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KITTIRAT WORAKHUT: INFLUENCES OF TITANIUM ON SOLIDIFICATION BEHAVIOR
MICROSTRUCTURE AND MECHANICAL PROPERTIES IN GRAY CAST IRON.
THESIS ADVISOR: ASST.PROF. SARUM BOONMEE, Ph.D., 100 PP.

Keyword: wear rate/wear resistance/titanium/titanium carbide/gray cast iron

This research investigates the influence of titanium on the solidification behavior,
microstructure, and mechanical properties of gray cast iron. The addition of titanium
was found to enhance the mechanical properties of gray cast iron. However, research
on the wear properties of titanium-alloyed gray cast iron remains limited. The
experimental procedure involved producing sample specimens and analyzing cooling
curves for near eutectic compositions with varying titanium contents ranging from 0.033
to 0.349 wt%. The microstructures were examined using optical microscopy and
Scanning Electron Microscopy (SEM). Titanium containing compound particles were
analyzed by Energy-Dispersive X-ray Spectroscopy (EDS). Tensile strength, hardness, and
wear resistance tests were conducted in accordance. The results revealed that at a
titanium content of 0.033%, the minimum eutectic undercooling temperature (Tgy)
was 1130.69 °C, while the maximum eutectic recalescence temperature (Teg)
was 1161.78 °C. The lowest recalescence interval (AT,) was 5.09 °C, and the highest
maximum cooling rate (MCR) of -2.21 °C/s occurred at 0.132%Ti. The graphite content
exhibited a similar trend across compositions. The addition of titanium promoted
the formation of Type D eraphite and partially coarse graphite. At 0.033%Ti,
the predominant matrix structure was pearlite; however, when titanium content
increased to 0.132%, the pearlite fraction decreased to 20.8%. Titanium carbide (TiC)
particles tended to form in interdendritic area, with the number of TiC particles
increasing proportionally to titanium content in both dendritic and interdendritic areas.
The tensile strength significantly increased from 133.04 MPa to 184.67 MPa at 0.033%
and 0.132%Ti, respectively. The maximum hardness value of 200.46 HB was observed
at a titanium content of 0.222%, which did not correspond directly with the tensile
strength. Wear resistance was evaluated based on the friction coefficient, volume loss,
and specific wear rate. The lowest values 0.206, 0.316 mm?, and 3.16 x 10° mm3/Nm,
respectively were obtained at 0.132%Ti.
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VY186 3AE1150 1A IUUTENBUYBUAT 8ITNTNATIABINITVUIATUST 1MUY DU AW
v | ) 2 o ~ ) ) ~ P
AuURBwsIsn Wudes danuanunsalunisgaduussduasiioulds (Maleque uazane,

2010) wingANManLiusossugUnsaliaTeslionasiag ihanuseukaaemausoulas
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wva a o

TFnanTudiuauusneueud tngaudinsndudmsvanuusnlusasud loun asdianu
Soudifiilotauszuisanusoustsiluszansam wazmnuduniunsdnusegs ienuse
LsadgAnIUaINALUSA Lasanannensldnuvesauusnduiinnsdeadiusenineay
N (Disc) Aukiusn (Pads) hliAnaudeuusnaiiaduda fagudl 1.2 manisaiewm
audouldienaazyiliusnaifidudaieudeuasauauinnisasudatuldwazus i
fananilemagapdeiiotansemitninndeufivesauusndndemniinnuudeiniuly
danalidaununiudenisldaulussesenn WaiaununIuYesauUsnvanuan

waBIaNTiuTUlAlAeN15AABURY (Aranke wazAny, 2019) uiiINveTanniaieondu

dwiugusudaussaurgs Felianudidgdulsednsamunnnimuiasegeans wu lave

o

a a

wamsammaw%ai’aqwammi‘uau-waﬁﬁﬂ (Carbon-ceramic composites : CMCs) JEHERM

Y
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L‘Uiﬂa%amLUEIMI‘VI“UEﬂ(ﬂL‘lJiElUsLumuuwuw]me’laa’mmuaamm ANANNDDANTINTUTENEA

Y

Wandwazaninafieglaau3a (Unsprung mass) HeliuaussnugnsnIuause

Caliper Pads
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SUM 1.2 52UUNITYIN9UURLUTN
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v a A v

og13lsfid Yaquiaiidunuganinudnvde Snediaadiunuainufousuags
wunldfudnsedioifietinnisiusnegraminluseninenisiadeud dmsvaruusnisiin
wvi3ndaeylndn (Ceramic matrix composites : CMCs) Beldnudundnlueueudanssaus
aq i nasnuanudeuldvonden TaonssuiunsnanUsznaufemsaindlaseaing
wodluesiasuLssaudulua1suau (Carbon fiber reinforced polymer : CFRP) n158uUf28
Audeu (Pyrolysis) waznisunsndaneuluaniuzveunad (Zivic uaganiy, 2021) Fauy
nszvIuMsATiFuugs illimnzaufunsndsludenamnssudiuauann usfinesiivan
madondanan wanvaedimsnaduianildiumnuien Weswndsafuanzay Wede

lage uwazdumsgiunisldaulusedvaina (Synak uagame, 2022) (Li wagaug, 2022)



15197 1.1 wanan1sil3euiisuderuazdeidavesauusnindnainudnuasn sxgiidey
wazsinunindaoulndn quautisuauiuniunisdnisaidutadeddgdinsu
ULUIN

al' Y a Y o Y]
A3 1.1 ‘UVI?‘?U'?J@@LL@%GUBLaEJGU@Q'JﬁQ"U']UL‘Uﬁﬂ

5 v L AUAIUNIUY 5
67 591 | dwdn y ANUNUNIU nsldau
AT
wianuaen | e N U1unang dunans | sosudtsduyans
. | gIUEUAUNINLLY/
DraulLeY 6N (30 A/Uunang Uruna -
Q1
Wwsnvsng | g o o . )
R ATy ALgey Al WY/ EUBUANIUT
Aaxlndn el

iesanauusndoandyfuusadeaniuiazgamgigesevinamsldau viliianAnnisdn
w50 Janiidanuiynunsdnnsegaazdiengnisldnuiennuiu asailddiglunisiigednw
Aunnideiiouarenaasade nalnmsdnusendnusznoude
1) nsinnsouuuding (Abrasive wean) @ufinainnsidendiussninsiiuiiavenurie
aUNIALDY
2) m3dnvsouuuBnfin (Adhesive wear) Sufnanmstafiaszurinaiuitaestunay
nsvgnaenvesian
3) mafinnseuuuiiansen (Corosive wear) maamvaﬂﬂmﬂﬁauimwgﬂsmLﬂu
a) msdnnseuuudn (Fatigue wean) Jaiinannsiunszdny viliAnsesinay
NIgaLAEUDITER
Tuussmnalndsnan nsdnmsenvuBadndedunalomdnluatiusnsusudilosan
usskazaufouiAndusevinenisian dwmaliiAnnisbafauaznisideguuuunaadin
sewieiuRTduda (Cueva uazanie, 2003) efusndudatuanuunagifansadoamiuds
frununsindeufivesuusnuasiUsundsnuaailfdundsnunufou dafu nnsdn
nsowuvdndadsdadunalnnisinusendnseninamsldeuaiuun siadl nalnnisdnnse
LUURANTENTNG 1150Afa n1sdag wagnisdanseulAaldluaninuindouvialy
(Mohammadnejad waganiy, 2019) TnsnsdnnsenuuBafainusnguuiiuiafiiouuassiy
17 W eivaussaurveand nnaemniinsdnuvii safunavesnisiiusinlansuauso
TassadaganiauasnuantRidana nildusiildfuanualade lmndes (T) 99nauide
wuimadulden TumdnvdosansadfivUiinuesamuluidsmalinuduniunss
Fufiuty (Larranaga uazaniz, 2013) wena1ndlmnilon Siduasunisnesvedlasadng
ginadnfitiunslndazidon lnglusgdvlmmdenuinndt 0.2% annsalirianudiuny



L5979g9gm 278 MPa lumdndidsziuiuzdu 0.024% (szdunans) wazaInnin 334 MPa
Tuwanfisliugdu 0.008% (Seausn) (Moumeni wazmme, 2013) Taeilaudoinnissauiu
vosunslsfaziden (10-20 pm) fuvimmeeamluvivgunififiuty iWudladeiivhltauds
[Fenaitu Moumeni wazaass (2013) 1eemuimuunsiis Type D vunadnunnlumdnvde
Aflmnidoudaus 0.1-0.36 % uanainidsaunsainaisusznoulany (ntermetallic
compounds) 5¥1#319N5uT e Iveund nvae 1ag Zeng wagAmg (2008) S1891UNTTWU
asUszneuidlmenlulasiaiganiavesvdnvaonau e Fanadnduailud
Tulase viseanslululase Tnedisng 2nwdey (V) lulawdes (Nb) usaniia (Mn) Asgdu (S)
Afueu () wae lulasiau (N) Tau0gie Usinamesansusenouwmaiifiud unasuna
TideudiiAy feun Moumeni wazanig (2012) ldnsadinsgieynia tnindeuanslus
(TIC) wunddnwazidugunssgnuied wazdrlngnuluuinaidalailaednegluuinm
sewianulase Widewundn TiC Wntuluduiimdnduduvesmanountsiinooamuluy
wazgnrdnluduinauisiigarine nuidsuisaduausin TiC eadugaisudureanisiin
ooalu agslsfnmuainnisil TiC danuluinaiudswududvuaniine Sdainduly
Iefazyhmii i dugaisudunsnefvesesamuluiguni uazsudertu Tic lafligaiudy
yasmafinunslid Usinames Tic ddudiefinsdulnmdonnni LATUIAYDIBYNIA
TiC famaiiliiivasuuvasmudinalmmdon venand Smuansdsznevduiidlmmden
wu e lulass (TN) FaduansUsznevvedainiuluanisiidlulasiou Inmiey
wusndagalws (TiMns) ﬁLﬁﬂIugﬂLLwﬁaL%Uu (Inclusion) ?fﬂﬁgﬂi'wﬂumaﬁasﬁmﬂ
defusunalmmdeuiuimzdugs wazlnmdeunnslululased (TICN) Aulina uazanz
(2021) s1e91un Ul suas lud s (TiaGS,) luwmdnuaownsinddvueuiifs
Tynidlen 0.3 % Sommerfeld taz Tonn (2009) Tdgensunas Thermo-calc waneIn TigCoS,
Suneffigamndl 1185 °C lumdnvaomuuulaluginaiin nmsifnvesansuszneuveduds
wienil Ineiany arsluiuaslulese e1vdwmalderennuauisalunsindou uiasiani
dssadroanudunumsdnuse daduguandavdududmivauusn egrlsfam dd
audlansadaieatunisie sunds sasnansenuvesasUsznoun dlmmideudu
paAUsEADU (Titanium-containing compounds : TCCs) luindnuias niswaulmniiewly
wanvaedasaufusiensiliunsdiivuinasdentu meiuUsinaesaeulu uasnis
A TIC §eiamunilfsenunarduindeaudfidinavonundnnaein Ankamma (2016)
51891971 madulndeusinin 0.05 % LineldiAnnsusuuseedraivedidnlua
auuuLseie lnesudiunsimudlodulmmioniiseiu 0.10 % ulU vaued Gorny
way Kawalec (2013) wuinmsiinlnndleulumdnuasunslndivusunidaunalailadanalss
audRdenafiu lnsaguudmndendwaddeaudidnavoauvdnuaom duhliian
aananivszansangslunisldnuluauusndmsveueud egelsing nuiduieatu
audRiunisdnusevesnanrdemninadlninillendinsdideyast1edin



1.2 IngUssaeAuaIn1sivy

iefnwdninavedlmniloudongfinssunsudeda lassasrsganiauazauimdng

YDUNANNADL

1.3 dUNAFIUYDINITIAY

nsuAulm LﬁEJ%JI‘HL‘VI&ﬂ%ﬁ@mﬂﬂ%ﬁlﬂwaﬁiaﬂ’mmLL%Q AT LL‘cﬁ\‘lLLix‘I wagANNEINTaly

Y = ~ Y] a s v & Fo a
ANTATUNIUNTENIATD Luaﬁ‘ﬂqﬂlﬂﬂiUL‘UaUumu’]ﬂLLﬂi‘l‘V\l(ﬂ LLa%Iﬂiﬂaﬁ’NW‘u UBNIINUUILNA

asusenaulnmfieunslun

1.4 YBULUAVDINITIAY

AnUsmuandmsunsIdedsenaulusiie drunaumaaivazgumnim lnediunay

Maadl TUSUIMNYeY ASUDY Taneu wuendd nnugdu Weanesa way neung 1u

29AUTZNBUNAN AILAAIIUAISI9N 1.2

M397 1.2 FaudsaIuny

drunauniaedl (Sevaglpeniviin wt.%) QUM
%C %Si %Mn %S %P %Cu °C
30-40 | 1.8-25 | 0.05-0.7 | 0.00-0.05 | 0.01-0.03|0.7-0.8 | 1300 - 1450

1%

dmsumnusiaulalunisfinuid fse USualnmideuwnnenanulugle 0.00 - 0.35% ¢4

wARIlUAS197 1.3

AN5199 1.3 FuUsnaula

579) Sovazlneniiniin (wt.%)
Ti 0.00% 0.10% 0.20% 0.30% 0.35%

1.5 Uszlegvunaininazlasu

Wensiuiisdninavedlnimdeudengfnssunisudeia lassadiegania uazaudh

L%aﬂaéuaamé‘ﬂwdamw




uni 2
USnAd2sunIsuLazIUIdeNiNg1U94

< 1
2.1 Wmanuasm
[ 1 . & [ | o Aa W [ ¢ 1

Wanuaem (Gray cast iron) Asianyaeilanvasdagiuwnsinduuuuny (Flake
graphite) Tulassas1eiiuvaandnas (Ferrous matrix) AUSH10uAISUDU (%C) 2.5 - 4.0%
wazUSauEanau (%S 1.0 - 3.0 % laguniin MadlassadeiiuduegiuuSuauuenia
(%Mn) Ineuasnitias (0.1%Mn) sglmlassasneiudumeslsiuasuaniiaas (1.2%Mn) 9z
Tlassasraduisalsy lnodames (%S) Weanesa (%P) L1Tudwfovunfiusuiuiss
wanntlwinuaeindaliganasumaifinausyiurnisueuauya (Carbon equivalent :
CE) ¥liianuainisalunisluadif vaetusuniiniududeulade Wewmanrasuivad
WWuiidne Faneuavyinliasusuuendasenainiilemanialdudiidunnsivg wdnrasin
dadlugjaziinisudeiuuuauna (Stable) andivnsnaliduiusiuannunuilazaiunauni
wilvesfusunasidusdrein Juanudiunuisasyilminnnisidudieg1asans@easyinla
Wannsinides wavSnaAtunuruiazsnlimiaunsinduiniilesannisiduiiegesdng
Tumadeaiu dunaumuedii@dneudsnvilinisiiawnsinddesuasddnauasivinlvlenia
Aawnsldilunn Tuueassnseanmdnurasimanansarilaainmanaulaenss Usiaainnng
U5uugsdrunanlen wislifionaziindnfvumasulndlumwuansawmn anainmileanh
I udrusulssdnauandeaiiolinaniiauantinadu wanvaevilaidefiing.ie

= o I Y & o A A a ' I3 |
wiinasesesinaslanvazudon dufeameNisenImanaem
wva a < 1
2.2  SUURLYINAVDILKRANUABNN
a P I3 | & & aa s | ¢ | |

muinaukanranaemumanfiismansveunated wazasuaudulvg

Anegluguveunsing dwersveuiivieszazatsegluiiomanveuameslsv (Ferrite
o o 2 A ! < ¢ g

phase) tazsuiiumanluasusenaulisuninmanaisiua (Fes0) lns1eastuuInggi
wiinuaewnisdinanensa Yuegiuanuudauaranuuduswenndnnae Jeaulfdna
AanaveavinuaenTuediuladenddey 3 Usenis fe

1) dunaunaaivesnanaan

2) eamsiduivesnanuasimniglunuurae

3) MsRNKANUIENIIWETUTDIUAT IV

Tngdunaunaiivasanvasmnduiimvuaauuwiuse Wuldsusnasgiuldun
ISO 185, JIS G5501, ASTM A48, uwag DIN 1691 11157197 2.1 waAsdIUNauNIAduay
ALV LNANTEBDNINNUINTFIUAN



9197 2.1 dURANNIATLAYA UL IO AAN VAL UNIN TN

ISO| JIS | ASTM | DIN Zavarlaeinyein (wt.%) Tensile
185 | G5501 | A48 | 1691 Strength
C Si Mn P S| Nmm?

150 | FC150 20 GG10 | 3.5-3.8 | 23-2.8 | 0.5-0.8 | <0.25 | <0.1 150

200 | FC200 30 GG15 | 3.3-3.6 | 3.3-3.6 | 0.6-0.9 | <0.20 | <0.1 200

250 | FC250 35 GG20 | 3.2-3.5 | 3.2-35 | 0.6-0.9 | <0.15 | <0.1 250
300 | FC300 35 GG25 | 3.1-3.3 | 3.1-33 | 0.6-0.9 | <0.12 | <0.1 300

a a 1 < 1
2.3 AVINAVIGIANEUABLAANRABDLN
suanlumanvasnduiiinudidgyetauin Jazdmans dndvaanisiiaunsle
(Graphite Potential : G.P.) dnuauegusevansiid Usunaunsind vuiaunslud waz

Tassasaiy Wudu

2.3.1 arsuau (C)

asvoudusnfifidnsnadelassaianaaraudfifnaveundnnaoin
Usnamsueuiiuanssiuliinasistuidesain asveudusiimunauiinaveunsldly
manvaewn Tnolofiansananunugiivesmdnduasusuvdemaniumanaslus fagud
2.1 ttulidn dasdrumaulalusgmadn ieaueufisturiliusinaaunsindidumn
Judmfuununiveundniuaiveu lumadeafumafiuauoussiiufinumananflud
meguiunungaIuin (Lever arm rule) MNunugiiveamaniuasueunsemaniuman
AsluasinnulnaifssvesgumglignARniagANaIN1Ta lN1TAA18 VIR UB LA A LY
wiaoeauluvifigungligmain dslinadonisudsiivonndnuas msdunsliddioan
Snsmsnadald osnunslidiiinsvenedassninnininigungiymedn wonanil
afvouiiiutulndlfssdaunangmaininligavaeudasuefvhliauudshasdens
fiensuounniiuluiloniaiin wnslidaee (Graphite flotation) FulniAntuitdiunaulees
ginARn UsuavesnsueunlsrnduiunuuTunaeeawmuluiugugil (Primary austenite)

Y
[

AaiuTuumsvsuriazgagluseanuluii uduaudsavanglageanigungdgnadn

a

Fenuuauveseeanuluiugugiunndwmalimnuudawseinduiie Nilvsunueeanuluy
Ugugildldtuivusnamesansveuiissegafeduiusinaus 8nae eglsifinsueu

N ! ) (% a a ¢ a 2 [ a
dodndusgmaniumsiasandinavesesamuluiugugivasuSuaunsing auunugil
YDINANTUAISUBY



1800 y 3270
/
1700 ,’ 3090
4
1600 ,’ 2910
1538°C _1495°C
= ;. Solubility of
1500 ~ Liquid graphite in 2730
(6-Fe) [~ 4 liquid iron
S~ z 2550
1400 [13%4 °C ~
/
\\ \ 1/
7
1300 N \ n 1227 °C 2370
N 4.26% / L=
1200 (Y.Fe) 1154 °C ~ a o= 2190
Austenite \f‘—wj’——J—-*——%g‘—’----——--—---—
4 1148 °C . 6.69%
1100 eIty 2010
o Cementite w
"E. j000 / Auslfnite (Fe,C)' — 18% ‘:2.
] y cementite 1650 &
g ‘\/A: 0.68% 7( 2
E % 1) Y Acn E
2 800 114 1470
oM/ |- [ Sl _| mec | [ _|]
700 0.77% |—F 1290
A, (727 °C)
600 1110
500 930
te— (a-Fe)
Ferrite
400 Ferrite 750
+
300 cemenlite 570
200 | 390
100 210
ol |l
Fe 05 10 15 20 25 30 35 40 45 50 55 60 65 70
Carbon, wi%

