counts with an image analysis
software. Particles smaller than 1 pm® were excluded from
the analyzes as they were likely artifacts from sample
preparation. Circularity was also analyzed for all samples.
The definition of Circularity is given by Eqn. 1.

I jonal Journal of Metak
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The image analysis was conducted for the etched micro-
graphs to quantify the constituents of the graphite, pearlite,
ferrite and carbide. The images used were taken at 100x
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wt%Bi |+

0.003
wt%Bi

0.005
wt%Bi

0.007
wt%Bi

0.010
wt%Bi

Figure 6. Microstructure of ductile irons with various

magnification at the middle of each section thickness. At

least 5 images were used for one condition of the analysis.

The graphite or phases that were cropped by the edge of the

image were excluded from the analysis. The image size

was 2560 x 1920 pixels (~ 4.9 megapixels). The image
| was kept ¢ hroughout the p

Color llography was applied to selected samples, and

the etchant used was 80 g NaOH, 20 g KOH, 20 g picric
acid in 200 ml distilled water. The samples were i d

tion thick and Bi (etched, 3%Nital).

Results and Discussion
Chemical Composition

Table 3 presents the chemical composition of the iron
produced in this study. The levels of C, Si, Mn, P and S
were maintained within a narrow range. The Carbon
Equivalents (CE = %C + 1/3(%Si+%P)) indicated that all
conditions approached eutectic compositions. The Mg level

ded typical industry values, to assess the impact of

in the etchant at 120 °C for 120 seconds.

The Electron Probe Micro Analysis (EPMA) was con-
ducted on a selected sample to observe the elemental dis-
tribution in the mi Table 2 shows the criteria
used in the EPMA experiment.

rare earth in thicker sections and its combined influence
with Bi. Higher Mg can lead the carbide formation as

gnesium i the chilling tendency. In addition, the
FeSiMg that was used as the source of Mg also contains
cerium that interplays with Bi. Bi content ranged from 0 to
0.01 wt%Bi, with some losses during addition to the melts.
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Figure 7. Percentage area of ph in as a function of tion thick 5
(a) pearlite; (b) ferrite; (c) carbide; (d) graphite.
Additionally, Al and Sn were present at levels of 0.009  Microstructure

wt%Al and 0.0024 wt%Sn, respectively, their effects were
not observable in the experiment, no spiky graphite was
found throughout the experiment. Other elements were
present in trace amounts (<0.0004 wit%As, <0.0005
wt%Pb, <0.0004 wt%Sb, <0.00001 %wiCd, <0.00003
wt%La). The rare earth element used in this experiment
was primarily Ce. Because La, Pb and Sb were at a very
low levels, therefore; the ratio of Ce/Bi is presented in
Table 1 for further analysis.
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Figure 3 illustrates the microstructure of unetched samples
with varying thickness and Bi. Overall, the Circularity
e ded 0.8, indicating acceptabl dularity across all
samples, even in the case of the thickest section. Figure 4a
shows the effect of section thickness on nodule count. It is
seen that the thicker sections resulted in lower nodule
counts due to the slow cooling rate. The measured nodule
count was comparable to the findings in Reference 12 and
13. Figure 4b shows the influence of Bi on nodule count.
For 4-mm and 9-mm section thickness, the nodule count
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Figure 8. Per ge area of ph in microstructure as a function of %Bi; (a) pearlite; (b) ferrite;
(c) carbide; (d) graphite.

increased with Bi up to 0.005 wt%Bi. At higher Bi, the
nodule counts decreased. For 16-, 25-, and 36-mm section
thickness, the nodule count peaked at 0.007 wt%Bi and
there was no clear decreasing trend in nodule count at
higher Bi. This suggests that heavier section thickness

and Mg content. In fact, Mg, known for promoting chill
formation, was relatively high in this study. Figure 5
il carbide f ion in ples with 4-mm section
thickness. The carbide formation reduced the amount of
graphite, a very low nodule count was observed at 4-mm

However, this effect gradually disap-

requires a higher Bi conc ion for graphite refi

The mechanism behind the effect of Bi on nodule count
will be discussed later. It is worth noting that samples with
4-mm section thickness without Bi displayed carbide for-
mation in the microstructure, due to the high cooling rate

peared at thicker section and higher Bi. In this study, the
effect of Bi in decreasing the chilling tendency was
observed similarly to previously reported in Reference 12,
13 and 17.
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Figure 9. Cooling curves; (a) definitions of symbol;
(b) from ductile iron samples with 0-0.010 wt%Bi.

Figure 6 shows the microstructure of etched samples.
Figure 7 displays the image analysis results of the etched
samples showing the percentage of phases in the
microstructure. Overall, pearlite was the dominant phase in
the matrix structure (Figure 7a). The percentage of ferrite
i d with i ing thick due to the slower
cooling rate (Figure 7b). The carbide appeared in all 4 and
9-mm samples and completely disappeared at 16 mm and
thicker (Figure: 7¢).. Consequently, the percentage of
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Table 4. S y of Ch. ristic Temp
Retrieved From Cooling Curves

Heat Bi CE CeBi T, TEiow  TEngn
1 0.0001 427 180 175 1133 1140
2 0.003 424 733 171 1139 1148
3 0.005 426 320 1176 1140 1149
4 0.007 423 257 173 1134 1148
5 0.010 429 160 1159 1143 1149

graphite in 4-mm and 9-mm were lower than the rest due to
the carbide formation (Figure 7d).

