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Nattapong Suwanmanee. (2011). As-cast Microstructure and Mechanical Properties of a
Malleable Iron After Heat Treatment. Master thesis, M.Eng. (Mechanical Engineering).
Bangkok: Graduate School, Srinakharinwirot University. Advisor Committee: Asst.

Prof. Dr. Ganwarich Pluphrach, Assoc. Dr.Paisarn Naphon.

This thesis aim to consider yield stress derives from microstructure and size of
pearlite grain inspection of white cast iron that there are carbon atom 25% per weight, Silicon
1% per weight, Manganese 0.4% per weight, Sulfur - Phosphorus 0.18%. The result of yield
stress will be controlled by the average of ferrite grain size followed Hall-Patch's equation that
is shown about decarburization of carbine that will increase yield stress. Where reviewed the
experimental result from evaluated average grain size and yield stress, there is the highest

error value 4.5% and 2.5% respectively
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‘ﬁm: Manus Satilachinda. (2000). "Cast Iron". The Engineering Institute of Thailand
Under H.M. The King’s Patronage. p. 2.
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ﬁm: Manus Satilachinda. (2000). "Cast Iron". The Engineering Institute of Thailand
Under H.M. The King’s Patronage. p. 4.
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‘?‘im: Manus Satilachinda. (2000). "Cast Iron". The Engineering Institute of Thailand
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‘ﬁm: Manus Satilachinda. (2000). "Cast Iron". The Engineering Institute of Thailand

Under H.M. The King’s Patronage. p. 5.
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Introduction 6th. p. 64.
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ﬁm: William, D.; & Callister, Jr. (2003). Materials Science and Engineering. An
Introduction 6th. p. 65.
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ﬁlm: William, D.; & Callister, Jr. (2003). Materials Science and Engineering. An
Introduction 6th. p. 66.
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r
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LU R ALATWEA NI HI8IVENE 51,450 110

"?'im: William, D.; & Callister, Jr. (2003). Materials Science and Engineering. An
Introduction 6th. p. 67.

1.2.2 GIRIUULIDEAD (interfacial defects)
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‘ﬁm: William, D.; & Callister, Jr. (2003). Materials Science and Engineering. An
Introduction 6th. p. 68.

AN LS A UINTUL LI RANETZAUAI MWLIzNay 14 lwnIBnfianig
msﬁmé’waaa:@]aulumsuﬁaga@ﬁu@haﬁmﬁmLﬁﬂﬁaUlm:é’uVmﬁaaﬁ’l 38R VOULNTH
&ql&l(?ﬂ (Small angle grain boundary %38 Low angle grain boundary) PAULNIHUULRLAAN

LWINNTIALTLIAIVIGAIAATY  GINWLTZNEY 10 LEAINIISEIAIUBIARALATILLLYAL
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& o § va o & ° g a ] a .
LﬂuLmelvsm@maulmuagiummu VOUNIWYNEMULRETHNIT VOUNIUUULLELS (Tilt boundary)
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a 1 i a g; 1 Aa J a
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U L 1 yg T a g ) Y A g 1
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v et d‘»G' a Ca/ v
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ﬁm: William, D.; & Callister, Jr. (2003). Materials Science and Engineering. An
Introduction 6th. p. 68.
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‘ﬁm: Manus Satilachinda. (2000). /ron and Steel Heat-Treatment Engineer. The

Engineering Institute of Thailand Under H.M. The King’s Patronage. p. 31.
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ﬁm: Manus Satilachinda. (2000). Iron and Steel Heat-Treatment Engineer. The
Engineering Institute of Thailand under H.M. The King’'s Patronage. p. 43.
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ﬁm: Manus Satilachinda. (2000). /Iron and Steel Heat-Treatment Engineer. The

Engineering Institute of Thailand under H.M. The King’s Patronage. p. 44.
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ﬁm: Manus Satilachinda. (2000). Iron and Steel Heat-Treatment Engineer. The

Engineering Institute of Thailand under H.M. The King’s Patronage. p. 45.
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#131: Manus Satilachinda. (2000). Iron and Steel Heat-Treatment Engineer. The

Engineering Institute of Thailand under H.M. The King’s Patronage. p. 48.
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mMwisznay 16 uaesnIUasnilasanaasianw iy idwwas sy