JUT 2.1 wnunfiaugavenmanuasnisueu (Fufiu) uasinugiiaunavesman
wazwdnAslus (Euuse) (ASM Specialty Handbook, 1996)

2.3.2 @anau (Si)
aa =1 a o o 6 a 6 o a f a 2{
Fanawduseteiindndvasnisiiaunsiidiililonainunsluddiiuunnay
Waeandanasuazludusitumdnlaaninmaniusaduaisuau vinliasusulumanuen
penINTINTINUBEBaTETR N UNARaBMANTNTUITUAIS U TUASIUA Tun1enseiudny
dndunsdinisuanmanuasuinisiigansuniniuluidserenisiiaunsindludruniiaiu
Y aa aa a 1 a 3 a a (v a =3 oA
wile FansuddninasauTunamsusundiunangmain deguil 2.2 9ngUasiuig



1.0%Si MiinasluazandIunanginafinas 0.33%C A UNANNITHAITUIAIUHAUYDS
wanvaelnIsfiansannAnIsusuaNya (Carbon equivalent : CE) lngilaunsnail

CE = %C+%5i/3 aunnsi 2.1
w38 Tunsaldndeiedvisnavessmmanviaiun

CE = %C+%Si/3+%P/3-0.027%Mn+0.4%5S aunsfl 2.2

I I
% C + 1/3% Si=4.3

. / Ductile|irons
4.0 el "
ol

oy
" 3
3
ok,
-
-,
\\

'
\ g ,jé" 5/,/
] \ AT .o
f_,t;- 3.0 N ﬁ; % / Te-.
s \ 3 ///// | Gray
S \ SR 7| irons
S —— White irons
£ 20Fs \\ -—— Malleable irons _|
o %
© [~
/ s
A
1.0 // % C + 1/6% Si = 2.0 -
/ — Steels
0 //
0 1.0 2.0 3.0

Silicon content, %

A a a 6 aa o [ < % @ 1 [
JUN 2.2 dndwavesmsueu Faneudmiuidnnauazinindanige
ARAIUNANYWARN (ASM Specialty Handbook, 1996)

NnAsvsuauyaildnmsialugmsiindninansai e wusugfives
manduasueurdemaniuimanasludlileensaatiouinduaiueu fe Aafueuauyad
4.3% Tngtmiin uansindunauveavinudemegfidaunaugmain deesusuauyash
N1 4.39% Tagthwiin daunauveundnudeimaregludslalugimaiin (Hypoeutectic) uag
drAnaruauaNyaunndt 4.3% tnstmidn diunauvonndnudewnazeglutidlewes
ginARAn (Hypereutectic) \dlefiarsandvinavesadueunazdanousmiuudaminden
msveuauyasAulUaziiruidssdenisifnlnsmed uazmniidasueuauyagaiuly
widswomafaunslildasy vonnilnundedifinnumunnnfidssenafnunslidass
dosnldnanlunisudsiu fgul 2.3 wanseuwanwldufiasfeduressingnisel
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fanan lnglumswanizauauaisueunazdaneulvegluveuivnianaudsssenis
\nFad (Chill) me

uaﬂmﬂﬁLLé’:}ﬂﬁi‘uauaugaﬁadwaﬁiagLmﬁmsﬁaé (Eutectic cell count) Az §1UU
gunaRnwadiindunuanvouauyaifiad uaulufsiidunaugmain a1nlasadng
fiAntunasiUAsunlasmuaivoutu nanléin sommiluivgugiinnduiilvianuudouss

WINTULALTIIUYVARNAA NN TUERATTAULTILTI8AEY

35
l

-High impact transition temperature

|
3.0 g 7o !
/c\\% 2% %o (Graphite flotation

R s ;
& -’:o
2 Excessive
shrinkage

2.0 l \

i |Tendency to form white iron

34 35 3.6 3.7 3.8 39
Total carbon, %

1 <

JUN 2.3 WHUAHLAASBNSNAYBIASUBLLAYTANDURDAMATNINANVAE
(ASM Specialty Handbook, 1996)

2.3.3 waan1da (Mn)
AN o & Ao a a Xy ¢ I o
wusnfadalusianiunuimiiaadesamlvinueeawmulumn wasilusigsiuiu

s v I3 P oV Y a = v o Y] o v o
Asusulneslus wusndawendaladiednusynisuilsansnsasnduimusaulumndnladu
98197 wuanfadanaraidusgilddmivaniuzdulumanuas lagazldUssana 1.7 wi
Ya3nNga U (UrinegAonveuasn 1tayinny 54.9 ¢/mol tagi1ninvesniugd Uiy
32.1 g/mol Antdudnsndau Mn:S wiiu 1.7) Wewssmidasuiuiuzduuaaglauusnia
Falwg warassdugiinudiiumanmszuusndadaliddaudisdunzdesninman
vaouwad TunsalnauuusnmdanniuuTunauwmunazlufsiugdy ualssndanduiunuim

| Ya acs ¢ a < A a Y o § Y a ¢ .
PrglAAaisalay waziinauudanszuusniaduulduvinliiinaslua (Free carbide)
Wldmdniusizunndne wuandadefiunuimdndsenisuilefindneilniia Aevleiiy
desnmlituesanulun duiulunsnauwusnidlumanuaey3unng 6-15% wiesiainis

va 1 < 1 a i a = P 2/
AuaudRkdimanligada wazanudruniuliings suavesuanifdanzdemanly

winuaew Wemunglunisaniuziu waziianiuaulasaseiug Iy Anlaangns

De
De
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USunaunanfatusnnesilumdnvasuman

%Mn = 1.7%S aunsil 2.3
USunausmiladmiulasassiugueslsiliasiu

%Mn = 1.7%S + 0.15 a3 2.4
USinamsnmiadmsulasedsiiuguisalavidning

%Mn = 1.7%S + 0.3 AuNST 2.5

2.3.4 Woawada (P)
weanlasafusmiiduasunmslvaivesiminasumaifiinafivmnsaney
Tut4 0.02-0.1 %P Tunsaififunniuluneanesangludusiumindy Fesp Bon lasas
afnlag (Steadite) ﬁ'ﬁ’gﬂﬁl 2.4 Fefidnuwauzifu a18n19Uan (Herringbone pattern) fyaviaey
FasUszanas 935 °C ﬁmaiumnﬁmmmu%qqﬁu AR Ia AT UL IN TN
auUSinameanedanifintuiisandeUsinalasedns Steadite MifinTugae

gﬁﬁ 2.4 pssasaannlaslumanuaswn (H.R. Abbasi Lavme, 2007)

2.3.5 NUZAU (S)
) YY) [=1 a @ 1 & a = @ | =) I a
muzduInduseinulumdnndeno 1 8nsrguils Tuwdnuasniasdliiu
0.1% lpgniin Muzdudndusinnyievilmnmandalnd diadesan wildsiuduaisueu
fuzdulitrelmiaunsindsinansesinududanau 1um§ma'aLmﬁﬁﬂ%mmﬁmsé’uqq%ﬁ
duinlilelassasrandalan Tumanuaesndudosnauiuanda suUsunaeanuzdussle
nauwalludnsnaveswuaniialuwdnuas anludiuusndalumdnuas AusduarsIue
fumdndumandald (Fes) Fafiuuliuunendagauvauinsulutisgnieveinisudsn
< 2 o sl a o 1 1
YDUARN mamsualem;waammmﬂszmm 1,194 °C Wagdmnuus1zuanNmngng uananny
anlumdniimuzdugs azvihliminuaeumaniinuaiusalunisive (Fluidity) f1 vivlianu
waoiintaidslaie naluwifvesiusduivesmsazdesnivauisunalegluveuwn Aaly
AU 0.1% tagunnn
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2.3.6 lnnileu (T0)

Tnfoufidnsnaseumaooamuluivgund lnmdeniifslumdnnaeml
nastaUinaoaaluvilgund (Primary austenite) uazauaziBenooamiluy nafiuiy
voaudinalnnidenaziinuinuesanuluvivgund UBNIIN LB IAATEBEUIIVD LYY
wulase (Secondary dendrite arm spacing: SDAS) veseaanuluvivgugilumdnuasin
naiud uresnndouvinlionmgideifaduiu mndeyailédannsmnabugtunis
AUIMIINEIUNANNIBAT RV TRATRE ddulufiemadendty Tuvniguugiemadn
flFnnmminaduiifunissunandiunaumaad fifududuiy femnsaiud
agesnsfiuluresdadiuseamuluidulumunaifinduresUiinalmndeudegui
2.5 Mnmsfnwdvdwavedlnindeuveaninuaeinilnddiunaugnafinues Moumeni wag
ANz (2012) lagiansanAIASusUaNYARaaNnTs

CE = %C+0.317%5i+0.33%P aun1si 2.6
mMadudureslmmidentiun 0.26% Iagtiwin fdunaulndginafin (CE= 4.39) wui
USinawesesanuluvivgunifsuiuan sauandusuil 2.6 Fsildnvauzadrotulassaiis
Qamaveananuadsinidiunanlelugmafnviedarvesafueuauyani 9ndnvazeq
Tnssadrsganianoudansaduuandiiiuienisfuvsiuvednodoniy fuans
Wasuulasegimainueandnudaim usnaniudanisisedbnmsundautunisvi
SuusmgatutIBLivTwIuTRIgmARNIad (Eutectic cell count) WawSourisutunislal
Falaidlon fa3uil 2.7 wansiadnugmeineadiiindureandnudemiislnmideud
sunsTUIUM Y BuusAgady

030 | Afaust L 3 030 ————— 20
OATL 1 i A
[ | OATE 1 i A
0.25 boad | 025 — A B-O— 16
8 ' O I ! O 9
= @ (]
g ia ] 5 8 A 5
% 020 | e T T 020 A 12 8
£ |a IINAIBIQ¥ ° g
% E, g A o Af _aust E,
< 015 8 < 015 5 OaTL 8
[ ° i DO ATE
[© o
0.10 E— : 4 0.10 — —— 4
00 01 02 03 04 05 00 01 03 04
Ti content, % Ti content, %
(@
JUN 2.5 wavesUSunalnnillenseninuunnd1aveRuugianing aumvglemainug

daduveseoanuluvivgugil (a) Ysunamugdudi (b) Usunm

(Larranaga kazAady, 2012, pp. 337-346)

o

AN

PN

Y



S
= P {» f‘\(“

U 2.6 lassasisganmamanuaswnidulnnden 0.26%Ti lnemiin

fluAASuBuANYALIfY 4.39 (Moumeni UagAny, 2012)
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(b)
JUT 2.7 Saugmaiinaadvesvaniaeini 0.01%Ti lagu1wiin (a) wag 0.26%Ti
lagdmin (b) awinuueaaaty (Moumeni wagAny, 2012)

venvnilnmidendaiusniivfudsusnvurrosduguinewesunsididsdma
seaulidifeanaveundnndoint nstanlmmdensaiodsiasunisiinduinosagas
(Undercooling) Ingrdasugusnsunsivldainyszian A duunsinduszian D dsunsloidd
ArwazBen fi3Ul 28 Sronadesiulasadtsiiuesmnuaemiiaueuauyasii daduy
ausunuisairasadefulnmiden ieminmafalasadsiudureslsiunui
Tnssadrsiudisalast odnslsfionu UsngnisaidldlfiAndwanely 91nn1smaassves
Larranaga wazani (2012) Iddlnndendivdulunudduaussivrossinalnmiond
0.36% Inenimiin Wavesauudsussiafintugean fefindnandnadu anudumiuuseis
Adinduduramanmadlnmies Fedamnudmmuusiennlumdnndemfiiued
snduvdnudorniifiiiuzdugs uenanimuieiiniadulnndendioifiunnuuddu
wanudewifmuedusinty venanidlnmdeudanmsasuditu asueu weniila
waziuedu nduansuszneuld Momndisilvdmadonuuiaesvdnrdofintudle
Umnalnmdeudutulnevsinuiuzduiiunndsiudsmadeauifidanadoufuvmed
Uinalnmideufistuduandlusud 2.9
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JUN 2.8 sUTevensldusslan A uazdsziam D Adunale

NNaeanssAliuuldias

375 | AB0O504 OB0301 OB0621 | 375 A B0504 225 | AB0504 OB0301 OBO0621|
[ | mBo401 [IB0617 r O B0301 [ | ®Bo401 OBO617
r A :: O B0621 L
325 4 325 r W B0401
[ o o 0B0617 200 1
[ : “ r a
o 275 o O |& 215 OO g 'm golﬁ &
g - $ C E r | 9
= z X £ 175 =] ©
&‘ L @ o) = L P o = L O o (@]
> 225 ol 5 225 © = g -
r o d = : Em £ LA
L A LA [,
[ m 5§ = [ D. 150 [k
175 175 rg e
O & 0 L
L (@) L O : (0]
125 . ) ) T P R 125 Lo
0.0 0.1 0.2 03 0.4 0.00 0.05 0.10 0.15 0.0 0.1 0.2 03 0.4
Titanium, % Sulfur, % Titanium, %

(a) (b) (0)
U1 29 navesnsiiulmidendenssunuussisyeamandiiiuiinaiuydusineg
(a, b) wazravesUsualnmilsufidnasennuundwesndnfidusuaruydu
#1399 () (A = fugdus, O = fugduliunais, O = MU IUG)
(Larranaga wagmly, 2012, pp. 347-353)

USinameslmmdeuiifuanuausalunisazatelumnansafisssiudiiusin
Juq Wuasusenevld Tneansuseneulnmdendivannvatesin wu fregrelnmden
mslud (Tio) Tmmidouansludinazdaunaiuldlumdnndemfanslusud 2.10 Sruau
voslmmdsuasludazfntunuusinuvednmidouiigaiu egrdlsian surnvesenslud
fuiunliuiandudaaibifutussinuednmdsuiiivadly nndeunsludinager
auvoutnsuveseaauluwivgugd Mifuuinagavielunisudsiivesesmmuluyivsugd
fatuunsuinaiidududondossriwonduasvonnan Sssdiviinmuansueus dnay
Usnguduunsindiuszian D dunminlassadiawuugnuian (Cubic) veslnmieuaisludvin
wiiifuiuedsaveunslud Larranaga uazaass (2012) wuin eyaavestmmidlennislud
dulngusngluaminduagfifios 4.5% winjuiidudasuunsials Inmdenanslud (Tio)
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wingeggsdmsuiuasluaninunisdnuse awnsausulTauiununisanvseves
Janlolagliidiuanuuds Wngangdmsumannaniominianuudusias

JUN 2.10  laseadiaganianansunsindazideauazauniavedinmiiiouanslud (TiC)
(Moumeni WagAay, 2013)

wenaniimaiusammidenlundnnde diieliiAnouniaiildanuiiseves
Tnmideudvlulasieounasfuzduidunanulddesiigade lndeslulasd (TIN) uay
Tideudald (Tis) Falnnidendalndlildfiusednsnmunnlugeiiduiiedeaden
(Nucleation site) d@mfuunslud dswalidandsavosunslndainniiund deazviiliifn
poaulurivgugiinniu lunaientu slnndeusuiiuiusdusaziefudungneu
A9 19U TiaCoS, TiS TiSy TipS edumu

Tuwdniiduiaalnmden 0.08 - 0.10% Tnedviin aznnuandugaasienised

9
2 ¥

voslnimieudalidnufisenginain winieuSinalmndenmaudy 2.5% tagumin
Tnndleadalidnedaulusewingnisanndnvesgwmaiininuu Adesyluguveslnmiey
Fala TiS anwaztdudu (Acicular) wavdnvastduduuiuuieg (Lamellar) Tulpssadreiiu
AaguR 2.11
= a a a = S 0 < ! & =
ns@nwdvsnavesnsiulnvien 0.4% laguwiin luwvidnvaemn dunsnlmnidey
svhufiserdululasiawiliie TN wie TICN) dwarenisulsivesesaauluiugugl

Tmndedufuaziiuisenduiuzdu hadu Tis azanmuzdulunisiauusndadalua

'
a ]

(MnS) FaaziuduUnIAaaY @dasunIsinknsiNaUsELnn D

Y
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\

', . titanium .s_ulﬁde

JUN 211 lassaeganiafianseuninvesnmdendalid (Tis) (Wu uagany, 2017)

2.3.7 dnsdruuuen1dananiuzdy (Mn:S)

Snsrauuisniane fuzduiimnzauszdiglinisiiawnsrisaiaueiiosan
ansUsznounsndadaliddy (Mns) agvimiindidudnadealdsuunslad unumves
wsnHawariusdulumanrasmiiidnsnasennuudauss fuzduiodussrusenaunan
Tumdnuaomn Woussniaduiinalifiemws Augduagyhufizorfumanduasusznou
wiandalne (FeS) ﬁqmwaauﬁaﬁqagjmmaumsu ‘LumaqmmmimﬁqﬁmnﬁmLmeﬁaLﬁa
AuANNsnamvasandalng wasUunavesnidatuiuzdumsegludnsd Mn:S
Wi 1.7:1 Wlendnideanandalng mnlumanwdedusunauusndafiunniuldosdawarh
TAndsalariuasmniifusdululinafiundulufevdmalilaseadwemnslnddai
aziBuadu daiudnsidiu Mn:s lumdnvdedmunganazdsnarinlilassadnei ugiuves
wEnuaeR Tufe Mn iy 1.79%S + 0.3 FududTinauusnidadmsulasadiaiugiu
Wsalavaiulua)

Moumeni kagAny LaAN¥IN155IMiIAusErInauuanladumiuzduindu
ansUsznounsndadalng (MnS) wusn wusnifadalng (MnS) Sushiufinavesasusznau
oonlud(Oxide nucleus) udvihmiduiuedeafionlviuunslndduandusui 2.12 nsi
fioymaasUsznavoenied (Oxide nucleus) Tudmdnuaommarduuwnniitlsiagyili
ansUszneuueniadalug (Mns) Tudusaunnduwiniu Savildunslwdfiauasdonuas
NMSNSYAUELELBNNT LAY
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JUN 212 asUsgneukusmiladalile (MnS) fAutiedeasanlas
(Moumeni wagAglE, 2013)

a < o
2.4 NWHANTIUNIILUINAD
2.4.1 MIURBUNATENINNTUYIAT
nswWasumaveundnuaamisuIINmaniasmaILE udHug g iaAIna

=

Aaavesdetu Funavesudailde poataulunugugd Mntunsdusiiuduseluauds
oumgligmain mdnviaeumadfividelinnsiasuaanuzduiaveseeanuluviiogiuas
unsliduuuusy drdumadusildesuiemndudumsnndomussavlelugmaiin dmsu
wdnvaenUszinngmainazti uainmanvasumandudiiugunafgmadniinma

(%
a Y

¢ ¢ v o oA & o 2 & v Yy  a g
@@ﬁLmulumua%uﬂﬁ%WWWiaNﬂULu@umﬂﬁjLaﬁﬂauuaa%glﬁiﬂiﬂﬁﬁqﬂwLUuaLWﬂ@ﬂWﬂ%uﬂ

Y
LY

dwsumaniasmuszinvlawesgmafndomanvaouanduiiniugangidninaaziin

By
< '3 a 3 @ o ) a 1 = :
wiaveudsvewnsivldUgugd andunisidudiniluselyaudsaungdiy.
‘:4' A a a = A & % a &
NADULNAINLIADLANNISLUS ﬂuamumﬂummLﬂuimqaiwgl,mmﬂLLaszﬂ‘V\Im