The effect of Bi on the microstructure is shown in Figure 8.
There was no clear trend on the percentage pearlite and
ferrite (Figure 8a and b). Similar results were reported by
Yicheng et al.'*. The effect of Bi was more pronounced in
Figure 8c. The percentage carbide clearly decreased with
the increasing Bi. This confirms the effect of Bi on carbide
suppression at thinner sections reported by Takeda et al.'
and Horie et al."?

Figure 9 displays the cooling curves during the eutectic
reaction for samples containing 0.00 to 0.01 wt%Bi. It is
important to note that these curves were obtained from
thermal analysis cups, not directly from the step castings.
The thermal analysis cups have a casting modulus of
approximately 0.98 cm. Table 4 summarizes the Temper-
ature of Liquidus Arrest (7i_4), The Lower Temperature of
Eutectic (TEj,,) and the Higher Temperature of Eutectic
(TEpgn). It is clearly seen that the presence of Bi increased
TEjow and TEpg, shifting TE;,,, from 1133 to 1143 °C and
TEpigh from 1140 to 1149 °C for 0 and 0.01 w%Bi,
respectively. The increased TEj, and TEyg, were caused
by the inoculation effect of Bi addition. It should be noted
that this effect can be observed by the analysis of the
cooling curves.

Figure 10 illustrates the effect of Bi and section thickness
on hardness. The hardness of the fully ferritic (ASTM
A536 Grade 60-40-18) and fully pearlitic (ASTM A536
Grade 100-70-03) ductile irons are 143187 and 240-300
BHN. respectively.”’ Overall, the hardness values in this
experiment were in the typical range for the pearlito-ferrite
ductile iron. A noticeable trend is observed where hardness
decreased with increasing section thickness due to the
slower cooling rate resulting in lower nodule count and
greater ferrite in the matrix. It is.worth noting that carbide
formation, observed in all 4-mm section thickness samples,
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600 higher ferrite/pearlite ratio at the same level of Bi shown in
Figure 7.
= » In Figure 11. the influence of Bi on ultimate tensile
% gth, yield gth and percent elongation is p d.
400 The trend indicates that lower Bi concentrations resulted in
E lower strength and elongation, due to the lower nodule
= count and carbide formation. Elongation improved signif-
o icantly beyond 0.005 wt%Bi due to the suppression of
carbide formation. In fact, 0.005 wt%Bi samples demon-
strated the highest strength in this study. It is important to
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Figure 11. Mechanical properties of ductile iron with
0-0.01 wt%Bi; Yield strength (YS), Ultimate Tensile
Strength (UTS) and Percent Elongation (%EL).

contributes to increased hard the effect reflected in
Figure 10b. As seen, the initial hardness of 4-mm section
thickness without Bi was significantly high, and i ing

note that the tensile samples have a casting modulus of
6.35 mm close to a 16-mm section thickness, aligning the
observed behavior with the hardness trends depicted in
Figure 10.

In summary, the optimal Bi content was contingent on the
section thickness. For sections with thicknesses of 4, 9, and
16 mm, 0.005 wt%Bi (Ce/Bi = 1.60) exhibited the best
outcomes in terms of nodule count, hardness, and tensile

of Bito 0.003 wt% decreased hardness. The hardness of the
samples with 4-mm section thickness was high due to the
carbide formation. A similar effect of carbide formation on
hardness is seen in 9- and 16-mm section thickness but in
lesser degree. At thicker section, hardness increases with
Bi, peaking at 0.005-0.007 wt%Bi. Higher Bi -

gth. H , for sections with thicknesses of 25 and
36 mm, 0.007 wt%Bi (Ce/Bi = 1.29) demonstrated better
results. It is worth noting that if there were variations in
cerium (Ce), the & ination of the optimal Bi
needs to be guided by the Ce/Bi ratio. The findings suggest
that Bi is more advantageous as section thickness increases

tions are more favorable for achieving i d hardn

by preventing the formation of chunky graphite and refin-

in thicker section. In addition, hardness decreased with the
increasing section thickness due to slower cooling and

ing graphite particles. When comparing the optimal Ce/Bi
ratio to Table 1, it is seen that the optimal Ce/Si ratio in this
study is higher than the table suggests. This is due to the
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Figure 12. Color-etch micrographs of ductile irons with 0-0.010 wt%Bi at 36-mm section thickness.

small section thickness in this study. Pan and Chen'® also
mentioned that the optimal Ce/Bi ratio for lighter sections
would have been more than 1.1.

Figure 12 shows color-etched micrographs of ductile irons
with 0-0.01 wt%Bi at a section thickness of 36 mm. The
color metallography led the mi greg of ele-
ments, primarily Si and Mn, within the microstructure. This
enables the observation of the dendritic structure and the
impact of Bi on dendrite arm spacing. However, no sig-
nificant difference in dendrite arm spacing was observed
with varying Bi.