‘ﬁm: Manus Satilachinda. (2000). Iron and Steel Heat-Treatment Engineer. The

Engineering Institute of Thailand under H.M. The King’s Patronage. p. 48.
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ﬁm: Manus Satilachinda. (2000). /Iron and Steel Heat-Treatment Engineer. The

Engineering Institute of Thailand under H.M. The King’s Patronage. p. 49.
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ﬁm: Manus Satilachinda. (2000). /Iron and Steel Heat-Treatment Engineer. The

Engineering Institute of Thailand Under H.M. The King’s Patronage. p. 49.
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fW1: Manus Satilachinda. (2000). Iron and Steel Heat-Treatment Engineer. The

Engineering Institute of Thailand Under H.M. The King’'s Patronage. p. 51.
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ﬁm: Manus Satilachinda. (2000). Iron and Steel Heat-Treatment Engineer. The

Engineering Institute of Thailand under H.M. The King’s Patronage. p. .51.
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ﬁm: Manus Satilachinda. (2000). /Iron and Steel Heat-Treatment Engineer. The

Engineering Institute of Thailand under H.M. The King’s Patronage. p. 51.

& & A o & o o AA 2 A a & AaA

IS lrauwananazianwutiwwantar  898anUssiannianiialwnanng

USUNATUANEN WS krdaziansmetdwiiwLg §938n91 Lath martensite HwaN 14

294lATFEININANNMITINAIRE IR VaIRalaTw (High dislocation density) 32&13158
=4 = v e v [ L =4 1 v A &

ﬂﬂ‘l:ﬂi’]ElﬂzLE]SJ@]VL@ILQW’lzﬂUﬂaENﬂ’IEN?JSJ’]EIE,;N6] Tasmsfnerunaasdlanasan bl latalal

PTRARLFIDLAAATAWNI



26

1.5 msauqumgnmia (Heat treatment of Iron Casting)
TanUsaiAraINIaUTUIMANTAD WonalagasinazliTununaol aulidassma
fgnsmauszldnuldszozamuwm i]gu@ammﬁ%miawqumﬁﬂmiaﬁagi%mméﬁwmx%uagﬁ‘u
pavadnannaa MINAYIE 60 wiatanz wazmailulsemn msau*’guﬁﬁﬁﬁmﬁﬁlzﬁ']mﬂdn

[

3%

)}

1, msauqmﬁaﬂmmmwm’%m (Stress Relief)

2. el manas s daussanzi ol ldunneaf dasms (improve machine abilty)

3. Uidpssntianeduanawite (Improve toughness and ductility)

4, Lﬁlummﬁﬂummlﬁdﬁd LAZAMNFIUNIUNNITRNATD (Increase strength and
wear resistance)

Aaufiasnanastuaan LLa:mm%%msauqumﬁWda i duazdadnannnenny
LL@m@iNmaﬂi:mﬂﬁmiau"gumﬁm&a’a@havl,ﬂmnmiauqumﬁﬂﬂﬁﬂ %aﬁﬁéﬂﬁzyag 5 1sems
fa

1. ‘l,umsl,ﬁaﬂqmwgi‘uﬁalﬁmﬁﬂﬁimaa%ﬁoL‘ﬂuaam@m"luﬁ AFBINNTN
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LWiwzﬂ%mmﬂJao%ﬁnau’tum&mnﬁuqm‘ﬁgﬁ%ﬂqa (Critical temperature) VaILHANAED

2. fasnmannae ﬁﬂ%mmﬁmﬂﬁuau S‘ﬁaﬂaugaLLa:EJ'aﬁm@lLmeﬁa
Nauagjﬁﬂaﬁﬁmmﬁa rlwmaniisudaduanusansnlunmaguuds (Harden ability) agjlu
QLTS %’avlajﬁi’mﬂuﬁaa‘*gm{w Lﬁ'mu@i‘*guﬁﬁﬁuua:mmﬂﬁﬁmwaLLé’a

3. Lﬁaaﬁnﬂé‘ﬂwngﬂs"mmmaﬁﬂﬁlzsﬁ‘u%au (Complex shape) WLazlnu
vl aain qmﬁgﬁﬁﬁma:mﬂmzmaﬁu MsNFI NI nda AT uay
naAfaly (Holding of Soaking) 39@asliemuunitmanna atlastiunsiasevasnunas
uazlanadlunuaugy