WagETznI19NSudeRuLanIiaguil 2.13

ARNLAEN

n
=~ o
PIANMUNT



Austenite nucleation

4 t
i
| a
% |*l‘----~~....sraphite
I | nucleation
q
Te Fk 1
Iy I
. I
| No austenite |
, Nucleation at T '
Hypoeutectic Hypereutectic

SUT 213 uRUAMAASEFUASUREuWaTIRWeRnag
(G.L. Rivera wagagug, 2004, pp. 331-335)

2.4.2 ﬂ']'iﬂ'i%%'lﬂﬁ')“lli]\‘iﬁ’]ﬁ!ﬂﬁu

19

snalumdanasmannsanszaedludnuasindefunsewnnaaiul Ay

Tmmiley MAuavatusalunisazareluwanazsiuduarsveudulnmdauasiua

a a Y =i o = %
VlUiL'Jm“UEJULﬂiUWQEUVI 2.14 LL?{GNfﬂiﬂi%ﬁ]WEJG]’J“UENE"!’]TU’i%ﬂEJUIV]L'VlLUEJMELUIF”IN&iN‘qaﬂ’]ﬂ

ilda1nndeIganssAudLannsouwuUdaensia (Scanning electron microscope : SEM)

WAZLRNUNINNNTNTE8F VB HeumemATA L UN NSNS SIF LD NDLUUNTZINUNA 19U

(Energy dispersive x-ray spectroscopy : EDS) veawanuaamwas ey

™/

SUT

SEl 15Ky WD15mm SS35 X1,000° 10um m—

(a) (b)

UM 214 msnszaeivesansUszneulnmideslulasiaiisqanieildannndes
9aNTIAUBIANATOULUUEDINTIA (SEM) (2) LagUNUAINAITNTZANEH
voslmnileumemataaunnsiun3sadiengiuunszaneng ey
(EDS) (b) vaawmanuasmnau oy
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2.4.3 n31NSLBUG

n3 N5 8uA7 (Cooling curve) L‘U‘Llﬂi’]‘wLL?IM‘WQG]ﬂiiiJiuWJNﬂ’]iLL‘U\‘im’JGUEN
Tanefiswdvinamsdunndeuuazmaniiiomuaiidmadensudein awnsatluliasey
nsanufoulunuvaslangle lnsedendnnisaeauiou Tunueilavsudeia Fevinli
Lﬁmmimﬁauwmammﬁ wagdnsmaduiiilinsminndusiasunuasly nsudei
LimumamiLﬂﬂaaamuluwLﬂulmmwammuam@a (TL w30 T Tuvnigiigumgiifianas
wulasdaziivlnuazlanswasumaiazifuluiisasveunas Lﬂmﬂgmmammﬂwammu
Limuﬂgﬂimgmmﬂ (Tes) Gmmmmﬂ%mLLayaaamuiuwlﬂwmqquuauqmﬂgﬂsm
guAfn (Te) AIgUT 2.15 annaveaszuy Fe-C uaznsmnsiduiivedlansaay C, fudsid
mmﬁ"}é’zgmﬂ%’au”amwwﬂfmﬁuéffsﬁuﬁmﬂmwammu WUERSINMSEUI (dT/dt) anumgl
AAdfa (Tu) QuMRgmMARNAIER (Tem) SULABSAAAIGIEN (AT, SuraLaaLLd (AT)
SULNDIAAAIINAR (AT QUNTYNARNZIAN (Tems) Wazdranatlumsudefiaguil 2.16
%aiamﬁﬁauwawhqﬁ’mﬂﬁsﬁayjamdwﬁl,mﬂ@mﬁu

Austenite dendrites start to form

. L — (austenite + graphite),

/ L'+g:mhl | graphite nucleates and grows
S R D, W TEs e
________________ . TEx
Small amount of ferrite
y+grafit nucleates on the graphite

Gy -k A7 BB e N
a ! atyrgrafit i S O A SO St i NORSOUTURTRUONUOR

| a+graht Perlite nucleates and grows

Solidification curve for alloy Ca

i‘U 2.15 dUAAUBIIEUY Fe-C Loy ﬂi']Wﬂ’]’iLEJUW]“UENIaﬂuNﬁM G

U

(Hamed Hoseini Hooshyar, 2011)

[

AN5ILATILUNIIANUS DU 981115098 UsE i ud uNaunIaailladna18laely

Ly v

Anuduiussyninansiasunlasgumgiiuazaunas Imamﬁ’aﬁu%mmmamwuﬁiwdw
gunddaina (T) wagUIuraarsuau (%C) uaﬂmﬂuammmamwuﬁsvmwammu
gAdn (To) wazUSinadaneu (%S) MnanuduiusiinanmansafiasUssifiugiunas
yosmiusuazdanouls andeyamednnsififugudeyaddnunlugnisairsyngunsal
Ainszinsanuiouiiansarnuldedesnlutfuazsenunaiuii nisudwaduan

Salunintiudianunsarinusuuldunisiintaddadudaunndesssnunas leonaie
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pouring temp.
1250 I I
:A /dT/dltz cooling rate T
1225 | \/ ~ T, superheat |
L A
$ 1200 | =
g i
‘g 1175 | \
= nm T
£ r \ A A E
& 1150 i AN T |
r TEme‘n T \ s
1125 : «— local solidif. timerb\
1100 L— : ! '
0 50 100 150 200 250

Time, s
a [ [ & a '3 v o 1 @ 1
E‘U‘W 2.16 iy/aﬂ‘iﬂmﬂ/ﬂ{ﬂ,Uﬂ'ﬁ'JLﬂi']%ﬂ/i%"lﬂﬂ?']ili’e]ﬁﬁ’]%ﬁUL‘Viaﬂ‘Viaf'J
(D.M. Stefanescu, 2015)

2.5 1A39d3193a01A
2.5.1 unsla
Snwarvosnsindlasiiluudsosnidy 6 ¥in ?TuasjﬁumuwmLLﬁng'ﬁ'Né’aLLam
Tusufl 2.17 Uszan A 1udnvazaesunsinduady vuindnwaznszdanseasegrsatiae

U

fidnvanlugmeinunslild d3Usmemnsddudy Jduaudifluwsiulidnvaglaslin

¥ Y
v a A

athilesanluvariiinduiindeaszasseglundnasuinas n1svenedilunounsn 9z
a aa =3 = = @ a
dave uardifirnelusmunnu C muszsuuNanunmaes (Hexagonal) Faluianislunislunig
e85 wovengslassusnisazitnlnandnvesnslidoudus MAensous Auinliminnis
LEIDEABUVDIANSUBULNDNITVNEFH IV LA UYDILNT VA LN Aa NwULLAseNsanIsAUae
WAz YUnU

Useinn B 1 udnuwaizvaswnstiduay (Flakes) vunmdnaaieuseinn A Lanns
Anazegilunguq lnsunsivduruudazdasnilusuiunsinais Sadugwainunslg
WU IR ULANITNTEIANSEAelualELe TnagnunnsiaUseinniinsausiialananaved
& VA a < | a0 va & & . . & & W 2 o
FUNUNABNUNIYS BLaNTaa YN lR L8157 (Chilled cast iron) @ dudnuwuzIaLrany

a i a A& A Yy a g I3 i & !
LIENIT UBKILRAAAD NWQIﬂiﬂaﬁqﬂﬂLﬂULVaﬂﬁa@L'VI'] LA g tAaNa U’

' 9/
faa v a

Uszian C iudnwazvewnsindnisualvg iesanmsifaunslndusugl

Y

~ ) 2 o sa a I3 1A s
LWﬁLL’iﬂLﬁJE]Iﬁﬁ%MaEJQJLVa'JLEJUC‘]'JaQ Lﬂuaﬂwmmamﬂﬂ%lmwmﬂiumaﬂwaammiuauuaz
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aa I~ 1 s a 1 H v ) ] s a LY
PANDUFIAD mmsuauamﬂamumﬁ 4.3% lagu1nin Lﬂumuwamlmﬂaigmmﬂ BRINNIG

Y

Huivesmandesglunadid dnvauilasiimanianuiunuusafaiasinanas

filefigoudy

Useinn D way E dnwuzvosunsindaziduinsaidneg wuuiieadunnsing
gIARn winsiAnazegauveuingy dnuairiiinaiuveunsiwdussian D uas £ Ao dudu
UszLan D astinludnuwaed bl fiianie (Random) wiuszian E aziindnuwasdianig
(Orientation) wsvaesUsTIANaTARMLYOUNTY (Interdendritic) d1Uapeliimanidudnas
agliiRnunsinddnuazd unslidussnm D way E udnuazilimsiiialumdnndomse

£%
=1

[ 14 1< LY & o [ | Aa o [ o a
mlmunaniuszuasianindie LmﬂWmaﬂwmzuwuiuLmaﬂmaawmamﬂmiwumqa RZLAR

a1

Ly <3 | aa I a = s °
ﬂ‘ULﬁaﬂﬂ/ia@%ll’sﬂuwﬁllLUUIE’JIUQLV]ﬂWﬂ B Nﬂ?ﬂ?iU@UﬁNﬂﬂaﬁ]’]

Uszinn N idudnwagvesunsiidgusianay Anldtanzlumdnvaedisinig
aronaviionssuianswanuanssluannisanmdnaemn Snwazaesansindnaniinade
AUURATINAVUNANNADUIN LALANILANUAIUNIULTIRILaz AT ev R nanvas
wnshidnauiideSonin Semi steel

Type A Type B Type C
1 O R— n/ AR A V7 \ (v
NOMINNY A 7 ™ /\.\ / ’»-—:..\l
SR NS i NS

g o i 2L
WP A, S /% \\*;‘ 7
i | Llaw JAS Yo
) ) W ~ Ry \«( AR Ny B
TN - \\f-yfl ATy
CAOONNINGES . A
FEINRWNS 7R 2w
Type D Type E

VORSHAY e

:{‘( ';;?:‘;L g ‘:4,‘?}5'}:;’ .“?1’"/“"_\.-\ \"\Xa{\\j’\ _(\/;V’L

Gt ST SR

/Ff‘l:‘{"’}:g : '\I"éﬁ-{';::\’l{ > '(\\ f‘ 7‘€$ ,0/‘ W I;K

'wu RS i\S\ AW
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a5 -’*‘“ NE RPN

~» A & N ok
Y N e = /—\ |~\‘ - A
x." % ;Ax «:‘"‘ N 2 1’\_\}\) 3

U 217 dnwazunsliidusziameng (ulfa afisiuan, 2543)

2.5.2 Tnseadraiugnu
Tassadsiiugruresvdnvaowniauuseinn Ao weslsi Wiidala uasnaudy
sehawleslsviduiiisalavidauanduguil 2.18 Tnemdnmalanineraziedilaswaiafisalay
Hulassaisiiliinuantfvunssisligean dulassaisnaussuiameslsiduidalaiogly
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I
Y

AavanURvuLsaisanaslumuUsinaisala inszaztudeslilavdnnaenun nfazdos
muﬂumumaﬂmaﬂimmaqmsuauuawaﬂau mauﬁ’uﬁﬂummwmmaLaumuﬂuaﬂaN
PO WU WdnTlansuen 3.0% laegtvn 3aneu 1.5% lagtmiin maﬂﬁlé’lmaam

wisalavivzdesdianumnliiiu 25 fadwes (dnseduiagyhuuunes)

(a)

(b)

JUT 2.18  Tassassganiamadnaein (a) wessAndu (b) wiisaladin



uni 3
A5 UN15IY

3.1 umi

nsfnwifeiitomdvinaveslmmieusonginssunsudei lassaineganiauag
anURganavesmanuaom Ingmanuduiusseninausunalvmdeudududsmieaniy
You léun guvnfiaeisa (T,) guvnlisuneiaads (Te) umpliymadnTunaiaaieud (Te)
SUABIARAIAIEN (AT, UATSUADIAAAIIER (AT, ) UONIINTUATMANEUTUS
sgminUsinalnmdouiulasiasnegania andfidang Usznoume Aunds Auudeuss
wazAuiuuNsAnuse Tasisuainnsvaassantunu Yuiindoyadiunauniaed
waznsminaiud mnifunsaasulesiadsaniauasnaaeuauifdang udinmeiuay
yawdusTesi LT mudidy Taedndumsidouansdsgui 3.1
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v

NTIATIZALAZ NITIANUEUAUSVBIFILUTAN

JUM 3.1 MIsiiunsiay
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3.2.1 nswanwanuaamIwaznsULindayadurauLA
MsuaRMAnra e ez sTufindeyadiunaumaaiuszneulusmeiaisilo
LLazqﬂmaiﬁwialﬂﬁu wvaeumdenilndinuuin 100 kg 1A309RIIAdOUAIUHANNINAT
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TonAvdmsunisuasuldwn wdndu (Pig iron) tesls@anau (Fe-Si) iaslsuuaniia
(Fe-Mn) waslslnmioy (Fe-Ti) arsueu uazvewas dagui 3.3 lnewdnauluingiundn
lun1suasy dwmsumesls@dneu weslsuuamia weslslnmiley a1sueu uaznodwag

Judngavdmsunisusudrunanlmduluauteulunismaass

WaNAY wiaslsaanau wiaslsuuanila

ANSUDU 710 A4 wiaslsinwiloy

= L a ] o a =3 1
SUN 3.3 I0AUEINIUNITNARLAANNABLNN

Y 9

ATIALAS IUUUURGDNIE CO, 319INNITHALVISE (SiO,) AulagLAauTaLNg (Na,SiOs)
Tneldloioudann 5% vosuminnsieluinIesaunsioudivasslifiag ssnaunsie
fdunsuavaunsoduidododutulafoudanalngldinanads 15 v a1nguina
nszau (Pattern) ﬁﬁmmmLLazEUi'Nmummgm ASTM A48 éﬁ’qgﬂﬁ 3.4 @mTunsHan
Funusosna asluiumdnudaldnaefinauassudaslulutumdniifinssauogluiums
fmnzan wdwhnssarsesmeliuiundouanzsssuiefin (iesle) Afauvuvdensie
anaslulndnseanu antunufeansusulaeenlas (CO,) TiusnuuUUdonsIBaUns1Y
aeluitumdniianundauss antusennszaussnanuuundensielnefinuunaensieds

agluiiundn szlduuunaensednvaeaiguil 3.5
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230.00

0.56°

Unit [mm]

}29.00

A
i

=

Ui 3.4 wwauaygusnd 3 dRvesnsganudmniunanduauiiegng

ol

JUN 3.5 dnwaiziuundensiy CO,
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Tunszuvaunisvasumdnuaesidunisiag undnauisaddumnanuieiitlndi
US1as 90 ke uwdndansvharumvaadnwideailiiy Tnesuainimddnia 5 kwh Ju
na1 30 wiierdunisguian anduifuddslada 5 kwh nnq 15 wiiaunseed
Mdslufin 35 kWh udaseuninuudnauiinnsuasy antuldudunauniani Tneidy
waslsdanoudmsulsudsunadaneu Wwueslsuusndadmsuusuusunauusniia hs
waslsmilsudgmsuusulsualnimdeu WuasvaudmsulsuUsunumsuou Lagiiu
noLAIE MUY UUSINAUMBILAS 91Nt unsIv@eUdIuNaNNIaATl Tnednumanannien
MapLIENsT IR MmENudafaivtoadelas Wotunuuduanduuds thily
FAFIUNTEAENTIEENIUI DU UTEUIURAINTIVE VAT UNANNILAT I8 LA aseaNd
poadilatualualasiines (Optical emission spectrometer : OES) ﬁﬂg‘dﬁ 3.6 1l odunay
mandidulumudeulaiifvuauds Santmdnrasumaininmivasuvnainmi e s
Tithasludadhsessuinlanyvaouimad ﬁﬁaﬁﬁuuaﬂquauﬁ (Inoculant) 0.3% Tagtimiin
oeffiduaatseninlavevasuvad Insmuaugnmvniidnuaoumadlumvasuneum
asthsesutlavenasumiadlugag 1450 -1500 °C ndaanmasitsossuilanevasuman
wE sthwEnmenssusudmasiRuiuegaalnsdmsusetnnsivdeudunaN
Lﬂﬁmwé’qﬁﬁuuaﬂ@m% PntuhihmanuasumaaLUUrEeNTIE CO, Rammnsonls
$1uau 8 wuudwsy 1 Feuleviuiiiiednungunilfedluga 1350 - 1450 °C 1w
WA 5 uiilaeuseunn ﬁagﬂﬁ 3.7 99nYu ﬁ@‘lﬁ‘f’]mé‘ﬂLLsﬁqﬁ’aLLazqmmﬁamawuﬁq
guniviodSouuuLULmdoVTY CO; agldfunumendaimndedssuil 3.8 Tnsdiunan
munivesusazioulunaniansed 3.1

JUN 3.6 Mswseudieguvisuyaalng (418) wagn1snsiaasu
dunaunIuAilnewnIed OES (¥11)



JU71 3.8 fegeliununenainisviae
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M 3.1 dunaumaadveavdnuaamilmndausingeg
Hoat - Sovarlnetinnin (wt.%)
%C %Si %Mn %P %S %Cu %Ti
1 4.41 3.52 2.63 0.19 0.046 0.042 0.72 0.033
2 4.36 3.47 2.66 0.20 0.044 0.042 0.72 0.132
3 4.38 3.51 2.55 0.19 0.044 0.043 0.78 0.222
a4 4.41 3.56 2.51 0.19 0.043 0.045 0.77 0.288
5 4.40 3.54 2.54 0.21 0.040 0.044 0.74 0.349
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3.2.2 nsiiudayansinnisidusa

Tusssriafithmdnvasuvaiiiunisinduueagaduagluthsesiuinlany nds
naiuiegsTuudmiunTdeudumarmaAll vhmsinilangvasumandenssuae
Fntundninasiaensns (SG cup) faguil 3.9 Tasdaensie (SG cup) Tvuiauazifsagu
3.10 RassuugIundnid euse fussuudinseinisanudey Useneuludemesluduida
Type K dwsuingamail (SG cup with thermo couple type K) gunsalulasdyaiaudoya
(Data acquisition system) wazApuRUABSF5UR 3.11 nsifvteyagungiiaezldsns
#1089 (Sample rate) ogffi 1 Jundl nsinsLdumITlFuIINNsTadhegunsalitaszvina

ANUTauUsENaUMEtoyaRuUAiIiuIaIRIgUN 3.12

70 mm

42 mm by

| dmm |

Z %

7 7

% %

7

1l 7
E |V Thermo couple type K

al 2

% e Protective tube
7 %
Z 2

JUN 3.10  N1ARAYINLAZIUINEIENTIEY SG



Temperatuare, °C

SG Cup with Thermo Couple Type K

Data Analysis Equipment

Computer Heat Resistant Stand

JUN 3.11  yegunsedinsierimeauiou

1400

1300

el
(]
=
=

1100

lﬂﬂﬂ PR RN SN T AN TR ST SN SN N TN TN T SR AN SN S WO S Y. S S
0 60 120 180 240 300

Time, sec

JUT 3.12  shegndeyansimnisdusa

31
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3.3 A1593738aUlATIEI9gaN1ALAZN AR UENUALTING
3.3.1 nsnsasaulassainganianiendesganssatuuuldues

nawieufegsdmiunisnnaseulasiaiisnania et fununsinszuen
AlFnuuunaensie Co, wdadasaIendosatswiulid uaruiiaiiunun 0.5 i
Fa3uft 313 Randuiidusuiidaudluuiuszuiudieiniostanszaunans Ly
Ay eldsruundniludadaeed ostnd unuwuvarunyulagldnszaviues
100 250 320 400 600 800 1000 Waz 1200 MWy NsIABUIUBSNSEATMI Y
seinedarilay Aeuntstauesdalufesusuiiamenisdadunulaslisestanseaumse
Wudsaniusesdnnszarumaslmiudadnusesifununly et unudosasssuiuda
1¥ohe lednnszavauiaues 1200 udnhlutaaziBenfonsdnezgivinma 0.3 wag 0.05

lulaswumsnuadu fsgun 3.14

UM 3.14  1ASDIUATUTUL UL UMY
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a ol

nasandaazidganiensinorgiiuialafunudegsdmivnsiaaeulaseaieganianou

A Y

Fad usos g uauiiiunisdad uwaenlddad usesdsaisazarslunoa 3%
(Nital solution 3%) fa3UTl 3.15 sz?yumudauﬁ’wﬁyusaaLLazmﬁqﬁmﬁuiaaQﬂm’maaum”w
ndosganssminuuldias Kaguil 3.16 fifdidswens 50 100 war 200 1w nsFunuroudn
Jusenadlideyalnssadisganaiivsdmuauasdnunsunsig dnsutumumdsfntusos
wlitoyalasiadrsganaiifossusznevvodassadsfiufufiy wu eslsl fisale
Jusiu