Figure 13 shows the EPMA results of a sample with 0.010
wt%Bi and 36-mm section thickness. The testing field was
selected to have several graphite particles along with
interparticle area to observe the microsegregation of ele-
ments. The mi ucture showed low nodularity due to
the slower cooling rate and higher Bi. Figure 13a and b
shows the femite, pearlite pattern and location of graphite
particles in the microstructure which aligns with the carbon
mapping (Figure 13c). The Si mapping in Figure 13d
shows that Si tended to be more in the matrix around
graphite and less in the interparticle area. Mg, S, O and Bi
were found in the same area indicating the formation of
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ilar pattern with weaker signal.

d a sim-

To di the microsegregation of Bi, the superimposed
image between the carbon and Bi is created (Figure 14). As
seen, Bi tends to reside at the center of graphite particles.
This indicates that Bi is involved with the nucleation of
graphite. Moreover, O and S are also found in the graphite
cores where Bi is presented.

Figure 15 shows the EPMA mapping of Bi, oxygen and
sulfur at the graphite cores which suggests that the nucle-
ation sites are made up of these elements in form of
compounds such as Bi oxide and sulfide. This finding is in-
line with the results by Takeda et al.” and Horie et al.'”.
The mechanism for graphi fining by Bi addition is
proposed as follows:

* Bi presents itself as a small droplet in iron melt.
This is because Fe and Bi form a monotectic
reaction. According the Bi-Fe phase diagram
(Figure 16), it is seen that the monotectic reaction
is L, =L, + 0 femite. The twa types of liquid have
very limited solubility. Therefore, it is possible to
have Bi-rich droplets dispersed in iron melt. The
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d) Si

g) O h) Bi

Figure 13. Microstructure and EPMA mappings of the sample with 0.010 wt%Bi and 36-mm section thickness.

Bi-rich droplets presumably exist in the melt
down to the monotectic temperature.

During solidification, Bi-rich droplets precipitate
and become oxide and sulfide by combining with
O and S available in the melt. Table 5 shows the
physical properties of Bi and related compounds.
It is seen that Bi oxide (Bi,O3) and Bi sulfide

i) Ce

(Bi3S3) have negative standard free energy of
formation at 1500 °C, indicating spontancous
formation of these compounds. These compounds
later become heterogeneous nucleation sites for
graphite.

During the spheriodization, Mg is introduced to
the melts and can then react with the existing
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Bi>0;z and Bi,S; forming more stable compounds
such as magnesium oxide (MgO) and sulfide
(MgS). This is supported by the presence of
magnesium in the same area to Bi, oxygen and
sulfur in the EPMA mappings. Si can also be
involved by forming magnesium silicide. The
result of this process is the reduction of Bi
compounds to metallic Bi at the graphite cores.
Therefore, it is possible to find the coexistence of
Bi>0s, BixS3, MgO, MgS, and Mg,Si.

Conclusions

This work investigates the influence of Bi on microstruc-
ture and mechanical properties of ductile iron. The results
showed that the presence of appropriate levels of Bi in

100pum

Figure 14. Combined image of carbon and Bi EPMA
mapping.

Bi
Figure 15. EPMA mapping of Bi, O and S at the graphite cores.
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ductile iron leads to improvements in microstructure and
properties.
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The addition of 0.005-0.007 wt%Bi resulted in a
refined microstructure, with a higher nodule count.
The further addition of Bi reduced the nodule
count and had adverse effects on mechanical
properties.

The refined microstructure increased the strength
and hardness of the ductile iron with casting
section thickness 9-36 mm. The improvement of
the tensile strength and yield strength was approx-
imately 20% at 0.005 wt%Bi addition. At smaller
section thicknesses (for example, 4 mm), chill was
observed in all samples. Moreover, the results
showed that the addition of Bi suppressed the
formation of carbides.

The ratio of Ce/Bi can be used as a guide for the
required Bi addition depending on the section
thickness. The lighter section thickness requires a
higher Ce/Bi ratio. In this study, the optimal Ce/Bi

Liaal

"

20 40 60 80 1
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Figure 16. Bi-Fe phase diagram™.
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Table 5. Physical Properties and Standard Free Energy of F tion of Related Compound:

Compound Melting point, Bailing point, Density, Standard free energy of formation at 1500 °C, References
°C °C glem® kJ/mol?

Bi 271 1564 9.79 - 23

Bi; 03 817 1890 8.90 - 136.5* 24

Bi;S; 850 - 6.78 —64.35 25

MgO 2852 3600 3.60 - 7337 26

MgS 2000 - 284 — 3952 27

*AGy, Bi;O3 = — 584235 + 289.28(TK) »*

ratios were 1.60 for 4-16 mm section thickness
and 1.29 for 25-36 mm section thicknesses.

e The introduction of Bi shifted the cooling curves
toward stable eutectic solidification resulting in
reduction of chilling tendency and higher nodule
count. This can be observed by the increase in
TEjo and TEyg, using thermal analysis.

e The EPMA results suggested that Bi form oxide
and sulfide that act as heterogeneous nucleation
sites during solidification.
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