4. wwdpnw Mmivaeslmdn ududessziaszianduiee wnzazia
ANULAILALAREAN (Residual stress) s?j'aazl,ﬂumm@ﬂﬁtﬁ@nnmmn%’n"tﬁdwEJ MINauALe
mwzﬁaam:ﬁwﬁuﬁLﬁ'amﬁmﬁué"mamﬁdqmﬁgﬁ 100° - 200°C ‘liarsUaesldidudasun
autisgannIsudah ldevfuds uitaadymnisuanin

5. Slumsau*’qumﬁﬂﬂ'mlw,@’]ﬁl%ifﬁﬁwﬂur‘?j”aLWEGLL@&"[;Jﬁmsmuqum‘smmﬂ
melulda asfanssandiadn uszmnasanlodiiind woztne@ausin LLazﬁmwwfﬁagondﬁ
Lﬁ@‘lumsauqumﬁﬂﬂﬁﬂ ﬁdf:l,mﬂ:mﬁﬂmaﬁ%ﬁﬂaugﬂmmaww:mﬁn%éamﬂ LRZLARNHRD
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f131: anus Satilachinda. (2000). Iron and Steel Heat-Treatment Engineer. The

Engineering Institute of Thailand under H.M. The King’s Patronage. p. 217.
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fx: Manus Satilachinda.(2000). Iron and Steel Heat-Treatment Engineer. The

Engineering Institute of Thailand under H.M. The King’s Patronage. 2000. Page 217)
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fa 25 PRzANNL1IVBINDIA Chord NAANWLKIZYINIA | 1az d WUTHWAK IUIUAINATA

Chord ¢a%I8ANNLNUULFUNAREL 7D
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G ™0 = ¥ TR 1)),
a=i1
1 d 2 : d
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1.8 ANAFANNUS FOaA — IWNE
Cementite #A99INHUNTTNITNNIANNTOU FWNTDANANITNUALA AN UAZ
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A a = & da & v A o & o va & P a
fia ssdsznaunudsus: anuudsniiedulagiuinuleun sz liiAadansunazidsavas
Austenite Waz Ferrite LaznImILQuMItsimanuiauiisnanIarild
PNATALNIUVDY Ferrite VDIRANHRDDUINRLITIRINIDNNANTZNUNKIAY 6ia
FUUANMHNINLEZNNNG UMV Hall Petch NUEAITIANMUTUNRITTRINVIAVEINTH

LAZANLA LI UBUA I

1
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i

ANUENay 24 Flow Chart T4@a%n13398
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2. gunsalnilzluns3ve

mwisznay 25 m‘%f'aﬁ@muﬂszﬂaﬁ'a@;
(Portable Optic Spectrometer : Spectro, Spectrotest TXCO2)

MNUITNaY 26 LENBULRANTWIALAN Nabertherm N280E
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@)

) (4)

nwdsznay 27 Lﬂ%‘lmﬁawﬁﬂu%m'm
(1) Lﬂ‘%adé’(ﬂmﬁﬂ (Precision Cutting Machine : Future-Tech, FTC-70MS)
(2) Lﬂ'%'aumﬁ%mm (Mounting Press : Future-Tech, FTM-32A)
(3) S asdafanih (Grinding & Polishing : Future-Tech, FTP-200D)
(4) 1envnenuzena Alcohol

Mwlsznay 28 naadnn UﬂﬁWIﬂSGﬁ%’NQGI’I’]ﬂL%ﬂ&J@i aﬂauﬁumaiﬁ aﬂ'uﬁn"l,wa’mw

(Steroscope zoom microscope : Nikon, C-PS)
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Awisznay 29 Lﬂ%a\‘m@aaum’muﬁd (Microhardness Tester: Future-Tech FM-700e)

[~3 (]
3. MSLASYNRANKRAD AV

' [~3 1A val ¥ [ 6 o A
vmamaﬂmaamﬂ%wmmaumugmﬂnmo 80 1. 817 100 V. LLaznINTLaah
LL‘i_i\‘](ﬂ’]&l"I.l’N\‘ilﬁﬁﬂ’N&mu’] 10 AN, II%I% 2 Th

MWUTZNAY 30 TUNURANRIDRVNNEIRTUNNTIVE

%umuﬁm%’umﬁ%’ﬂﬁazﬁaaﬁdmﬂiznauﬁmm:au fa
C ~ 200-265%
Si ~ 090-1.65%
Mn~ 0.25-0.55%
S&P ~ 0.18 % max
B &Bi ~ 0.01 % max
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4. NMSDUTWIH

Pearlitic malleable iron

1000

800

600

400

Temperature (°C)