JUN 3.16  napaganssAtuulduas
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3.3.2 nMsnsadaulasaiiganIaflendesganssaldiaansauluudansin

N15LATUAIE19@NTUNITNTIVAULATIAT 19N 1A R IUNT BITANTIAY
SidAnsounuUdDINTIA (SEM) Fagudl 3.17 fdoundetumanisuiegdunudmiy
nsaseaeulassadigamalaglindoqanssmiwuulduasustivunn 1 x 1.8 x 1 cm fagui
3.18 ilaiihguasiegsdununslundesqanssmididnaseunuudeansiald aantuih
Fusiiiumsdndisozgiunlufindusesdoansazanglunea 3% (Nital solution 3%) 1fu
e 5 Sufidmsuglassaineiiu waroymaasUsznoulnmden uenainil eyniafiauls
LYNATIVABUAENITIATIZNBIAUTENBUNILALgaUnlnTUAT Sdend LuunsEaTe

WA (Energy dispersive x-ray spectroscopy : EDS)

A % fa & '
‘E‘U‘Vl 3.17 ﬂa@ﬁﬂa'ﬂ‘iiﬂu@Laﬂ(ﬂ'ﬁEJULLUUﬁENﬂT]ﬂ

JUN 3.18 fegaduaudmiunsiiasieyiaiy SEM uag EDS
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3.3.3 MINAHOUAINUUIUT

nawsadegsdmiummaaouaT il vilasthiusruniendnisvdedi
fidnwarnsinszuanunidnimsgesnuainislenis luldvuaduluauuinsgiu ASTM
Adg/A 48M Fafivunadananslugud 3.19 Wethdeyavunamuaasgiusvhnisesnuuuiiy
3 i felsunsudounuuaglddnuasiunudegy 3.20 luddudaunidunuiuiivenia
wdrnvnstusulildvunauasgiunaiinaadisiudaeiedosndadnlus® (Computer
numerical control : CNC) wuy 3 unu fa3ufl 3.21 esifiumstusufogaiununagoy
usaRaFELATas CNC Wy 3 unuaiauwdiaglddnuastununusuil 3.22

184 Dimensions [mm)]

4—70—‘54—-32—46"‘770—"

— 125 —— 116—--—LZ 20
}

JUT 3.19  auaiieg udmsunasouLsIna

(%

JU7 320 BUNUNAADULIIAUY 3 U
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18193 ueufid uguiafaudauinduasnnaouuseisdieind samadeulsads
(Universal testing machine : UTM) a1u11035§11 ASTM E8/E8M é’agﬂﬁ' 3.23 TngiAd oudl
Tuwwanderfuiianssdruussddudalanazanuilunisnnd euflvosyaduiuauog i
10 mm/min %39 0.167 mm/s AatduA1gnsiAuAien (Stain rate) Useuias 0.0009/s
fhogatusruildvaaeusuau 3 Junulu 1 Jeuly
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JUN 3.23  N1SARAILALYAABULIIANE N TUTUNUAIDE1NMEIATOIVAADULTIAS

3.3.4 AISNAFBUAULI
Mswrseufegdmsunageunuuds sudunisiaedntunusiegnedilaain
NSEUINTHARTUNURIDE 199U 1 67 wazdSuszunuiinwesd uitasvinnisnaaeulidl
e ﬁ’agﬂﬁ 3.24 9 ulunedeusae1a3 astaA Ll suu Brinell AUNINTFIY
ASTM E10 f33Uf1 3.25 fagviaveamdnndiyuudsuuin 10 mm T ALIINA 3000 kef
1I81AIAAINA (Dwell time) 10 §i 15 3u9 lé’é’ﬂwmzsaaﬂmﬁaguﬁ 3.6 91N30UNATILA
dranfrauinsesna (d) dendesamesle (Leica EZ4 stereo microscope) 91ntutihauia

Ao o < [ ::91}
i'é]EJﬂﬂﬂ?ﬂlmﬂﬂ']u’]iuM’Wﬂ’NJJLL“U\‘i‘\]’m?ﬁJﬂ’ﬁ ANU

2y

T - VD? - &?

HB dunig 3.1

108 Figr A9 Untinuwsang (kef)
D A8 YuImuaa (mm)
d A YuInsesns (mm)

Tu 1 FoulvaznadaauAULIIT LN 3 AundaieAndundy



(%

JUT 3.24  Junudiegsdmsuinainunds

gﬂ‘ﬁ 3.25 ASasiamnLdauusiua (Wilson Brinell Model MJ)

A v é{' [y < a
E‘U‘VI 3.26 328NARIYLATDIIAAINULLUILUUUILUA

38
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3.3.5 MINAFBUANNAUNIUNITANYTD

WWTBN2DE19UIALAUH A UENA1S 25 mm uazAIVLY 10 mm agi LA
NAAUYNTAAIENTEAIBNTIBLUBS 100 250 350 400 600 800 1000 Uag 1200 Tnaziden
Fenstnorgiunuuin 0.3 uay 005 lAswmsnuiiy Mnduidunulinageuderdos
NAABUAIINAIUNIUNTANNTBUUY Pin-on-Disc MINAINTFIU ASTM G99 Fa3uil 3.27
TneAndaduuiiuiuduiunudsguil 3.28 1 Pin flddmunadunuie wuesamnndn
(100 Cr6 AISI 52 100) suALdusugusnats 6 mm aniunaaeulasldiioulunismaaoy
mus1edi 3.2 Taedlszuunsmaaaunsdnmseiuy Pin-on-Disk fagud 3.29

JUN 3.28  MSARASTLAUAIBENULLATEINAGBUAINAUMUNTANTTE



A15197 3.2 WaulvldlunnsnaaauAINUAIUNIUNISANNTBLUU Pin-on-Disc

fudsdrmsunisvegau nuy | deydnwal
w39UnA (Normal force) 10 N N
aanglunisdulaa (Sliding speed) 0.1 m/s W
svarn1aiiauloa (Sliding distance) 1000 | M X
iuRuAudnaaUae UL uUNsInay (Pin-end diameter) 6 mm d, 2r
d4n1MKIRGaY (Environment) air - -
’qmwﬂ”ﬁ‘ﬁ'ﬁmum (Temperature) 23 °C -
ALAUES (Humidity) 1278 | %RH :
usuaugnansiessosnisaloa (Track diameter) 12 mm 2R
Gusihurusnanstunusogamaaoy (Disk diameter) 24-25 | mm D

4

gﬂﬁ 3.29  LHURISTUUNSIAZOUNISANUTBWUU Pin-on-Disc

flensvadeutasaduduulidnuasaagui 3.30 lneaiunsaniAmdulssansusadoaniu

(W AudRsINsENUIETUNIE (W) laannaunis 3.2 way 3.3

Ffriction = “- N

W, = V/XN

Tag N A9 wssUnd (N)

Friction AB 3@8nN1U (N)

V fie USinnsiaaydevesieg1stununagey (mm?)

X A9 syaznianauloa (m)

dUN1g 3.2
dUNg 3.3
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WefiansaNseeTiinduuuiuiINnaaeulzilanuugaagun 3.31 lngseefiinilninuning
138171 ANNI19U9508ENNRTE (Wear track width) 91T WinA1un119999508@N1T0
V9998 19U UINAdBUTRILRaoulaaIndIwIY 3 dregnsly 1 Reuly wariluauim

[

USnsiigayidevesiegaduaunagey (Disk volume loss) Asaunisnail
Disk volume loss = 27tR [r*sin*(d/2r) - (d/4) (4r? — dA)Y4] Aaunng 3.4
Tng R Ao SAtve95p8dnnse (mm)
d A® AUNINIUB95REENNTD (Mm)

= v a U
r A9 SANYIIUDE (Mmm)

Tu 1 Reulvagawinlsunsigydevesiegi@urnumegeudiuiu 3 Jeyaiioufnidu
ALadY

(%

JUT 3.30  Fuaundmageunnsdnusenuy Pin-on-Disc ta5adu

rq ’I"l’-_‘zg' '“u?".?:ﬂ,ﬂl-*‘,‘n' T 2
e d = wear track width [

SR

JU7 331 $9891NNSNAHBUNNTANNTBLUY Pin-on-Disc
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=Y '3 o L -4 4 1
3.4 MFAATIALASNITUIAIUFUNUTVRINLUTANS)
MTeTEAiiemAdTusNgItasiunaneauieu lassaingania audfgang
LaTN1INTLFHIVMHANVDIMANTERWHaNUT I en A iunn il

3.4.1 ANUdUNUSALUSANeq Aulsunalnmdiey
ynnsneasludiresnisnanminuaenwadlnniedlddoyasudsiiddy

o
[y

MAgItudeyanimuseu lasiasiqania wazaudfidang antutteyanlaumseau
AuFITUSAYaUnI il

5 N2ZXY - (2X)2Y) » .
= 1N75 3.
VINDXE (ZX)2]INZY?- (2Y)2]

oA v v = v A = | a = a v a |
I@EW] R° AD @NFUNUS X A Gﬂa%lasq@ﬂﬂu@ LYY Uill']mVLWLV]LUEIN Y AD ?Jaialjasqﬂwaﬁ]ﬁ LYU

USunaula Wudu udrfinnsangieenuduiusiag den R? aglugae 0.7 - 1.0 uansindoya

Y
[

HutiauduiusiuegalidudAgy
3.4.2 MIAATIRINIINTLAYATIANANAEY EPMA
N19LM3EUFIBE 1IN TUNITTATILNNITNTLANAIT I NANAIBINATALNTY
a . . ¥ [y a £ 1 & o o
2LanNm 39U (Electron probe microanalysis : EPMA) AR18AUNITHATYUAIDY WY U UEINTU
n13nsavaeulasasianalagldngesgansseuiuulduadaerunisintusesdlvuin
1x 1.8 x 1 cm loguszuia lnafdnwausd uaudagun 3.32 $93 uundnnasnineay

= 9 v & Y 1 a a1 = a o d'
1‘1/ILVILUEJiJm“ULUUG]’JEJEJNELUﬂ']?JLﬂ’i']%‘l/mﬁﬁlumﬁlﬁ/l’mLﬂ@JLQ@S@QWWiNW 3.3

A1399 3.3 dunauadveandnuasiminadlniey

Zavazlaetiviin (wt.%)
9%C 9%Si %Mn %P %S %Cu %Ti
347 2.66 0.20 0.044 0.045 0.72 0.132

[

JUN 3.32 Fuaudiegadmiuliasigi EPMA



a3

nelinsnsradeaumendasganssaudiannsauluudainsinaziudnyalasainegania
Usznousoiaulasd (Wuiidsgnasdundes) unslid (uiififleyniasunssuuuusiuuisds)
wazifisalasitiudnn @nasduns) mndeyadenanifurns drenw wazadianinuaninig
ns¥a1efetesfUsznoy (Mapping) Tasidonidauensdl 100x fagudl 3.33 iileuananis
nszevessmietelul Arsueu aneu e Weaneda mueiu newuas uazlnmides
10U 1 Ushe

10 kV x 100

'
[

U1 333 A SEM Fuaiusiegafimdsuens X100



uni 4
NAN153LaLdAUSIUNE

4.1 @UNEUNIAL

'
[ o

INNANMTATIRRAIUHANNIBATlEmalneeffadliatuaUalasuns lasudeya
SMHANUTENOUAIY ANSUBY Faneu wuanila Weavlesa Muzdu newns wazlnnidey
LansRan1197l 4.1 Tne Heat 1 1 4 waz 5 1Judiunanlowosgimain Sanasusuauya
(CE) 061 4.41 4.41 uay 4.40 muddu dwu Feuly 71 2 wag 3 Wudrunasilndyinain
AAfusuaNya (CE) oeffl 4.37 via 2 Fouly TneAensuouauyafunildnuaunis

CE = %C + (%Si + %P)/3 aunis 4.1

a | a < | ) ~ = '
M7 4.1 drunauaaiveuvanvaamnuinimideutoulunngg

Savaglaeinvdn (wt.%)
Heat CE
%C %Si 9%Mn %P %S %Cu 9%Ti

1 3.52 2.63 0.19 0.046 0.042 0.72 0.033 4.41

3.47 2.66 0.20 0.044 0.042 0.72 0.132 4.37

3.51 2.55 0.19 0.044 0.043 0.78 0.222 4.37

3.56 251 0.19 0.043 0.045 0.77 0.288 4.41

(S4B I =N B GV I\

3.54 2.54 0.21 0.040 0.044 0.74 0.349 4.40

(Y < 1
4.1.1 SINANVBILNANYIABLNN

Tumdnuaamiluismmanuszneuiiepsusuy danesu wemia weanesa
o [y} 4 [VR~3 Y] | ‘:21’ a fal a < | a I3 o
wariuzdu 1o Ansuay T dusmusiusuawnsWaNin ludnaamn NIINAITUOUFINT

I

Aaunstnaunguy lunmsatudimnysnnaisveumaziaunsiiddes anewdusig
1 QI = v 6 A QI a 3 dy = % v o U a
FreuiuanesAINliwns INAus ot AulaN1@AAWNS INALINTY wUINTEIEIURINUANEHULAA
Wua1susenau widn1dadalns (MnS) vianiimduiedsaliduwnsing weanasaae
duasunisinadaasiiuanrasunal mneanesaduiniiulverainlaseasrsanialag
d; =1 [ [ v Io =3 1 a a ) [y o [y 1
Falmundawsakarsunsinseunnlanidalidaisiniu 0.1% wazd 1 nsumusau wnlyil
=1 =3 1 o [ LYY I3 I @ o 3 a (v 1
wusnalumdnuasnuzduazsiusdumandurandalng (FeS) Jaulsiewaniingie

MuzdunITzRosnIuAuyIIalvegluveulun Ao liAdsiu 0.1%
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4.1.2 SN VDANANUADINN

Tumsndndetvtunumdnvaamidmsunsiseiiusinaiu Ao neuns
warlmndey iiedisusulassadsiiuuazunslad TaeTaguszasdnisfunesunfiousy
Tassaeilfivsinaveadisalaiiiutu lneddalavidiiudurilianuudusegs edrls
A elddufumnuesdenvennsuiisalavise dwiunafulnnidey Weasruinves
unslliveriliunslnsfanuazdeatu veniudlnidendiisdnaiumaiameslsd
wagdsasuliiina1susenaulnnilon (Titanium containing compounds : TiCCs) 8naae
Fefaulalunisidedae nndeua9ludd sianuudsgamnzdmivanudesnisautd
AUNIUNNTENNTO

a ¢ v
4.2 N15AAIITUNIAINUIDU
< LY o I3 Y
4.2.1 AINNSLEUAILAZDATINITLEUAD
< % 1 e’i’ = a | < % P v
N3N UMIVITNIIUASULUAIGUNHUTTUININITUTINY FIUTZNOUNIY
Qmwgﬁqmﬂaﬂﬁuma{@a%ﬂ (Temperature of eutectic undercooling : Tey) e
gLMﬂﬁﬂ?LLﬂaLaaL%uﬁ (Temperature of eutectic recalescence : Ter) ANSILAALAALYUR
(Recalescence degree : AT,) LLazé'mﬁmiLﬁuﬁaQﬂqm (Maximum cooling rate : MCR) lag
TeazBundyanualiinUsrain M aduiiuassnsInsluiiuanifsgun 4.1

Temperature, °C
Cooling Rate, °C/s

Cooling Curve

Cooling Rate

Time, sec

JUT 4.1 dydnualiudsvesnsmnsiduiuazdnsinisiudm



a6

@ v @ L] Yo v [ ~ Y @ oA
nNIsudeyansnnIsidudivesnimaaedlasutayauantdeguin 4.2 wansliiuing
Usunalnmnieusanulinadnwsvaadnusniannusaunianu tngdkusaanardlawn Tey
Ter AT, 4oz MCR agulunisan 4.2

1200
——0.033%Ti
——0.132%Ti
— 0, 1
175 0.222%;”1"1
——0.288%Ti
O 0.349%Ti
8" |\
2 1150 }
é& L
=
(0]
H
1125
0 T S
0 50 100 150 200

Time, sec

UL 42 nswimadusveswdnuaemdutiinalnmidlon 0.033% 0.222%
0.288% waw 0.349% ALEAU

d' o o = = |
M1 4.2 (51']LLUﬁVl’Nﬂ'J']ﬂJi@usUaﬂ‘lV]LV]LUEJ@JLQ@UVLGUG]'N6]

Ti, wt.% Ty, °C Ter, °C AT, =Ter-Tey, °C MCR, °C/s
0.033 1154.10 1161.78 7.68 -2.59
0.132 1147.96 1153.05 5.09 -2.21
0.222 1149.59 1156.60 7.00 -2.28
0.288 1144.51 1154.49 9.98 -2.52
0.349 1130.69 1138.56 7.87 -2.76

IngAnuduiussendng Ty AulSunalnmidenuansdssun 4.3 & Ty Aoaumgiiug

Y

aaa

fansifintiedvaveslisergmadnsenitseeawuluriduunsing dunalainusunnu

Y

0.0339%Ti Aw8s Tey 071 1154.10 °C WovSunalmmdsaudfindudu 0.132% viliawes

Teu anaadu 1147.96 °C LL@sﬂé’UMLﬁuﬁu 1149.59 ©C '17‘i 0.222%Ti 910U Tey aR8Y
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agnerawilos fie 1144.51 °C wag 1130.69 °C Fivsunalmmionvintu 0.288% uaz 0.349%
AUAINU d1SUANMNENNUSTEIIN Ter NuUSHalmllanlulumafeanuiuanudunus
58719 Tey AuuSanalmndeon Tnefiu3unn 0.033%Ti A1vea Tes 081 1161.78 °C Lile
Usinadlmnfoniiududu 0.132% siilvienves Te anaadu 1153.05 °C uavnduunifiady
1156.60 °C 71 0.222% 91n1Ju T anAt0E1IRBLT 0 AD 1156.49 °C Way 1138.56 °C 71
Umnallmimidlenminfu 0.288% wag 0.349% fsgUil 4.4 Faen Ter uansisgamainisidule
voslassainagimadn dmsu AT, UFuna 0.033%Ti A1ved AT, gl 7.68 °C iileusunal
Tmmdouindwdu 0.1320% vinliarves AT, anaadu 5.09 °C waznduunAuduogns

felles Aa 7.00 °C wag 9.98 °C §i 0.2229%Ti wag 0.288%Ti AMLEIU 9 NTu AT, anaudy

=

7.87 oC \dlelvnidloniuds 0.349% fa3ud 4.5 Tugmves MCR Wiadasnaidusiigaan
wanensI fagUTl 4.6 1eiansananuduiussening MCR Aulnnidenuds wuinTuna
lyndlon 0.033% A1ves MCR aglil -2.59 °C/s ilousnalmmidendindudu 0.132% ¥
TiA1wes MCR diuduwdu -2.21 °¢/s Fudurngean dauieuldindnmdusaniedan
ndsarntuAives MCR anaafiu -2.28 °C/s -2.52 °C/s uag -2.76 °C/s fiusinailnmiden
0.222% 0.288% wa 0.349% MINE1AU laguansnuduiusdnsIn1sdumaaaiuusua