200

N /0

1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49 B2 55 53 61 64 &7 70 73 76 73 82 85
Time (hrs.)

mwdsznau 31 leazunsun 1 mIaumannaadanine i lassas 9t swile Peariic malleable iron

Ferritic malleable iron

1000

800 ! \

w |} \

w ] \
w 1] \
0 / D

1T 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49 52 55 58 61 64 67 70 73 7§ 79 82 85

Temperature (°C)

Time (hrs.)

mwisznay 32 laazinIud 2 MIauwanuaadaniN el lassss1enaiuiiln Feritic malleable iron

%

4.1 suiwAnndadzadudl 1 ewlaazunsud 1 TavufuReatuaewlunisay aail
444 idunudumeuiifiaampd 900°C uazaulium 72 Falus
412 shesnanianey ussiuiviufl (Water quench) liunulgomniianag
aufly 50°C

4.1.3 Wdieaunlgmngi 500°C wazaU w1 2 Ty
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414 ﬁﬁaaﬂmnwnamm:ﬂdaﬂlﬁtﬁumﬁqmﬁgﬁﬁm (Slow air cooled)
4.2 suiwAnnaadzITu 2 mwlaezunsui 2 TasufuReatuaswlunisey ail
4.2.1 ﬁw%ummﬁumauﬁﬁqmﬂgﬁ 900°C uazav 3w 72 T2l
4.2.2 eananianay waziiay (Fast air cooled) lﬁqmﬂgﬁﬁmmamamﬁa
760°C
423 ﬁwﬁ]‘nmauﬁﬁqmﬁgﬁ 760°C wazUsasliidnluianay (Fumnace cooled)
auldgmungd 700°C

v

424 ﬁwaaﬂmmmammzﬂdaﬂﬁ@uaaﬁqmﬁgﬁ 89

5. ﬂ’]iﬂﬂﬁ&ﬂ%ﬂd’l%ﬁ&lBi’l%ﬂ‘SZ‘]J')%ﬂ’limJ‘ij.‘iJ(ﬁ’JElﬂ')’l&l%%)%
5.1 TNINAREUMFNEIBUTZNOLVBIT I
m'maamhd'mﬂszﬂamaamﬁnm’aﬁmma"'&mnmum:muauquﬁaﬂﬂmﬁau
Taeldie309 Spectro wazvimaiuiinliluaaufineas uanawiasrinmmaseudidiwlsznay

leun azdasinmseui sunUBwun Idanasyun s an s uswagnananeIa imwdlsnay 30

MwUsznay 33 MIREUNEUALTUWINRINGTI IR OUNARALNLTUINUIL

ﬁwm%mm‘i%’wé’aNmmsau*‘guéﬁmmm%auﬁfu ﬁmmm‘gms:l,l,auwmmamu 29
(3 o a 6 1A % v A 1 d' o 1 1 U A
daarinm It ssudsRntn RS sunawnazin lunaraunidgiwdsznay lasltulsinaanaag

uazlF163049 Grinding & Polishing : Future-Tech, FTP-200D lunisdaazidoasnasimiis
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Windows

/o 5 9 {550 e
LR R m R e fEa ) = B Y
VAN A PP |
=V T [ T [ T (R DR L
AT AT T T ) |
JESEETET T E E R

nwilaznay 34 AauWIlaesiTandanuieIad Spectrotest TXCO2 uazgUninidniviaiouia

WalaTsuRTwulASsusasud? 399U wAI 951UV BILAT89  Spectrotest
TXCO2 @4MWA 32 uazrinmstuinaf laasnwlsenay 35

9 )
MwWUsznay 35 MIUFUNUINDUKIO Spectro Lﬁ@ﬂi?%ﬁﬂUﬂWﬁ’Juﬂigﬂ@U
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MWUznay 36 NaANEIRLIZNALVAIRANLRAINRINanaNRNILGDT

5.2 ManagauaNuT Y
ATAFROUAANVULTIVDIARNAROFVY PAINNRIUNTZLIROUTUMEANNTU
Taelt Lednsnasaunnuds Microhardness Tester: Future-Tech FM-700e waztinmstiufinenly
udrauflazvimamesausiaulznayldnu a:éfaoﬁ']msaamﬁUuﬁuémmﬁvlﬁmmgmﬁau