Tndlew faguin 4.7
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0.222% 0.288% Waz 0.349% M1ua1AU
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0.033% 0.132% 0.222% 0.288% way 0.349% Mua1nU
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4.3 1A3983193a01A

nsnsavanulassairsganialdutseandy lassadsmaniadeudadusosdmsy
miﬁmimé’ﬂwmzﬁmgmmaaLLﬂiiW@TLLazimqa%’wqamwé’qﬁ’mﬁmaaimamwaau
o893 uauta 5 Feulediduunalnoden 0.033% 0.132% 0.222% 0.288% uas
0.349% pud iy Famsradeusendesganssmiuuuliuas (OM) Afidswene 100x dmsu
ndesanssmididnaseunuudeansin (SEM) aglinsaaeulasainmaniandtntusosiag
l¥mdsvens 500x dwsuldiiasizeuninaisusenaulniniey

4.3.1 Tnssadrsqamanaufintusesuasndsintusos

Mnamlasiasianianeufniusesusngliifudnumuedugiureaunsing
Tnudleniiuunm 0.033% dnvarduguesunsiididu Type C iesnildrunaumani
ogflutsleiesgmain shliseninmadsumannueanarluifuvondaiumaseuds
wsnilinde wn3lnAUgugdl (Primary graphite) daalidvueilanindledisusuwnsingi
Lﬁmfuﬁﬂﬁﬁ‘%m@JLwﬂﬁﬂﬁ’m%’UU%mmimmﬁw 0.132% uazUTualnmiden 0.222%
0.288% waz 0.349% anwazdugiuvaswnsliidu Type D wauiu Type C lasunslg
Type D {ln11uaztdensin uaﬂmﬂﬁé’aﬁaaamuhﬁﬂgugﬁ (Primary austenite) anwugidu
wulasdnszategianiglulasaiiegania anilddseauliluauidenoundai
(Larrafaga wazAgdy, 2012)

wdnnaswnAduTiadlnniden 0.132-0.309% wundngiuunsluddaiig
azBeauniu lnsfinnsnszatedniglulasiadisqanialndifsstu Inenadwidangt)
aenAd 04 UIIB9IUYDS Lamanaga wazAny (2012) luynideulynudn funslidugugd
Usingey lesanesduszneueiioglutiaiiudiunanymadnidnies figud 4.8 dmsu
Tassadavdsint usesagiiarsanlassadneiu (Matrix structure) Fegufl 4.9 uansuuna
yosfiuiiiasieg lumdnuaomiuiualmmiden 0.033% 0.132% 0.222% 0.288% uwaw
0.349% mug1dunudn Usinawnstidlaldildsuutasegafideddgdedinlnmden
dmsusednaiill 0.033%Ti Tassadreiundn fe wWiisalavudidoialnmidemdu 0.1329%
Unauitsalavianasvidewiios 20.8% oeslsfinuilofinlnmidennntu vsinanisalad
ndufisdudntos faguil 4.10
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0.033%Ti 0.132%Ti

0.222%Ti 0.288%Ti

0.349%Ti

U 4.8 Tassaisgananeuindusesveaundnvaemmitiilnmien 0.033% 0.132%
0.222% 0.288% Wag 0.349% mua1wiu (Aasue1e 100x)
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100
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£

JUN 4.10  waveslnimidlousdedesasiiunvesusiaving lnef %Gr = Sauavuaunsiug
%Pl = Sawarvoiialan wag %Fr = Sovavveanaslsn
(K. Worakhut, S. Boonmee aganly, 2025)

v v W c’i’ < B =1 1
4.3.2 1n59a5199a01AnEINATUTOVRMANNE o NT S lnimllasing g
} % v fa & 1
AlendesganssAididnasoutuudasnsin (SEM)
m‘wa'w8(31”3sJﬂé’amammﬁ%Lﬁﬂmsammua'aaﬂimsuaqé]”aasmmﬁﬂwdal,mﬁﬁ
USinaulnindeusneg vasunsinlusosuaninesun 4.11 lnssas1aganIAveuanae
AT Usualmmilen 0.033% Usenouaignns WL UULNUSKEIU (Coarse flake graphite)
waziisalan WeauUsinalnndeulassasnganieagdunsividuuuwiuaziden (Fine flake
. i 1) ¢ | ¢ & a s ¢
graphite) U303 auduunsbud uiunervunegdiu iwesls wasiiisalas syninves
a1suszneulnmiilyy (TCCs) nuinseangedsous unshilduazlassasisnuduandugud
4.11 v93 TiC Particle Ingauniauaiidvuinuanansduly nsiiasigiesrusznouniaaidl
YotounAasUTENaUlnileufmnaliANBLIINTEALNAIU (EDS) NUinaun1Anaviue
Usenaumesinlmmillen uagA1suau Awandlugun 4.12 Yneymawmaiilfie ey
A5 buA (TIC) Moumeni wagamdy (2013) LaaSulalaed 1984 Ternary phase diagram
Y9955UU Fe-C-Ti AU UTY 3.5%C wag 0.3%Ti tiokandliiiuin TiC a1u1satindy
laflguungiasnitguugivasuivaivesninvae deuudsaiunsaaguladn TiC
A10150N 072 UlA LULMA NVaRNLadI N aUNISIA AYeIRaaulus (Austenite) Tusae 19
paualdnuansusenau TICN, TiS, kag TiN 9919ui09u191nUSuunuzdu (S) Annunn

(0.04%S) waznsidindnndfidvsanalulasiawi (71 ppm) g‘dﬁ 4.13 LARIRIDE1NNINAIN
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Sidnnseunfsnil (Secondary electron image) ¥eaimanvidemmitsiusanalmmden 0.132%
Tnemuiteynia TiC (ignast) Suuiliuiiregluuinusevialasd uasinnueglndfiu
wnsiAkuuagiden (Fine graphite) aun1A TiC uvedluatusanulaluuiulasaiig
wulasduazuinaszninanulasd (Dendritic and interdendritic areas) Tngwuiieslaid
synaluuinaaulasfivindy nsTiesginmeetseunia TiC wansliiuiidmaues
ouA TIC WitumuuTuamesimndey (T) dluudnueulasduazssnitaaulase s
uandluguil 4.1da Jsaenadosriunanisinunnounii (Moumeni uazany, 2013)

uana1N{l Moumeni wazAme (2012) 91841771 auna TIC dawlngjdnwuly
Uinaszriaaulasd Geaenndestunadinulunuided yuInRasYeteyna TIC Tuuim
wulasduazszninaaulase uanslilugudl 4.1ab wudvuiaveseynialuisaesuiiom
firussudniies Tasuinauseninaulasdivunneymailvgnindniesdeiouiie
fuuinanaulesd sndunsdlfsilnmiden 0.222% Faldnvaurinluanuuliiuiny eyum
1§31 eunia TIC suwlvgemiuluszerusnvaanszuaunsudsiveddany Seiliinan
innelunsidulnudvunlnglu suefleunia TIC suiadnnaflugianafidinds
uananil aynia TIC Ssfuulduiiasgardnluduntinisudssvodlandliluazauegly
Uhasgrminamulasinisusingueseynia TiC lulasiadeganiamninazdmanssnulunig
auslanNaansalunns nds la (Machinability) nstislmmidlen lusinainniduluea

AN SENTTovRLATOANEIUY UIIRANINNTY UaeAMAINRITLLTLIA
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10 kV x 500 — 10 kV x 500

0.033%Ti 0.132%Ti

10 kV x 500 — 10 kV x 500

0.222%Ti 0.288%Ti

B e £SO
R G y
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>

10 kV x 500 — 50 pm

0.349%Ti TiC Particle

JUT 4.11  Tps9a5199a01AdiendndganssAuBianAsouluUaeInT1nvaindusesd
USunaulnindien 0.033% 0.132% 0.222% 0.288% 0.349% uag aUN1A
TiC guenay (Masveny 500x)
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Element Weight% Atomic%
CK 35.44 68.64
TiK 64.56 31.36

+
Spectrum 2

6um ' Electron Image 1

0 1 2 3 4 5
Full Scale 105 cts Cursor: 0.000 keV

JUN 4.12  fegreanesu EDS veseuna TCCs Tusagraniiusunalnimiden 0.288%
wansliiudansiieguateynia TiC

10KV X500  oeemmmmm—50pm

JUT 4.13  amaedidnaseunfeniivesndnvdemiivsalnivmien 0.132%
(gnastsiumiseseynia TiC) wandliiueynia TiC dwlvgeglu
Ususeninuaulased
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JUN 414 Iwnunazrwambevetsynia TiC luuiuanulasduasusnuseniraaulag

Anvlumanraswusunalnmiousening 0.132- 0.349%



58

4.4 ANULVILITIAINAZAIULYS
anuduiusauudussfsveundnnaomidusunalnmden 0.033% 0.132%

0.222% 0.288% Wz 0.349% uansdasuil 4.15 Taswudn enrudumuussRafinduadig

Foraudlowdulnmdenludiana 0.132% dadunaainnalanisiaiunnuud sy

a1583a18903u99 (Solid solution strengthening) waziiowfis b deouluuSunaiig sy

' (%
a = a 4 LYY

AMuFIUNLLS I adInaRuTuTias s fefu luldvesnsiumuEIumILLT e nSLRY
TnmiflenuSina 0.132% Fafeiniusvansnm nsislnmifeousnnning lidsaaliaag
Frumuussiaiintuesnsiiiddy utasiudunuuasnolfiAntymiiudulunssuiuns
naoulany

dmdupnuduiusarmuudwesnsnanaewmn fiusualdnmidey 0.033% 0.132%
0.222% 0.288% way 0.349% uanasaguil 4.16 TasArAnuudedinnuiuniueylugis
Usganas 150-200 HB FalndiAsaduannsgnu ASTM A48 Class 20 (Uszanas 160 HB) uand

Tdiuusualndeullladaalumuaiundanndn

200

175

150 r

Tensile Strength, MPa

125

100 T T TN TN NN SN TN TN TN [N SN UMY T S [ T SO N
0.0 0.1 0.2 0.3 0.4

Ti, wt%

JUT 4.15  anuduiusseninsmnuudnssiaveandnuasmuasUsinalnoilen
0.033% 0.132% 0.222% 0.288% wag 0.349% AUaIfy
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Ul 416 mnuduiudserinsmnundweandnvaownuaz Usinalmmiles
0.033% 0.132% 0.222% 0.288% Waz 0.349% MUAIRU

4.5 AUANUNIUNITANATD

nsnagaun1sdnmse Normal Force (N) gniwuapsiili 10 Sy uagshmsiause
A0 (Fricion) WneAnduussanausadoanmu (W) Awiedesldaunisd 3.2 aruduiug
sewimndulseansusadunniuiuszeznedidulaa (Sliding distance) LLE"INEU‘ﬁI 4.17 910
uansnaaomui Tuthausnueimsidon (0 - 200 was) AdudsyAniusadeamiuasiiiaiy
pg1adailes esanAam1ves Pin uae Disc t3ufin1sdadiu viliiAnn1sdaenia
(Polishing) Tugasil ANYIUTEVBIHT (Asperity) §AUATENINNHIVOI Pin uae Disc danalv
usadsamulurasdudeudrsi Welluiduiafouty svuandigannizasia (Steady
stage) Sardudsransusadonmuiidasi Tnglunisvaaeui szpgaaiafntuivszann
700 wns ngfnssuivedianalandnvesnisdnuselussuu fe n1sdnnseuuudada
(Adhesive wear) dwsunsanuseuuudng (Abrasive wear) TneluAdulsyandusuden
yuasusuluAgeudrosy anasaudngennad dnvasledefunginssuvesaruusnly
annel41ua39 eaefi99 Running-in stage AMUAIBYI9EAIZAIR (Steady stage) Tnegas
anzawia fanudidgannnii esndudsiauusnldanueiannian uenani
usanasEsEusaazUsneglusiugs shdufusiunisinnsinuseuuudedn JUi
4.18 uansrindsvesduussAniusadonyulugasssegyng 700 §1 1000 wms nelduIan
Ty 0.033% 0.132% 0.222% 0.288% waz 0.349% wuinadulszAvdusadonniud

Agealifinswulnnillen uaziedfandiedulnmideunsedu 0.132%
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JUN 4.18  Anuduiussendneduuse ASusudunnunas sEeEn1amaaeuRaeYie 700 Wns
{14 1000 a5 vosnanuasmfvsualmmden 0.033% 0.132% 0.222%
0.288% Wa 0.349% AUAIAY
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PnduAdusgansusadgamuaziintudndloUsinalnndeuiudy wuilduvens
= a e Y 1 [y a [y =2 o .
Aoy deUSUINTVRITUNUMIREUANIAITUT 4.19 wagdnsINsENnTeTUNIY (Specific wear
rate) UAMIRIFUN 4.20 wansngAnssulufianiafednuiuAdulssansusadonniu sening
N1SNAERU YAVIVILVUINLANTDIAANE (Asperities) dsduladuiuLazaeldusainags
Asperities Lanflagiinn1TidesULULATTT wasdaRanuiiduda nounazgnideunanesn
S a &% a | v a g & o | oA
n3eUIUMSinT g1 nasnni1sauloa dwaliiinnisgadelieTaneg1wioilaly
@ 1 @ v . 1 a 1 v a s '3 1 a

WiEnVaeLavlraNna Fei wazaniy (2023) 91891u71 NMsileguadasiasiuiisalant dwade
Ao unIuNsdnusewuudnfn lnadiniinsessnawadnldnuiinisdnuseluuiion
g ac ¢ A ' v = = a v v ac ¢ a

mduisalant Wesgneldnisdnuseuuudniin neldusinaas lassasaiisalaniasiinnis
HegUuazi@oumilunusesiny dwabiianisgadeiliodan Turuenlassasiaeslamd
willinsesinlateeninisalan Jadlmnumangausean1siununsd@nusaiuuinge
1NN AvesdNUsEANTUSUAEANIY dnsn1sdnusedimnie waznsaqdeUiuinsves
Funumedadauduiusivannendusuaiisalaisifan Turnuluass fegreifen
duuseAniusadganiugegadusunalnmiilonindu 0.033% Feaenndesivaniiend
USunauiisalasigeiian WevSualnmdeniiviu wuinisalad duwiliunedndungu
wngluvsnauseninuaulase vliiAalassadeiliaiauewaziiuaAdudseavsusaden

N

2.0
20 15 B
g L
=) /
8 s
— L J
) LN <
g 1.0 Y
= r \
B \\\ ,"
> N /
% \\\ '/
Q 05 B ‘\\\ Il"
00 b— v v v
0.0 0.1 0.2 0.3 0.4

Ti, wt.%

'g‘dﬂ' 4.19 ﬂ'ﬁqigl,?isjﬂ%mméuaﬁmmﬁaasi'mmﬁmna'aLmﬁﬁﬂ%mmimmﬁam
0.033% 0.132% 0.222% 0.288% Wag 0.349% AUaIfu
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E“LJ 4 20 E]Gﬁ’]ﬂ’]iﬁﬂ‘lﬂi@"ﬂ’]LWWUGUE)QGUMQWUGI’JE]EI’NL‘Viaﬂﬁﬁ@LWWWNUiMWﬂJIV]LVILUEIJJ
0.033% 0.132% 0.222% 0.288% Wag 0.349% AUAINU

fufiansdnvsevesmdnudewniduiinalnmdonoglurag 0.033-0349% uanafegud
1.21 Tngaogaisnuanansiiuiansdnused Tou Fsdeddanalnnnsfnnseuuudafa
(Adhesive wear) Ingwuindegnsfifiviinalmmdeuindy 0.132% Wiufn1s@nuseiiou
flan Gsanndestuarduuszaniusadoaniusiign uenainiaunitwwessesinusely
dheghefiusinallnmidon 0.132% dwlesiian Usifenisdnnsediaduaneuntuuaznig
andoideTantesndiiogndug Aivsinalmndouuandtu n1sfioguosoynia TiC
Tilddamangafitoddmaannudumunisinuse wagdtlddiodiuannuudauuuusiua
(Brinell hardness) ag1staiau Sadunaitlsianda iosain Tic Wumaiiauudegs il
ansaesuielamenalnvesnsdnnsewuudain lagseninanismagey aun1a TiC 81390
eusannieuiuiidolassaiaiiuuay ﬂmEJLﬂuaummmwmmmmLﬂuaaﬂmwﬂummms
ng dwaliiAndnsnisdnuseiigeiy GuammmuaamﬂaamumaaNmuﬂimaﬂmmuw
0.288% Wag 0.349% wiagdlu3unm TiC G uinFuLanssnansinusefisnnnit uenani
fufnnsinnsevesfesaiaessauanssesnsinuseiilifou Saufnannsileguasaynia
TiC Avgaoonun annnseAUTenounit nuirlmndendadmadeuTunauazvuinves
unslsl ssfsdnduveadisala Tumsfnund wuinsfifisalavluiuasnnuag s
ouA TIC ifindudmaliinsninisdnusosimeiigeiu nefogeiifisnsnisdnse
Fumzaniige fe fegrefifuiinalnimiden 0.132% Feufazdarauudsdeudren und
Usinauleslsigananuaziiiisalarilusedusingn shefignnismaaeunisdnvseuuu Pin-on-
disc forfunisnageuidosiu msAnuduandiifuisdnonmeesnafiulnndeuly
USinaivsngasiiietoiiuanuiununsanvseuazanuudause
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ag9lsAnu aussougvesnuusnduegdudadedug wu nsnszareauieu Ay
FumuALSoU AU luNIseaay Ussnnvasrnusnild wWusu deademaniaiunse
Faaslalasldaruusnruinase dadudanisndudsesiiunisiunisaneluauian

10 kV x 80 — 200 M 10 kV x 80 — 200 pm

0.033%Ti 0.132%Ti

10 kV x 80 s 200 1 10 kV x 80 e 200 M

0.222%Ti 0.288%Ti

10kV x 80 e 200 i

0.349%Ti

UM 4.21  amaedidinaseunfeni (Secondary electron Images) UadiiuiINTg
dnvsevesmanuaewniivunadmnden aglugig 0.033-0.349%
(80x)
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v ¢ ' a £ =

JUN 4.22 uanaauduiussenieadudssansusadennu (W) dudSunadisalan wuii

devsmnaniidalavifisiu Aduuszavsusadoamuiisdu aunsaesunegldinidalasniu
Tnssainsgmanasd (Eutectoid) Usznaudnemlaslsviuasininanslug daoamatfiauuds
ety denaliiinusediudenisiadeuiives Pin luszwinanisvageudenaliadudssans
usadsavugaty Tuwneiiviinaveaunsinddeudnansd aavheaudiiusseninaiinms
Fnnse (V) §05n1sannsedumz (Wy) waza1duuszdns usadeaniu (W wansldidiu

Ly Y

ANUFNRUSTITEAUGIMUURURTY

1.0
= 08 F
=
2
3 :
£ 06 |
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S oal O
QH BN e =—
8 | O -----------------
/ Q...
02 F O
OO .....I....I....I.."luuuu
0 20 40 60 ~ )
%Pearlite

SUT 422 andudsyavipusadeauduilsiduvesUsnanisalanluman

‘Ma'aLmﬁﬁﬂ‘%mmlwmLﬁsma&ﬂmm 0.033-0.349%

a I's [y Y -4

4.6 N1FIAISKRAREUNUD

anduius (Correlation) iuanuduiusszninaduwusaaws 2 fvuluniedeya 2 yn
dy a LY % L4 1 o 1 = v = Q’JJ 2 Y] a Q‘
Fuld Tun1snasanaudunusseulInedmndsi duintdeafiosladuazldmrdudseans
anduus (Correlation coefficient) \uarinmnuduiusinelddyyanwal r v3e R? wnuan
FUUSEANTAVEUNUS ANAUEUNUSTENINFILUSTLT9NANTaU1 AB -1 < r < 1 (Hinkle D. E.
1998, p.118)

ANSUBNILAUNI DVUIAVDIANUAUNUS LUHavUDIA1FUUTLANT ANFUNUSUINAT

v fA 1 Y

duusgansanduiusiandnlng -1 vise 1 uansds dauduiusiuseavas wimndiandnlng
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0 kanIDY DAuduRUSIusEAUL ey vSakifiay N1sHansanAduUsEansandunusineialy

v

1o nadl

A r SEAUVDIAUAUNUS

0.90 - 1.00 fanuduiusgenn

0.70 - 0.90 fanuduiusluseaugs

0.50 - 0.70 Hanuduiusluszauurunans
0.30 - 0.50 finuduiusluszdusi

0.00 - 0.30 fiauduiuslusssusunn

A58 + WAy — nifevduUsEAs anduTuSUenas Arvnsvesmnuduus

Tneil

r BeSoaine + wuneds Msfanuduiusiuwuuwlsns

 SpSosing - vaneds MsfieuduiusTunuuwUsHniy
A5 4.3 uansruduiuSssrsiulsieseilueuddel Tnorinandunsiadus
FuUszans anduius (Correlation coefficients) @ sldlun1sinseiuaiudunudifadu
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Abstract

Gray iron has been a conventional material for automotive
brake discs due to its thermal conductivity and low pro-
duction cast. Achieving optimal wear resistance is cruecial
for ensuring performance and durability in this applica-
tion. This investigation focused on the effect of ritanium on
the microstructure, mechanical properties and wear char-
acteristics of gray iron. Various amounts of Ti ranging
Sfrom O to 0.349 % were introduced inte hypereutectic gray
irons. The microstructures of the samples were examined
using the optical microscopy (OM) and scanning electron
microscopy (SEM) showing that the matrix structure con-
sists of ferrite and pearlite along with lamellar graphite. Ti
addition decreased the percentage of pearlite in the matrix
significantly. In addition, Ti significantly refines graphire
resulting in the Tvpe-D) gray fron microstructure. Energy
Dispersive X-ray spectroscapy (EDS) revealed that TiC is
the predominant Titanium-containing compounds (TCCs)
in this study. TiC particles were dispersed and resided in

the interdendritic area. The number of TiC increased with
Ti added to the melts. Furthermore, the addition of
O132%Ti resulted in the lowest specific wear rate at
316 x 107 mm’/Nm. This improvement in wear resis-
tance was due to a combination of matrix structure and a
reduction in the coefficient of friction. Additionally, Ti
significantly increased the tensile strength by refining
graphite and increasing primary austenite. However, the
higher level of Ti did not show further improvements in
both tensile strength and wear properiies. Cooling curve
analysis showed that Ti has an effect of lowering the
eutectic temperature resulting in finer graphite.