IWWaa UL nETBINaNaaaIRINWLTznay 36

MwUsznay 37 (N) FwuanasTIREMIUMIFOUINILLAIBINEIR (T) NIATIIROUAIAINLTY
YDITWINW
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5.3 mszhﬂmwimaa‘?mgammaa%mm
thamwlasaiamMaaTIaseLAIANNLT 1B WA NS R TN IMA I INR TN
auTUIBANTaU I@mma%mml,ﬁ'aﬁw"l,ﬂﬁugﬂiﬂﬂl"ﬁLﬂ'%'aaLmﬁ%u\ﬂu (Mounting Press :
Future-Tech, FTM-32A) IléGusuasnmnilszney 37 udrseildanwlassairalasls

o ' o A \ a ¢ A o K & .
ﬂaam’mmwimdm’m;amﬂwjam BRDUNIADILN a‘]JWYlﬂvLWﬂﬂ'WW (Steroscope zoom microscope :

Nikon, C-PS) uazvinmsuuiinlunauiiaes asmwdszney 38

|

nMwiiznay 38 Twinbinadanyinn1s Mounting wﬁ”amﬁa‘v‘hmsmﬂmwimoa%“wgamﬂ

MWUIZNOU 39 MITHNTWINULWINATEITUNWNDEN ﬂﬂ’]WIﬂix‘lﬁ%’N?ﬂﬂ’]ﬂ
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Nan13ldY

1 [ [~ 1
1. Wan1saRFAdUdszNay u,azmwmﬂfﬂsm%"mqamﬂmaamanwaaﬁma LAY
[~3 1 =
AAN NADDULATED
msﬁﬂﬁdauuazmﬁmﬁaﬂmsau"guﬁmmmﬁ”auﬁﬁa Mg lATIRIIINIRAILN
ﬁué’f'sa%iﬁ'Uﬂ7§uau1uL%§nwda§mﬁalﬁ \ulassasaili Pearliic Malleable was Ferritic Malleable

AIBUANEIBUTZNOUEAN  VaIRANHRDRIILAZIRANRARaLLWRgNT® a9t

a3 1 ANEInLIzNauEN § YadlnanraaRIILAZIMANMaBaLLATea Pearliic Malleable Laz

Ferritic Malleable

Element White cast iron (%) Pearlitic Malleable (%)  Ferritic Malleable (%)
C 2.24 2.65 242
Si 1.05 1.56 1.34
Mn 0.26 0.87 0.58
0.112 0.05 0.02
0.115 0.24 0.16

Mwdsznay 40 mwrimimoa%ﬁdﬁ;amﬂ 200 LYNUaIRANRRAFUN?
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AMwlsznay 42 mwmﬂmaa%wqama 200 LYNTaIRANRAD 8 ULRHEIGN
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1 [ o o o ¢ '3 6
2. ﬂ'lﬂ'.)'l&lLﬁ%ﬁl'\%%ﬁnﬂﬂ']iﬂ'l%')m‘i)']ﬂﬂ')'l&lﬂ&lwuﬁ gaaa-tnas (Hall-Petch) LLazn1s

aas ¢
nagaulaaisSaatiaa (Rockwell)

NNMIEATNveIsUaLnas Spektor's method MsNTHUSIWIULEIABIALABRLNG

. & o A A & o . ed o o
luﬂ’ﬁLL‘U\‘]uu 'i]gl"ﬁﬂ')’]llﬂ'nﬂﬂqjﬂq@ﬂﬂﬂLwaﬂiﬂLﬂiu LL@zuU'ﬂ’]u’]uLﬂﬁ%LwaﬂiﬂﬂLﬁu@l@l“’]u

(mmm@mmu’aama INAWUTENaY 42 waznwilsenay 43 1%3’1’]@]&1%’)‘(] n.) 9%

A13719 2 MTIATWIALN T IWLWIAIVAINAT IIVLNTY

[

FuunIuniduanadaruluuwiag

uofi

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
1 1 2 5 3 3 4 1 3 4 6 2 1 3 1 2 5 13 5 3 2 4 2 5
2 4 4 2 2 3.5 2 3 5 142 2043 3 1 1 7 717 2 9 2
3 4 4 6 6 N g e oemis s 1P R | 3

4 s 2 3 2F P 2 ER¥,y o8 B_1 g W

5 2 1 3 70 4 oW 3 P 2 4 Sgp 11" P18 g4 WG

20
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0—312-

% 10 -
e g |

o N B OO 0
|

Mh
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fnuiafidumnadiaru

MwWUsznay 43 NIWLEAITIWIWNAT IIVLNTUATL L6 bwwsiazun i ag
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A3 3 MTIATWIALNTI WL INAUTAINAT LIVLNTY