Keywords: microstructure, wear rate, wear resistance,
titanium, gray irons, cooling curve analysis, titaniem
carbide, EPMA

Intreduction

Gray iron is a widely used material in varous industrial
applications due to its excellent thermal conductivity,'
good castability, low cost per unit mass and high damping
::apac:it_v.2 In addition, gray iron is the most common
material of choice for automotive brake discs. The required
properties for automotive brake discs are good thermal
conductivity to dissipate heat effectively, high wear resis-
tance to withstand the friction against brake pads for
durability. Durability of gray iron brake discs can be
improved by surface coatings.” There have been alternative
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materials for higher performance automotives where per-
formance is more important than economics such as alu-
minum alloys or carbon-ceramic composites (CMCs).

Aluminum’ brake discs provide a significant weight
advantage, which helps improve fuel economy and reduce
unsprung mass for better handling. However, they come at
a higher cost compared to cast iron. Aluminum has lower
thermal resistance and is more susceptible to warping
under heavy braking.

Carbon=ceramic composite (CMCs) brake discs are used
primarily in high-performance vehicles. They are extre-
mely light and offer outstanding heat resistance. Carbon—
ceramic composite brake discs are manufactured by
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creating  carbon  fiber  reinforced polymer (CFRP),
pyrolyzation treatment, and liquid silicon infiltration.* The
processes are extremely costly, making them impractical
for mass production. Despite these alternatives, gray iron
remains the material of choice due to its affordability,
reliability and globally standardized.™ Table | compares
the advantages and disadvantages of gray iron, aluminum
and CMCs brake discs.

Wear resistance is an important property for brake discs.
Brake discs are subjected to high friction and temperature
during braking. making them vulnerable to wear. Materials
with high wear resistance provide longer service life,
reduce maintenance costs, good reliability and safety.

The main types of wear mechanisms include (i) abrasive
wear, which occurs when hard particles or rough surfaces
slide against each other, causing wear debris; (ii) adhesive
wear, caused by the bonding and subsequent tearing away
of material between two surfaces; (iil) corrosive wear,
where surface material is gradually removed due to
chemical reactions; (iv) fatigue wear, which results from
cyclic loading that cause surface cracks and loss of mate-
rials on contacted surfaces. Among these types of wear,
adhesive wear is associated with high load and heat which
cause adhesion and plastic deformation between sub-
strates.” During the braking action. brake pads arc pushed
against the brake dises creating friction. This friction resists
the motion of the brake disc; hence reducing the vehicle
speed. The kinetic energy is then converted into thermal
energy or heat. Therefore, adhesive wear is considered as
the main types of wear for automotive brake disc during
service life. The combination of adhesive, abrasive and
corrosive wear are also possible in common service envi-
ronments.® Adhesive wear is often associated with smooth
and shiny surface appearance.

To enhance the performance of gray iron, researchers have
been studying the effect of different alloying elements on
its microstructure and mechanical properties. One such
element that has been investigated is titanium (Ti).
Research has shown that the addition of Ti to gray iron can
increase  the fraction of austenite improving tensile
strength.” ' In addition, Ti promotes the formation of a
eutectic mixture with very fine graphite (Type D). At over
0.2 %Ti, ulimate tensile strength as high as 250 MPa are
obtained for irons with medium sulfur level, while the

tensile strength of the low sulfur irons increases to over 275
MPa.'" They suggested that the combination of superfine
graphite (10=-20pm) and greater fraction of primary
austenite contribute to the high strength observed. Similar
observation of very fine Type-D graphite was also reported
by Moumeni et al."" in gray iron with 0.1 %Ti or more (up
to 0.36 %Ti).

Ti also forms intermetallic compounds during the solidifi-
cation of cast iron. Zeng et al.'* reported that the Ti=con-
taining compounds were found in the microstructure of Ti-
alloyed gray irons. The compounds are believed to be
carbide, nitride or carbonitride. These compounds con-
tained V, Nb, Mn and § along with carbon and nitrogen.
The number of Ti-containing compounds were found to
increase with Ti addition.”™" Later, Moumeni et al '1®
used characterization technigues to identify the compound
as TiC with cuboidal morphology. They further reported
that TiC particles are typically found in pearlite, often
located in the interdendritic area. It has been suggested that
the TiC forms in liquid iron before the austenite formation
and pushed to the interdendritic area. Earlier studies pro-
posed TiC as a favorable substrate for austenite nucleation
due to the small lattice mismatch between austenite and
TiC."* However, the location of TiC in the last solidifying
regions suggests that TiC is unlikely to be a nucleation site
for primary austenite reported by other studies *'1"2
Similarly, TiC is not considered to be a nucleation site for
‘gr“.q:l}'lilc_'3 The amount of TiC increases with higher Ti
content.” However, the size of TiC particles remained
constant regardless of the Ti content."

Other possible titanium-containing compounds (TCCs)
include titanium mitride (TiN) a hard compound, forms in
the present of nitrogen, (TiMn)S in form of inclusion with
star-like and rib-like shapes when high Ti and s? and
titanium carbonitride. Aulina et al.'* reported the occur-
rence of TiyC,8; in compacted graphite iron with 0.3 %Ti
addition. Sommerfeld and Tonn'® used the Thermo=Calc
software to demonstrate that the Ti,C.8; particles forms at
1185 °C in hypoeutectic gray iron. The formation of these
various TCCs, particularly the hard carbides and nitrides,
can have a detrimental effect on the machinability of gray
iron’; however, the presence of these hard compounds can
be beneficial to the wear resistance required the brake disc
as reported by Boonmee et al."® that hardness increased
lincarly with Ti. As noted, the formation, location, and

Table 1. Summary of Advantages and Disadvantages of Brake Disc Materials

Material Cost Weight Heat resistance Durability Application

Gray iron Low High Moderate Moderate Passenger vehicles
Aluminum High Low Lowimoderate Moderate Light weight/sport
CMCs Very high Very low Excellent Excellent Sport/Luxury
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impact of TCCs in cast irons are not well understood. The
combined effect of Ti on graphite fineness, fraction of
austenite and formation of TiC were reportedly to improve
mechanical properties in gray iron. Larrafiaga et al®
reported that the ultimate tensile strength greater than 300
MPa could be achieved by 0.2=0.3 % Ti addition (with low
S). Similar results were reported by Razaqg et al.'” with
0.46-0.59 %Ti addition. However, Ankamma'® showed
that Ti lower than 0.05 % did not significantly improve
tensile strength. The improvement was observed at 0.10
%Ti. Gomy and Kawalec'” reported that Ti addition in
thin-wall compacted graphite iron did not significantly
improve the mechanical properties. Ti positively influences
the mechanical properties of gray iron, making it a
promising material for automotive brake discs. However,
there has been limited research on the wear properties of
Ti-alloyed gray iron. This study aims to investigate the
impact of Ti on the microstructure and wear behavior of
gray iron. Additionally, the core differences of this study to
others are the boarder range of Ti (hypereutectic compo=
sitions and low sulfur). Specific wear rate and coefficient of
friction were also tested in this study.

Experimental Procedure
Test casting Design and Production

The test casting was designed as per ASTM A48 (Fig-
ure ). A casting simulation program was used to assess
shrinkage cavities and mold filling. Five heats of gray irons
were produced using a 100-kg induction furnace. The raw
materials included pig iron (low S grade). steel scrap (71
ppm of N by combustion analyzer), ferrosilicon (Fe-76.5
S081), ferromanganese (Fe-73 %Mn) and carbon raiser. Ti
was added in the form of ferrotitanium (Fe-71.9 %Ti) in
the furnace. The inoculation of (1.3 % of the melt weight
was conducted in pouring ladle. The inoculant used was Ca
and Al bearing. The tapping and pouring temperatures were
approximately 14500 and 1380 °C, respectively. Molten
iron was transferred to a pouring ladle (30-kg capacity).
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Figure 1. Dimensions of the test casting for microscopic
examination and mechanical testing.
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Molds were made from sodium silicate resin sand cat-
alyzed by CO,. Six test castings were produced for all heats
with varying Ti from 0L033 to 0.349 %Ti. This range was
set to cover a wide range of %Ti. The (0.349 %Ti was set as
the upper limit due to cost limitation and difficulties during
the melting operations. Higher Ti resulted in too much loss
during the addition. An optical emission spectrometer
(OES) was used to determine the chemical composition of
sampled gray irons.

Thermal Analysis

Thermal analysis was used to collect cooling curve data for
all heats. The interior of the sampling cups was cylindrical
with 31 mm in diameter and 50 mm in height. The wall
thickness of the cup was 5 mm. The cup was made of furan
resin that is equipped with thermocouple type-K at the
geometrical center of the cup. The data was collected at a
frequency of 2 Hz.

Characterization and Mechanical Testing

Five of six castings were used for tension test. The
remaining castings were used for microstructural exami-
nation and wear test. Optical microscope (OM) was used to
examine the microstructure of both unetched and etched
(3%Nital) samples. The samples were cut from the middle
of the test castings. Micrographs were analyzed with image
analyzer software for percentage area of phases. Firstly, the
unetched micrographs at 100 were binarized (converted
to black and white) using the prescribed threshold level.
The binarized images were then analyzed for size, area,
numbers and percentage area of graphite. Particles with
area less than 4 mm” were neglected in the analysis as they
were likely to be polishing artifacts. To determine the
percentage area of ferrite and pearlite, the etched micro-
graphs (100x) were also analyzed. Once the fraction of the
ferrite is determined, the percentage area of pearlite can
then be calculated as the summation of all phases must be
1.00. Scanning electron microscopy (SEM) was used to
examine the wear surface. The quantification of the TCC
particles was done manually using SEM secondary electron
images. The SEM micrographs at 500x were used for
counting the number of particles per unit area in both
dendritic and interdendritic area. Each particle was mea-
sured for dimension along the edges of the particles for
particle size. At least five ficlds of measurement were done
for each condition to avoid bias in measurement.

The test castings were machined for tensile test bars as per
the ASTM A43. The test bars were 12.5 mm in diameter
and 12.5 mm in gage length. There were five tensile
samples for each condition. The strain rate for tension test
was 0.0009 s~'. Brinell hardness testing was conducted
according to the ASTM EL0. The wear resistance test was
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Table 2. Parameters Used in the Pin-on-DISC test in this

Study
Parameters Value Symbol
Narmal force (N) 10 N
Sliding speed (m/s) 0.1 W
Sliding distance (m) 1000 X
Pin-end radius, spherical (mm) 3 r
Wear track radius (mm) 6 R
Disc diameter (mm) 25 D
i~
RN
l-r
D
DO

Figure 2. Schematic of pin-on-disc wear test setup with
the definition of symbol listed in Table 2.

carried out by the pin-on-disc method, where the parame-
ters are indicated in Table 2. The details of the method can
be found in ASTM G99. The pin-on-disc test setup is
shown in Figure 2. The normal load was 100 N which is
relatively high to simulate the braking action. The test was
in air at 23 °C, and the humidity during the test was
between 12 and 78 %RH (percent relative humidity). The
disc volume loss (V in mm®) is given by Eqn. 1.

d d .
V= 2zR [;3 sin™! (2—) —gvar — d—] Eqn. 1
r
where R is the wear track radius; 4 is the wear track width;
ris the pin-end radius (Figure 2). The coefficient of friction
() and specific wear rate (W, in mm*/Nm) are given by
Egns. 2 and 3, respectively.
Firiction = N
Vv
XN
The contact radius (r*) can be calculated with Eq. 4 and the
maximum contact pressure (Puey) can be caleulated from
the Hertzian contact stress formulas™ in Eqn. 5.

Egn. 2

W, = Eqn. 3

Ol 7 )2
8

Eqn. 4
T .1
++:

where v and vy are Poisson’s ratios of the pin and disc,
respectively

E, and E» are Young's moduli of the pin and disc,
respectively

dy and d» are contact diameters of the pin and disc (d,= 6
mm and d>= infinity)

iF

Pllnl:( =W

Eqn. 5

Assuming E; = 210 GPa, E; = 170 GPa and Poisson’s
ratio of .35, the calculated maximum pressure was 1350.8
MPa which is considerably high to mimic the braking force
that the brake disc is subjected to.

The electron probe microanalysis (EPMA) was conducted
on a selected sample to observe the solute distribution
within the microstructure. Table 3 shows the parameters
used in the EPMA experiment.

Results and Discussion
Chemical Composition

Table 4 shows the chemical composition of the Ti-alloyed
gray iron in this study. It is seen that the carbon equivalents
(CE = %C + (%81 + %PN¥3) were kept around 4.37-4.41
indicating the hypereutectic compositions. This was
intention as the greater amount of graphite of the hyper-
eutectic iron resulted in better thermal conductivity
required by the brake discs. In fact, this is a common range
of CE in the break disc industry. Sulfur (5) and phosphorus
(P) were kept minimal to avoid the formation of unwanted
sulfide compound. Mn was around (.19=0.21 using the
formula Mn = 1.7%S + 0.15. This was prescribed to
achieve more ferrite than pearlite and to mimic the com-
position operating by an industrial partner. Copper (Cu)
was added to the melt to promote pearlite and to observe
the effect with Ti addition on matrix microstructure. Ti was
in the range of 0.033-0.349 % to observe the effect of Ti on
microstructure and the formation of TCCs.

Table 3. Experimental Parameters for the EPMA

Experiment
Parameter
Aceeleration volage 15 kV
Beam size 1 pm
Current 5.3 nA
Measuring time 10 msec
Step size 1.9 pm

Total area size 1200 x 900 ppm
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Table 4. The Chemical Composition of the Gray lrons with 0.033-0.349 %Ti

Heat %C %Si %Mn %P %S %Cu %Ti CE
1 3.52 263 0.19 0.046 0.042 072 0.033 4.41
2 3.47 2.66 0.20 0.044 0.042 072 0.132 4.37
3 351 255 0.19 0.044 0.043 078 0.222 4.37
4 3.56 25 0.18 0.043 0.045 077 0.288 4.41
5 3.54 254 0.21 0.040 0.044 074 0.349 4.40
1200 4 1200
——— 0.033%Ti
—_— e 0.132%Ti
150 P2t mo—~ J12 e B e 0.222%Ti
U - ) LR R RS 0.288%Ti
s 3] 1 - = 03499 Ti
£ 1100 £k nse
g g g
L =
g g £
= 1050 | 5 & 1125
1000 - - 1100
0 500 100 0 50 100 150 200
Time, sec Time, sec
a) b)
1200 30
1175
o 4 0
¢ AN = —
2 ns0 CENy = _g - ¥
£ @ :
: NS
g S {10
&
1125 x\//\Q
1100 . : . ]
0 01 02 03 0.4
i, wi%
c)

Figure 3. Thermal analysis results; (a) The definitions of symbols; {b) cooling curves of
gray iron with various Ti; (c) effect of Ti on Tgy, Ter and AT,

Thermal Analysis

Figure 3a shows the definitions of the temperature of
eutectic undercooling (Tgy), temperature of eutectic
recalescence (Tgg) and recalescence (AT,). These values
were identified from cooling curves with varying Ti (Fig-
ure 3b). As seen in Figure 3b, the increasing Ti decreased
both Ty and Teg. The AT, Auctuated around 5=10 °C. The
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lower Ty, indicates the larger undercooling required for
nucleation. The lower overall temperature during the
cutectic reaction limited diffusion and finer eutectic
structure is expected.
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e) 0.349 %Ti
Figure 5. Microstructure of gray irons with 0.033-0.349 %Ti (etched, 3% Nital, 10x).
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Figure 6. Graphite size distribution of gray irons with
0.033-0.349 %Ti.
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Figure 7. Effect of Ti on percentage area of phases. (%Gr
= percentage graphite; %Pl = percentage pearlite; %Fr =
percentage ferrite).

Microstructure

Microstructure of unetched and etched samples is shown in
Figures 4 and 5, where it is apparent that Ti has an effect of
refining graphite in the microstructure as reported in earlier
studies.”' " This agrees with the thermal analysis results as
Ti lowered the eutectic temperature (both Ty, and Teg).
Figure 6 shows graphite size distribution. As seen, gray
iron with 0.033 %Ti demonstrated larger graphite than
other conditions. Gray irons with 0.132-0.349 %Ti showed
much finer graphite with approximately the same distri=
bution. Similar results were reported by Larrafiaga et al.” In
all conditions, there were primary graphite presented due to
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the slight hypereutectic composition. Figure 7 shows the
percentage area of phases in gray iron with varying Ti. The
amount of graphite did not significantly change with Ti. At
0.033 %Ti, pearlite was the dominant phase in the matrix.
With 0.132 %Ti addition, pearlite dropped to 20.8%.
Higher Ti increased pearlite slightly.

Figure § shows the SEM micrographs of etched gray iron
samples with various Ti. The microstructure of gray cast
iron at 0.033 %Ti, consists of coarse flake graphite and
pearlite. At higher Ti, the microstructure includes fine flake
graphite along with some coarse flake graphite, ferrite and
pearlite. TCC particles are found dispersed around the
graphite and the matrix structure, as shown in Figure Bf,
with these particles varying in size.