FUWIUNTUNLEFURINAAAHNIWIULIINEY

waan
1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 17 18

1 3 5 7 2 3 2 5 3 3 4 7 3

2 5 2 2 5 3 4 3 6 4 4 2 2 2 2 3

3 2 3 6 5 3 3 3 2 3 5 6 5

4 1 5 4 1 2 3 2 3 3 4 3 4 7 2 2 4 1 1
5 2 1 9 6 3 5 3 4 1 2 6 6 3

6 7 5 5 2 4 9 3 1

7 13 2 1 2 1 2 3 2 2

8 1 5 1 7 2 2 2 1 8 5 3 4 5

14

12 4

10

=g -

(-O

-

c

o@

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

Supratlsuanadosns

mMwilsznay 44 s1waninaslavinsuntu lalwusazunluiwwi o
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N IuNLFuanasaruliwuiag
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11
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5 6 7
5 3 10
4 4 14
2 1 4

12

wandl
1
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2 4
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4 14
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=
c
= 8
o
6
4
2
0

MWUIzNay 45 $1wInAE larinIwny laluidaz i luiuwiad
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FUWIUNTUNLEFURINAAAHNWIULIINEY

LLﬂ’J“?’;

1 2 3 4 5
1 3 3 9 8 4
2 5 2 3 4 12
3 3 3 3 4
4 2 6 3 5 5
5 2 10
6 2 18 2 1 2
7 8 8 10 2

AMUIN

o

dmmbaiduamnadan

Mwsznay 46 s1waniia b iy laluidaz i luinina
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Range of chord Number of chords Dia.meter of Nurrslber of grain per Evaluated mean grain
ltem per mm. grains, mm’, size, um,
AT % Y € 1) BTY L0 Dq = Dy x (Ny)
1 0-2 66 2 133.63 x 105 0.026726
2 2-4 73 4 16.03 x 105 0.064120
3 4-5 21 5 060 x 10° 0.003000
4 5-7 21 7 0.60 x 105 0.004200
5 7-9 5 8 0.016 x 10° 0.000144
6 9-11 5 11 0.024 x 105 0.000264
7 11-13 3 13 0.017 x 105 0.000221
8 13-14 0 14 0 0
9 14 - 16 0 16 0.00263 x 105 0.0000421
10 16 - 18 1 18 0.00210 x 105 0.0000378
Total 0-18 195 2-18 151 x 10° 0.0022480
AN 7 Nﬂﬂ’]i’?@“ﬂ%’](ﬂLLﬂZﬁUﬁW%’J%LﬁavLaﬁLﬂiu
Number of chords Diameter of Number of grain per Evaluated mean grain
ttom Range of chord . grains, mm3, size, um,
engthe pm Ny KDY) e O, D = D) x (Ny);
1 0-2 16 2 26.54 x 105 0.05308
2 2-4 23 4 6.635 x 105 0.02654
3 4-6 9 6 0.640 x 105 0.0038364
4 6-7 0 7 -0.115 x 105 -0.0008079
5 7-9 4 9 0.013 x 105 0.0001143
6 9-11 4 11 0.014 x 105 0.0001538
7 11-13 3 13 0.007 x 105 0.0000954
8 13-14 2 14 0.009 x 105 0.0001213
9 14 - 16 0 16 -0.003 x 'IO5 -0.0000419
10 16 - 20 1 20 0.0016 x 105 0.0000335
Total 0-20 62 2-20 34 x 105 0.0024636

NI 6 UAZANIN 7 A8 NANITIATWIALAZHUIIWIBINTY (mm‘mgéﬁamo

MIWIBHLAINNAANKIN A.) Immm’aLﬂumo%ﬂﬁmnmﬁmm@mmﬁﬁmmmm’;ﬁqmiu

ﬁuﬁﬁ'@mmaagﬂdwimmﬁ%gamﬂ LRZYNMITIAVWNIA LLGART9 ANIRUQ 10 T29¥iN I

ﬂiﬁﬂﬁ?%’]%L%gﬂﬂlﬂ\‘]ﬂﬂgﬂ Tuﬁ@Lﬁ%f«hﬂ%gﬂﬂﬁdLﬂaEJ?JB(]LT]TH IUWIBARLVBINTH UAZRINIIN