The chemical analysis using energy-dispersive X-ray
spectroscopy (EDS) of TCC particles showed that all par-
ticles consist of Ti and C, as shown in Figure 9. This
indicates that the particles are titanium carbide (TiC).
Moumeni et al.'' discussed using a Fe-C-Ti ternary phase
diagram (3.5 %C and 0.3 %Ti) to demonstrate that TiC can
form above the liquidus temperature. Therefore, it can be
inferred that TiC can form in the molten iron before the
formation of austenite. There were no TiCN, Ti8; and TiN
found in all samples. Presumably, because of the very low
levels of S (0.04 %8) and the use of low nitrogen steel (71

ppm).

Figure 10 shows an example of a secondary electron image
of gray iron with 0.132 %Ti. As seen the TiC particles
(indicated with arrows) tended to be in the interdendntic
area and often found in vicinity of fine graphite. Some TiC
particles could be found at the border between the dendritic
and interdendritic areas. Only a few particles were in the
dendritic area.

Image analysis of TiC particles revealed that the number of
TiC particles increased with the amount of Ti, both in the
dendritic and interdendritic regions, as depicted in Fig-
ure lla. This agrees with the findings in earlier stud-
ies."'="* Moreover, Moumeni et al."™ reported that the TiC
particles were mostly found in the interdendritic area which
in line with the finding in this study. The average size of Ti
in the dendritic and interdendritic area is shown in Fig-
ure 1lb. It was found that the sizes in both areas are
slightly different. The interdendritic area exhibited slightly
bigger than the dendntic arca with an exception at 0.222
%Ti. Presumably, the larger TiC particles were formed
earlier during solidification which allowed them to grow
larger, where the smaller TiC particles were formed later.
In addition, TiC particles tended to be pushed by the
solidification front to the interdendritic area.

It is worth noting that the presence of TiC particles in
microstructure is expected to have a negative impact on
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10kV x 500

a) 0.033%Ti

10kV x 500 10kV x 500 A 50 pm B < 10,000
d) 0.288%Ti e) 0.349%Ti f) TiC Particle
Figure 8. Secondary electron images of gray irons with 0.033-0.349 %Ti.
Element Weight% Atomic%
CK 3544 68.64
TiK 64.56 31.36

®
A
5

o 1 2 3 E 6 7 8 9 10
Full Seale 105 cts Cursor 0 000 keV

Gpm ' Electron Image 1
Figure 9. An example of EDS spectrum on a TCC particle in the sample with 0.288 %Ti indicating a TiC particle.

machinability. Excessive addition of Ti can lead to higher  coefficient of friction (u) was calculated with Eq. 2. Fig-
tool wear, high cutting forces and poor surface finish. ure 12 shows the coefficient of friction as a function of the
sliding distance. As seen, there was an initial stage during
the first few hundred meters in which the coefficient of
Wear Behavior friction increased as the pins and the discs were progres-
sively polished. During this stage, the asperity was ground
During the wear test, the normal force (N) was fixed at 10 between the surface of pin and disc resulting in low coef-
N. and the frictional force (Fgichon) Was measured. The ficient of friction. Once the contact surfaces were smoothed

Inte i lj“mald'll‘l tis

S

81



out the steady stage was reached when the coefficient of
friction stabilized. In this test, the steady stage was reached
at approximately 700 meters. This behavior indicates the
adhesive wear as the main mechanism. For abrasive wear,
the coefficient of friction starts at high value and gradually
decrease to a stabilized level. Likewise, brake discs also
experience an initial running-in stage followed by a steady
stage. Since the majority of a disc brake’s lifespan occurs
in the steady stage, this phase is more important when
analyzing the friction curves. In addition, the pressure
between brake pads and brake disc is very high, which is
typically associated with adhesive wear. Figure 13 shows

<

Figure 10. Secondary electron image of gray iron with
0.132 %Ti (arrows indicate TiC particles) showing that
most TiC particles were found in the interdendritic area.
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Ti, wt%

a)

0.288  0.349

the average coefficient of friction from 700 to 1000 meters
with various Ti levels. As seen, the coefficient of friction
was relatively high without Ti addition. The coefficient of
friction then reduced to the lowest value at 0.132 %Ti. At
higher Ti, the coefficient of friction increased with Ti. The
disc volume loss and specific wear rate also followed the
same trend. During the test, the microscopic peaks
(asperities) come into contact with the pin. Under high
pressure, these asperities undergo plastic transformation
and adhere to the surface, which are then sheared off
detaching from the surface. This process is repeated as
sliding continues, leading to gradual material loss. In cast
irons and steels, the presence of pearlite is detrimental to
adhesive wear resistance. Fei et al.! reported that micro-
cracks are usually formed in pearlite under the wear surface
when subjected to adhesive wear. Under high pressure, the
pearlite is deformed and sheared off along the cracks
causing material loss. Ferrite is less likely to form cracks
than pearlite; hence. it is beneficial to adhesive wear
resistance. The values of coefficient of friction, specific
wear rate and disc volume loss were corresponding to the
condition with the lowest percentage of pearlite. In fact, the
highest coefficient of friction was observed at 0.033 %Ti,
which also had the highest percentage of pearlite. At higher
Ti levels, pearlite patches were found in the interdendritic
areas, creating an uneven structure and increasing the
coefficient of friction.

Figure 14 demonstrates the effect of Ti on tensile strength
and hardness of gray irons. It is scen that tensile strength
markedly increased with the addition of 0.132 %Ti due to
the solid solution strengthening. The tensile strength
gradually increased at higher Ti. Therefore, in terms of

3.00
u dendritic
250 # interdendritic
i 2,00 +
H
@ 1.50
o«
o6
£
5 1.00
0.50
0.00
0033 0132 0222 0288 0349
Ti, wt%
b)

Figure 11. Number and average size of TiC particles in dendritic and interdendritic areas observed in 0.132-0.349

%Ti gray irons.
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Figure 12. Effect of Ti on coefficient of friction as a
function of distance in gray irons with 0.033-0.349 %Ti.
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Figure 13. The effect of Ti on disc volume loss and
specific wear rate and average coefficient of friction
(700-1000 meters) in gray irons with 0.033-0.349 %Ti.

tensile strength the addition of 0.132 %Ti was effective.
Adding more Ti did not improve tensile strength signifi-
cantly but would cost more and cause more difficulties
during the melting operations. The effect of Ti on the
Brinell hardness was not as clear. The hardness values
fluctuated around 150-200 HB. The values were compa-
rable to ASTM A48 Class 20 (~ 160 HB). When com-
paring the hardness to percentage pearlite, the greater
percentage pearlite resulted in higher hardness.

Figure 15 illustrates the wear surfaces of gray iron with
0.033-0.349 %Ti. All samples showed smooth wear surface
indicating the behavior of adhesive wear. It is seen that the
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Figure 14. The tensile strength and hardness with
0.033-0.349 %Ti.

sample with 0.132 %Ti produced the smoothest wear sur-
face, corresponding to the lowest coefficient of friction.
Additionally, the wear track width for the 0.132 %Ti
sample was the smallest, suggesting more uniform wear
and less material loss compared to other Ti levels.

The presence of TiC particles on the wear resistance was
not significant. Also, the presence of TiC particles did not
significantly improve Brinell hardness. This is unexpected
as TiC is the harder phase. This can be explained by the
mechanism of adhesive wear. During the test, TiC particles
could be sheared off along with the matrix. The loose TiC
particles then become abrasive medium that accelerate the
wear rate. This is supported by the samples with 0.288 and
0.349 9%Ti which contained high number of TiC but
demonstrated higher wear rates. In addition, the wear sur-
faces of both conditions showed uneven wear tracks which
was created by the presence of loose TiC particles.

As discussed, Ti also influences the amount and size of
graphite and percentage pearlite. In this study, the combi-
nation of more pearlite and number of TiC contributes to
the higher specific wear rate. The lowest specific wear rate
occurred at 0.132 %Ti which had relatively low hardness
with highest fraction of ferrite (lowest pearlite).

Finally, the pin-on-disc wear test is usually used for pre-
liminary study.This study shows the potential of adding
appropriate %Ti can improve wear resistance along with
strength. However, the performance of brake discs also
depends on other factors such as heat dissipation, heat
resistance, test speed, brake pads used, etc. These factors
are simulated using the full-size brake discs which is
required as future work.
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Figure 15. The secondary electron images of the wear surfaces of gray irons with 0.033-0.349 %Ti (80x).

Table 5. Correlation Analysis of Parameters in This Study

%Ti T T5o AT, %Fr %Pl %Gr s HB W, v
%Ti 1.00
Ter —085 1.00
Tew —-078 0.98 1.00
AT, 045 —-023 -003 1.00
%Fr 062 —039 -045 -025 1.00
%Pl —063 0.42 0.48 024 -1.00 1.00
%Gr -014 -024 =020 023 - 060 0.56 1.00
TS 080 -056 —058 0.02 096 —-096 —046 1.00
HB 0.09 0.06 004 =-0.10 009 -005 -069 0.01 1.00
W, 043 -050 -039 065 ~—0.38 0.38 027 -0177 036 1.00
v 043 < =050 -0.39 065 —0.38 0.38 027 =017 036 100 1.00
" -006 —006 0.03 047 -073 0.73 028 —-061 043 087 087

%Fr: Ferrite percentage (%), %P!: Pearlite percentage (%). %Gr: Graphite percentage (%). 7S: Tensile Strength (MPa), #B: Hardness
(HB), : Friction coefficient, V: Disc Volume loss (mm®), W,: Specific wear rate (x 10~%mm*Nm)

Correlation Analysis analysis. This dimensionless coefficient ranges from — 1

to 1. A value closer to 1 or — | indicates a stronger rela-
Table 5 presents the correlation between parameters ana-  tionship, with 1 indicating a perfect positive correlation
lyzed in this study. The values shown in the table represent  and — 1 indicating a perfect negative correlation. The
the correlation coefficients, which quantify the strength of  correlation coefficient is calculated using Eqn. 6, as
the linear relationship between variables in a correlation  described by Taylor.”
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Figure 16. Friction coefficient as a function of percent-
age pearlite in gray irons with 0.033-0.349 %Ti.

D T [

Vb =320 —5)?
where r is correlation coefficient; x; is values of the x-
variable in a sample; ¥ is the values of the x-variable; y; is
values of the y-variable in a sample; ¥ is the values of the
y-variable

Eqn. 6

It is seen that Ti has a strong positive relationship (0.80)
with tensile strength (7). This is expected as Ti increases
the fraction of austenite and refines the graphite resulting in
improved tensile strength (shown in Figure 14). Further-
more, Ti has strong negative relationships with Ty and
Teer (— 0.85 and — 0.78, respectively). Other notable rela-
tionships are tensile strength (T5) and the percentage ferrite
(%Fr) (0.96) and tensile strength and the percentage
pearlite (%Pl (— 0.96). These relationships may seem
counter intuitive as pearlite typically increases strength of
cast irons. However, this is the case in this study as the
effect of Ti on tensile strength overshadows the effects of
the fraction of pearlite by increasing the matrix structure
(e.g., percentage ferrite + pearlite) shown in Figure 6.
Next, hardness (HB) has a negative relationship (— 0.69)
with percentage graphite (%Gr). This is also expected as
graphite is lower in hardness than the matrix. In this
experiment, the levels of graphite (and CE) remained rel-
atively constant (Figure 6). The observed trend was weaker
than anticipated. In addition, the hardness did not show a
significant increase with increasing Ti, even though the
number of TiC particles increased. This suggests that TiC
has a minimal effect on Brinell hardness. Figure 16

exhibits the relationship between the friction coefficient ()
and percentage pearlite. As seen, percentage pearlite
increases the fricion coefficient. This can be explained as
pearlite is a eutectoid mixture consisting of ferrite and iron
carbide. These phases have significant differences in
hardness creating resistance to the movement of the pin
during the test. Therefore, the higher percentage pearlite
results in greater friction coefficient, whereas percentage
graphite remains relatively constant throughout this study.
Lastly, strong correlations between V, W, and u are
expected, as they are interconnected through the calcula-
tions in Eqns. 1=3.

Electron Probe Microanalysis (EPMA)

Figure 17 shows the results from the electron probe
microanalysis of the sample with 0.132 %Ti. EPMA
mappings reveal microsegregation within the microstruc-
ture. This sample was selected as it displayed promising
results with the lowest specific wear rate in this study.
Figure 17a shows the optical micrograph of the test area
which includes the dendritic and the interdendritic areas.
Carbon map (Figure 17b) shows that carbon coincides with
the locations of graphite. Silicon tends to be in the dendritic
arca (Figure 17¢) as expected. On the other hand. phos-
phorus and sulfur (Figure 17d, e) are segregated to the
interdendritic area which is the last area to solidify. Ti is
distributed across the test area where the TiC particles were
found. However, the signal in the interdendritic area is
stronger as there are higher number of TiC particles in the
ares.

Conclusions

This study investigated the influence of Ti on the
microstructure and wear behavior of gray iron. The find-
ings are summarized as follows:

* Ti increased undercooling during the eutectic
reaction resulting in the finer graphite. Addition
of 0.132 % Ti suppressed the pearlite considerably.
However, further addition of Ti resulted in slightly
more pearlite.

¢+ The optimal Ti content was (.132 %. The lowest
disc volume loss and specific wear rate were 00.316
mm® and 3.16 x 107 7 mm*/Nm was recorded at
0.132 %Ti.

¢ The coefficient of friction was lowest at 0.132
G0Ti, corresponding with the lowest percentage of
pearlite in the matrix. Higher Ti resulted in greater
pearlite increased the coefficient of friction.

* TiC is the predominant titanium-containing com-
pound (TCC), with its formation increasing with
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the Ti addition. TiC particles were primarily found
in the interdendritic areas.

Acknowledgement

This work was supported by (i) Suranaree University of

International Jowrnal of Metalcasting

ple with 0.132 %Ti.

Technology (SUT). (it) Thailand Science Research and
Innovation (TSRI) and (ii1) National Science, Research
and Innovation Fund (NSRF) (NRIIS number 204240).

86



Conflicts of interest  We declare that this manuseript is original, has
nod been published before and 15 not currently being considered for
publication elsewhere.

REFERENCES

1. V. Fourlakidis, J.C. Hemando, D. Holmgren et al.,
Relationship between thermal conductivity and tensile
strength in cast irons. Inter Metalcast 17, 2862-2867
(2023). hitps:/fdoi.org/10.1007/s40962-023-00970-6

2. M.AMaleque, 5. Dyuti, M.M. Rahman, Materials
selection method in design of automotive brake disc,
Proceedings of the World Congress on Engineering
(2010), London, UK

3. 0. Aranke, W. Algenaid, 5. Awe, 5. Joshi, Coatings
for automotive gray cast iron brake discs: a review.
Coatings 9, 552 (2019). https://doi.org/10.3390/coat
ingsN0552

4. Z. Zivie, N. Busarac, 5. Milenkovic, N. Grujovié,
General overview and applications of ceramic matrix
composites (CMCs). Encyclop. Mater. Compos. (2021).
https:/doi.org/10.1016/BY78-0-12-819724-000056-2

5. F. Synik, L. Jakubovicova, M. Klacko, Impact of the
choice of available brake discs and brake pads at
different prices on selected vehicle features. Appl. Sci.
12, 7325 (2022). https://doi.org/10.3390/app 12147325

6. W. Li, X. Yang, 8. Wang, J. Xiao, Q. Hou, Compre-
hensive analysis on the performance and malterial of
automobile brake discs. Metals 10, 377 (2020). https://
doi.org/10.3390/met 10030377

7. G. Cueva, A. Sinatora, W.L. Guesser, AP
Tschiptschin, Wear resistance of cast irons used in
brake disc rotors. Wear 255, 1256=1260 (2003).
https:/fdoi.org/ 10.1016/50043-1648(03)00146-7

8 A, Mohammadnejad, A. Bahrami, M. Goli, H
Dehbashi Nia, P. Taheri, Wear induced failure of
automotive disc brakes—a case study. Materials 12,
4214 (2019). https:/fdoi.org/10.3390/mal22442 14

9. P. Larrafiaga, J. Sertucha, A. Loizaga, R. Sudrez, D.M.
Stefanescu, Gray cast iron with high austenite-to-
eutectic ratio part I1: increasing the austenite-to-eutectic
ratio through austenite nucleation, Trans. AFS (2012)

10. P.Larrafiaga, J. Sertucha, A. Loizaga, R. Suarez, D.M.
Stefanescu, Gray cast iron with high austenite-to-
eutectic ratio part III - high strength, low hardness,
high carbon equivalent gray iron with superfine
graphite, Trans. AFS (2012)

11. E. Moumeni, D.M. Stefanescu, N.S. Tiedje, P.
Larranaga, J.H. Hattel, Investigation on the effect of
sulfur and ttanium on the microstructure of lamellar
graphite iron. Metall. and Mater. Trans. A. 44,
51345146 (2013). htps:/fdoi.org/10.1007/s11661-
013-1897-2

12, D. Zeng, Y. Zhang, J. Liu, H. He, X. Hong,
Characterization of titanium-containing compounds in
gray iron. Tsinghua Sci. Technol. 13, 127=131 (2008).
hitps:/idoi.org/10.1016/S1007-021 408)T0022-1

13. E. Moumeni, N.S. Tiedje, I.H. Hattel, Effect of
titanium on the near eutectic grey iron, the 12th
International Foundrymen Conference, May 24-25th,
Croatia, (2012)

14. V. Aulina, V. Kropivny, O. Kuzyk, O. Lyashuk, M.
Bosyi, Y. Vovk, A. Kropivna, M. Sokol. A. Senyk, L.
Slobodyan, The influence of titanium as a desfer-
oidizing element on the stability of production of
magnesium cast irons with compacted graphite. Tri-
bol. Ind. 43, 654=666 (2021). https:/fdol.org/10.
24874/.1081.03.21.10

15. A. Sommerfeld, B. Tonn, Theory of graphite nucle-
ation in lamellar graphite cast iron. Inter Metalcast 3,
39=47 (2009). https://dor.org/10.1007/BF03355457

16. 5. Boonmee, K. Worakhut, P. Maneelum, Effect of
titanium on microstructure and solidification behavior
of gray irons. Mater. Sci. Forum 987, 177-181 (2020).
https://doi.org/10.4028/www.scientific.net/msf. 987,
177

17. A Razaq. Y. Yin, J. Zhou, X. Shen, X. Ji, I. Ullah,
Influence of alloying clements Sn and Ti on the
microstructure and mechanical properties of gray cast
iron. Proc. Manuf. 37, 353=359 (2019). https://doi.org/
10.1016/j.promfg.2019.12.059

18. K. Ankamma, Effect of titanium in trace level on the
properties of gray cast iron, international journal of
innovative research in science. Eng. Technol. 5,
3411-3416 (2016)

19. M. Gorny, M. Kawalec, Effects of titanium addition
on microstructure and mechanical properties of thin-
walled compacted graphite iron castings. J. Mater.
Eng. Perform. 22, 1519=1524 (2013). https://doi.org/
10.1007/s1 1665-012-0432-8

20. M. Yaghoubi, H. Tavakoli, Hertzian Contact Stress, in
Mechanical Design of Machine Elements by Graph-
ical Methods Materials Forming Machining and
Tribology. (Springer, Cham, 2022)

21. 1. Fei, G. Zhou, J. Zhou, X. Zhou, Z. Li, D. Zuo, R.
‘Wu, Research on the effect of pearlite lamellar
spacing on rolling contact wear behavior of U75V rail
steel. Metals 13, 237 (2023). https://doi.org/10.3390/
met13020237

22, IR. Taylor, An Introduction to Error Analysis: The
Study of Uncertainties in Physical Measurements
(University Science Books, Sausalito, 1997), p.217

Publisher’'s Note Springer Nature remains neutral with
regard to junsdictional claims in published maps and
institutional affiliations.

Springer Nature or its licensor (e.g. a society or other
partner) holds exclusive rights to this article under a
publishing agreement with the author(s) or other rightsh-
older(s); author self-archiving of the accepted manuscript
version of this article is solely governed by the terms of
such publishing agreement and applicable law.

Internationad Jowrnal of Metalcasting

87



Key Enginecring Materials Submirted: 2024-11-13
ISSN: 1662-9795, Vol 1013, pp 83-88 Accepted: 2024-11-14
doi: 10.4028/p-X6NGu3 Online: 2025-05-30

© 2025 Trans Tech Publications Lid, All Rights Reserved

The Occurrence of Titanium Carbide in Ti-Alloyed Gray Iron

Kittirat Worakhut'#, Arisara Wanalerkngam'®, Worachot Boonyarit'<,
Kandit Amatachaya'?, Nidchanan Wanmai'®, Krittapart Sriboonrueang’”
and Sarum Boonmee'?'

"Institute of Engineering, Suranaree University of Technology, Thailand

aworakhut@gmail.com, arisara jane@gmail.com, *worachotboonyarit19@gmail.com,
dkandit2543@hotmail.com, ®ncnwanmai@gmail.com, krittapart.s@hotmail.com, ssarum@sut.ac.th

Keywords: Gray iron, Titanium carbide, Titanium-.containing compound.

Abstract. This study mvestigates the formation and distribution of titanmm carbide (TiC) m gray
iron with varying titanmm (T1). Gray cast iron samples were produced with Ti levels ranging from
0.033 to 0.349 wi% usmg a 100-kg mduction fumace. The nucrostructures of the samples were
examined using Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy
(EDS), showing that TiC particles are the predommant TCCs m this study. It was found that TiC
particles were dispersed around graphite and matrnx structures. The number of TiC increased with Ti.
The Gibbs free energy calculations supported the formation of TiC both m molten and sohd states.

Introduction

Gray cast tron 15 widely used for machmery and automeotive components due to its suitable properties
such as high damping capacity, good thermal conductivity. Brake disc 15 an example of application
of gray won for good heat dissipation during operation. There are approaches to improve mechanical
properties of gray iron such as moculation [1]. controlling of cooling rate [2] and addmg alloying
elements [3]. Among alloymg elements, Ti recently has become a promusing alloymg element for
brake disc producers. The effect of titanmm (T1) in gray iron has been studied extensively to improve
the material's mechanical properties. Ti additions have been shown to mcrease the amount of primary
austenite and promote the formation of superfine interdendritic graphite. leading to enhanced tensile
strength without significant increases m hardness [4-6]. Zeng et al. [7] reported that the Ti-containing
compounds were found n the microstructure of Ti-alloyed gray wrons. The compounds are believed
to be carbide, nitide or catbonitride. These compounds contamed V', Nb, Mn and S along with carbon
and nitrogen. The number of Ti-contaming compounds were found to mcrease with Ti addition [5,7].
Later, Moumeni et al. [8-9] used characterization techniques to id entify the compound as TiC with
cuboidal morphology. Moumeni et al. [8] further reported that TiC particles are typically found m
the pearlite, often located at mtercellular areas and interdendntic areas. Other possible Titanium-
Containing Compounds(TCCs) mclude titanimam nitride (TiN) a hard compound. forms m the present
of mitrogen, (TiMn)5S in form of inclusion with star-like and nb-like shapes when high Ti and S [9]
and fitanmm carbonitride. Aulin et al [10] reported the occurrence of T1aC252 1 compacted graphite
iron with 0.3%Ti addition. Sommerfeld and Tonn [11] used the Thermo-Cale software to demonstrate
that the TuC253 particles forms at 1185 °C i hypoeutectic gray won. The formation of these vanous
TCCs. particularly the hard carbides and mitnides, can have a detnmental effect on the machinabihty
of gray won [9]; however, the presence of these hard compounds can be beneficial to the wear
resistance required the brake disc as reported by Boonmee et al. [12] that hardness increased linearly
with Ti. Asnoted, the formation, location, and mmpact of TCCs mn cast wrons are not well understood.
This research aims to address these questions specifically for titanmm-alloyed gray cast wons.

Experimental Procedure

Test Casting Design and Production. Samples were designed and prepared accordmg to ASTM-
A48/ A48M standards (Fig. 1). A casting sumulation program was used to assess shrinkage cavities
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and mold fillmg. Gray cast won was produced under five different conditions using a 100-kg induction
fumace. The raw materials mcluded low-sulfur pig ron, steel scrap, ferrosilicon (Fe-76.5 wt% 51),
ferromanganese (Fe-73.0 wt%Mn). and ferro-titanium (Fe-71.9 wt% Ti). Additionally, 0.3 wt%
moculant was added to the melt before pournng at approximately 1450°C usmg a 30 kg ladle. The
molds were made from sodium silicate bonded sand. The five conditions were varied with Ti ranging
from 0.033 to 0.349 wt% which was achieved by adding ferro-titanium to the fumace. The chemical
composition of the alloys was analyzed using an Optical Emission Spectrometer (OES).

Fig. 1. The Test casting design for this expenment.

Characterization

The samples were prepared and etched with 3% Nital then examined for areas with dispersed TCC
particles usmg a Scannmg Electron Microscope (SEM). The composition of the titanim compounds
was analyzed through Energy Dispersive X-ray Spectroscopy (EDS).

The quantification of the TCC particles was done usmg an mmage analysis software. The SEM
micrographs at 500x were used for measuring the number of particles per unit area i both cellular
and intercellular area. Each particle was measured for dimension along the edges of the particles.

Results and Discussions

Table 1 shows the chemical composition of the test castings i the present study. It 1s seen that the
Carbon Equivalent (CE = %C + 1/3(%51+ %P)) were m the shghtly hypereutectic range. This was
mtentional as T1 15 known to promote primary austenite resulting i shifting eutectic composition to
higher carbon. Mn was in a typical level found m the mdustry. P and S were kept mimimal to avoid
the formation of association compounds with Ti. Cu wers added to promote pearlite enhancing the
mechanical properties. Ti was in the range of 0033 to 0.349 wi% to observe the effect of T1 on
mierostructure and the formation of TCC.

Table 1. Chemical composition of Ti-alloyed gray won in the present study.

Heat | %C %251 ZoMn %oP %05 %Cu %T1 CE
1 3.52 263 0.19 0.0460 | 0.042 0.72 0.033 441

2 347 2.66 0.20 0.0443 0.042 0572 0.132 437
3 3.51 255 0.19 0.0439 | 0.043 0.78 0.222 4.37
4 3.56 2.51 0.19 0.0433 | 0.045 0.77 0.288 441
5 3.54 254 0.21 0.0402 | 0.044 0.74 0.349 4.40

Fig. 2 shows the SEM micrographs of gray trons with various Ti. The microstructure of gray cast
won at 0.033 wi%Ti. consists of coarse flake graphite and pearlte, with no TCC detected mn the
microstructure. At higher Ti, the microstructure mcludes fine flake graphite along with coarse flake
graphite, ferrite, and pearlite. TCCs are found dispersed around the graphite and the matrix structure,
as shown m Fig. 2f with these particles varying in size.
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Fig. 2. Microstructure of gray irons with vanous Ti.

The chemical analysis using Energy Dispersive X-ray Spectroscopy (EDS) of TCC particles
showed that all particles consist of Ti and C, as shown in Fig. 3. This mdicates that the particles are
titantum carbide (TiC). Moumeni et al. [9] discussed using a Fe-C-Ti temary phase diagram (3.5
wt%C and 0.3 wt%T1) to demonstrate that TiC can form above the liquidus temperature. Therefore,
it can be mnferred that TiC can form in the molten iron before the formation of austenite.

Element Weight% Atomic?s
CK 3544 68.64
TiK 64.56 3136

Tm Y Eleetron Image 1

o ¥ 2 3 “
Full Scade 805 e Cumser 0000

Fig. 3. EDS analysis for a TiC particle.

Gibbs free energy of formation of TCCs can be calculated using data available from literature
shown in Table 2. Fig. 4 shows the calculation results. It was seen that all TCCs can be spontaneously
formed above liquidus temperature. T1O2 1s the most readily compound to form With the presence
of oxygen in the atmosphere, formation of T102 is inevitable and eliminated along with slag. TiS2 and
TiN can also be found with the presence of sulfur and nitrogen respectively. However, the chemical
composition of molten iron was extremely low i sulfur (approximately 0.04 wt%S. shown in Table
1); therefore, no TiS particles were observed in this study. Nitrogen in the atmosphere is typically
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inert to molten wwon. The mam source of mitrogen m molten won 15 from steel scrap which was used
mmmally m this study; therefore, no TiN particles were found.

F0000

40000
0
Ti+ C="TiC -

=
___..-—-l""" Ti* 1IN
-E0000 Ti+8,= Tis,

LU 'T'lh

120000

-160000

200000 =101
"ﬁ. * 01

240000

[ 500 10000 1500 2000 2500

Fig. 4. Gibbs free energy of formation for TiC.

It1s seen m Fig. 4 that the TiC can be spontaneously formed at both m the temperature ranges of
298-1150 K and 1150-2000 K. The calculations also mdicate that TiC 1s more stable (higher tendency
to form) at lower temperature. Therefore, it 15 expected that TiC 15 formed continuously from i the
molten and solid state. However, diffusion m the molten state occurs more rapidly than m the sohd
state; therefore, the sizes of TiC can be different. Presumably, TiC formed in the molten iron are
larger than those formed dunng the eutectic reaction.

Table 2. Data for calculation of Gibbs free energy of formation.

Reacti Gibbs Free Energy of Formation Temperature | Melting Ref.
Faction (A°Gs). Cal mole! Range, K| Point, °C | 0 oronee
- e 32
T
TrC = ¥hg ~45.100 - 248TInT+ 137x10°T2 + o 00n . [13]
0.74x105T-! + 19.4T U
Ti+S2=TiS2 | -80.000 + 18T 298-1053 N/A [14]
Ti+1/2N = TiN | - 83.893 + 23.92T 1500-2200 | 3290 [15]
TirO1=TiO2 | -224904.9 + 42 45T 298-1943 1870 [16]

Image analysis of TiC particles revealed that the number of TiC particles mereased with the
amount of Ti. both i the cellular and mtercellular regions. as depicted in Fig. 5a. This agrees with
the findings m earlier studies [3, 7]. However, Moumeni et al [9] reperted that the T1iC particls were
mostly found mn the pearhte (or intercellular area), but this study shows msignificant difference
between the cellular and intercellular areas. The average size of Ti in the cellular and mtercellular
area 15 shown m Fig. 5b. It was found that the sizes m both areas are shghtly different. The
wntercellular area exhibited shghtly bigger than the cellular area with an exception at 0.222 wit%TL
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Fig. 5. Number and size of TiC particles in cellular and mtercellular areas.
Conclusions

This study explored the formation and distribution of titanmm carbide (TiC) 1 Ti-alloyed gray iron.
The results showed that TiC 15 the predommant titanmum-contammg compound (TCC), with its
formation mcreasing with the titaninm addition. TiC particles were found in both the cellular and
intercellular areas. The Gibbs free energy calculations suggested that TiC can spontaneously form in
both the molten and solid states.
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Abstract. This study investigates the microstructure and the solidification behavior of titanium-
alloyed gray irons. Thermal analysis technique was used to identify the Temperature of Liquidus
Arrest (Tra), the Temperature of Eutectic Undercooling (Teu) and the Temperature of the Eutectic
Recalescence (Tgg). It was found that the titanium addition promoted the formation of the primary
austenite causing the larger difference in Trs and Teyw. In addition, titanium encouraged the refining
of eutectic mixture. The SEM showed the graphite particles were refined with increasing titanimm.
Fine particles of titanium-contamning compound were readily observed throughout the microstructure.
The hardness as high as 176 HB was achieved at 0.495%T1 addition.

Introduction

Gray iron 1s the most common cast alloys in term of production. The combinations of the low cost,
good damping capacity and high thermal conductivity make gray iron attractive to myriad
applications. Demand for better fuel consumption m automotive industries 1s the major driving force
for the development of the light weight and higher performance alloys. The latter infers to the higher
specific strength materials. For gray won, the development of the better mechanical properties can be
achieved by several approaches such as mncreasing the strength of the matnx structure, increasing the
austenite-to-eutectic ratio and modifying the graphite morphologies. Larranaga eral [1-3]
nvestigated the effect of titanmm addition on the austenite nucleation which increased the austenite-
to-eutectic ratio. In the study, it was demonstrated that the primary austenite increased significantly
with the addition of titanium as ferrotitanium. The effect was observed for both low and high sulfur
content gray irons. It was also shown that the titamum addition promotes the higher strength by
refining the eutectic graphite. The hardness as high as 200 HB was reported at 0.4 titanium addition.
Similar effect was reported by Moumem et.al. [4]. They mvestigated the occurrences of titanium
carbide particles located at the intercellular areas. This work focuses on the thermal analysis and the
microstructural changes of the titanmum-alloved gray irons. Thermal analysis provided the essential
data i understanding the sohidification behavior of the rons.

Experimental Procedure

Nine heats of gray iron were produced in an induction furnace with 50 kg capacity. Ferrotitanium
was added to the melts in order to obtain the gray irons with various levels of fitanium. The melts
were superheated to 1550 °C to dissolve the heterogeneous nuclei. The tapping temperature was
approximately 1400 °C. No inoculation was done to the melts. The thermal analysis (TA) system
used in this study 1s schematically shown m Fig. 1. The dimensions of the mnterior of the sampling
cup were 31 in diameter and 70 mm tall equipped with a type-K thermocouple. An example of the
cooling curve 15 shown in Fig. 2 along with symbols used in the analysis.

All rights reserved. Mo part of contents of this paper may be reproduced or transmitied in any form or by any means without the writien permission of Trans
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Fig. 2 Example of cooling curve with the definitions of symbols.

The samples from TA cups were examined for the microstructure. Selected samples were then
deeply etched with 10% Nital for 10 minutes to reveal the graphite particles and further investigated
with the Scanning Electron Microscope (SEM). The Secondary Dendrite Arm Spacing (SDAS) was
measured by drawing a straight line through series of secondary arms of austenite. The length of the
line divided by the number of the secondary arms was taken as the SDAS._ The chemical compositions
were taken by the Optical Enussion Spectrometer (OES). The Brinell hardness tests were performed
for all samples as per the ASTM E10 [5].

Results and Discussions

Table 1 shows the chemical compositions of the gray rons produced n this study. It 1s seen that
titanium varied in the range of 0.071 to 0.495%. The carbon equivalent (CE) was in the range of 4.10
to 4.36 indicating the shight hypoeutectic and eutectic compositions. Noted that Heat 1 and 2 was
intentionally produced with extremely low sulfur content to observe the effect on graphite fineness.

Cooling curves with various titanmm percentage is shown in Fig. 3. As the titanium percentage
increased, the Temperature of Eutectic Undercooling (Tgr) was dropped (-5.98°C/%) where the
Temperature of Liquidus Arrest (Trs) was raised (+69.28 °C/%). This implied that there were longer
time for the growth of the primary austenite. As a result, more pnimary austenite was expected with
higher titantum. On the other hand, the duration of eutectic reaction decreased with increasing
fitanmum; hence. the small fraction of eutectic was expected. Fig. 4 shows the effect of titanium on
the T and Tra
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Table 1 The chemical composition of the gray irons.

Heat | %C | %51 | %Mn | %P %23 2%T1 CE
1 345|208 | 0.071 | 0.015 | 0.002 | 0.132 | 4.15

2 369 | 193 | 0074 | 0.015 | 0.001 | 0.071 | 4.34
3 368 | 198 | 0.082 | 0013 | 0.198 | 0.148 | 434
4 350 | 1.99 | 0.077 | 0.012 | 0.192 | 0.194 | 4.17
5 339 | 212 | 0073 | 0.241 | 0.240 | 0.340 | 4.18
6 340 | 2,10 | 0.069 | 0014 | 0.080 | 0.378 | 410
7 360 | 2,19 | 0,063 | 0015 | 0.192 | 0.315 | 4.34
8 362|221 | 0073 | 0016 | 0220 | 0.443 | 436
9 337|245 0101 | 0011 | 0.184 | 0495 | 419
1300
e 0.315%Ti 1210
. i T, = 69.279(%T) + 1621
1250 = DA3IUTI 1190 F O@O
_ ——0.495%Ti : O ) O
p Sun b g0
£ 1200 2 F O
H £1150 F
[=" f
1150 IC—E"IISO _ %D ........ DDEE )
Tep =-5.9801(%T1) + 1137.4
o B
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Fig. 3 Cooling curves with various titanium. Fig. 4 Effect of titanium on the Tzv and Trs

Fig. 5 shows the microstructure of gray irons with various titanium. As titanium increased, the
primary austenite became more prevalent where the smaller fraction of eutectic was seen. This agrees
well with the TA data discussed earlier. The morphology of eutectic is similar to the typical Type-D
graphite. In general, the microstructure appeared to be more onented as titantum increased. This was
due to the occurrence of the primary austenite. In addition, the interdendntic graphite was refined
with titantum addition. The effect was more pronounced at the low titanium addition. Titanum higher
than 0.3 wt% showed only shight effect of refining the eutectic graphite. Fig. 6 shows the SEM 1mages
of the deeply-etched samples revealing the change in graphite fineness at higher titanium.

The titanmum-containing carbide (TCC) particles were observed throughout the mierostructure at
titanmum hagher than 0.1 wi%. The majonity of the TCC particles were located in the mterdendnitic
region. This agrees with the observations by Larranaga et.al. [1-3]. The TCC particles had the
cuboidal morphoelogy shown in Fig. 7. These particles were identified as TiC by Moumem [4].

The effect of titanium on the hardness of the titanium-alloyed gray irons was shown in Fig. 8. It is
seen that the hardness increased with the increasing titanium. This was presumably the combined
effects of greater austenite-to-graphite ratio, finer eutectic graphite, and the presence of TCC
particles. The hardness as high as 176 HB was observed at 0.495 wit%T1. However, the hardness in
this work was generally lower than that reported by Larranaga et.al [3]. Ankamma [6] reported the
fluctuation in hardness with titantum addition. The trend was unclear as compared to this study. This
could be explained by the effect of sulfur. With low sulfur, the microstructure tended to be coarser
resulting in low hardness. However, the effect of sulfur was overshadowing by titanium addition.
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Fig. 5 Microstructures of titanium-alloyed gray irons.

) 0.194 wt%T1 b) 0.378 wt%T1
Fig. 6 SEM images of the eutectic graphite in titantum-alloyed gray irons.

Fig. 7 Titanium-containing carbide particles (TCC).

Fig. 9 shows the effect of titanium on the SDAS. As seen, the samples with low sulfur
demonstrated coarser microstructure due to the limited numbers of heterogeneus nuclei (MnS
particles). Surprisingly. the titanium did not produced the finer SDAS as expected. Although. titanium
promoted the finer eutectic graphite. but the SDAS apparently mncreased with titanium. Since titanium
raised the 774, the higher formation temperature and longer duration before the eutectic reaction
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allowed the coarsening of the primary austenite. Both high and low level of sulfur demonstrated the
same coarsenmg effect.
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Fig. 8 The effect of titanium on hardness. Fig. 9 SDAS as a function of titanum.
Conclusions

The effect of titanium on microstructure and selidification behavior has been demonstrated 1n this
work. Titanium addition raised the Tr.s Each percent of titanium increased the Trs by 69.28 °C. In
addition, the TEU was slightly dropped with titanium which promoted the refinement of the eutectics.
Titanium-containing carbide (TCC) were found 1n the interdendnitic area and mostly resided with the
graphite. The TCC had the average size of 3 — 5 um with cuboidal shape Hardness had a direct
relationship with titantum due to the combined effect of the greater austenite-to-graphite ratio, the
eutectic refinement and the presence of the TCC.
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