Uzl inaw1avadtnInlaLYinny 0.00246 pm
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AN 8 VUIALNTUULAZAMULAUINUIUTDILN TN aﬂiﬁLLQZLﬂiuLﬁ E‘JVLE‘WTW paRaNMaBaLLATheN

Range = Number Diameter of Number of Evaluated Calculated Tested
of chord of grains, grain  per mean Yield stress Yield stress
lengths, chords um mm3 grain size, MPa MPa
pum per mm. um,
Iltem  Iron Unit
I:'.I1 an ._‘% ., B g L
j X dg Gy = g, + kd? oy = gy % 06
{ﬂL]|
Pearlitic 5
-20 62 2-20 34 x 10 2.46 601 544
Malleable
Ferritic 5
0-18 195 2-18 151 x 10 2.24 627 567
Malleable

INAIN 8 Lﬂumma@ammm'maaﬂa{@ a‘hmuﬂa%@@iammmaﬁa‘ﬁLum IUIR

Lé”umugluﬂﬂmwmmm ﬁﬂ%’)%ﬂﬂ%@@i@@ﬂﬂﬂﬂﬁﬁaamﬂi YWALRRLVBILNTH AIANLA

o v o ¢ & & ' v A o =
IUBUINNANVURNAWD FaaR-LNND (Hall — Petch) ﬂ’]ﬂ')’]SJLﬂ%ﬂvl,@'ﬂ']ﬂﬂqiﬂ@]ﬁaﬂﬂ'l"mLL"U{‘I

(mmm@é’haziwmsﬁwmm"lﬁmnmsw 12 lumanuin 2.)

630

620

610

600

st Fifils

i~ (fm "EJ

mwilsznay 47 wam:'ﬂumaoLmuLWaﬂsﬁLLazLﬁavla AR oA NUAUIUUTBIRE NNE DBLILATEN
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T 9 ANANNUTIVBILRANHRR BRI

2
[

ﬂi\‘i‘ﬁ Lﬂaiﬂ
- 1 2 3 4 5 6 7 8 9 10

The (HRC)
Pearlitic

27.9 27.8 278 27.7 281 277 278 276 282 284 279
Malleable
Ferritic

29.5 296 29.7 294 300 298 295 298 29.8 300 29.7
Malleable

P = o -
3. 2w 1atNIniNaLNgUNU International Standard (1ISO643)
A 9 A & = 0 = = A &
LwalumswULﬂu"LﬂmummgmmmmanmaaumumLLazLﬂumiwgﬁ]mwm@maa
oS IainT  UasIAR Lyt NI Ry aILRANRE 8 ULATHYIN LGNNI R ENAE RV UNNINIG
ﬂizU’J%ﬂ’liaU?ﬁJﬁ’Jﬂﬂ?ﬁ&l%ﬂ%l%’ﬁ?ﬂixﬂxﬂﬂ’]LLqum%ﬂﬁﬁumN’]zﬁ&lLLaxa’lﬂJ’liﬂﬁ’]vLﬂw{i’m
v A A ' o 1 AV o aa & A v o ¢ &
laa3rsalal Taashdfldanitnsvadadainaiiias waengedaNusuRBIva goatwndg
M IUSHUNEUNLYWIANTUANNIATZIN (mmm@éfqashaﬂ'ﬁﬁ'm'm”lﬁmﬂmﬂwmﬂ f.)

o &
A%

A3 10 VU19LNIWIIN Spektor's method UszilwAguny International Standard (1ISO643)

Evaluated mean

Estimated grain Mean diameter of Mean intersected
Item iron grain size, ym, -
_ size (Indices), G grain, pm, d segment, pm, |
dg
Pearlitic
1 2.46 14.4 25 22
Malleable
Ferritic
2 2.24 14.7 2.2 1.9

Malleable
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1. Tossaswiugwdfouliidunaslsd asen Fwwlavazusnareanidunan
& o & ed a A o & A A
samanlurinunnlng nnlwdnifalnaznszdanszanemliiliogmnlana
2. samanluiwziowdwail swendveunagluginnindfiazaungduiuus:
Az i Mldwanlsudfdundannaainiied (Malleable Cast iron)
3. anuduiuui ldannmMInesauaNNLT AR 544 MPa LasAIANNLAY
o AV o v a o o ¢ [ 6 6 ,
Fuun ldannmslingufanusunuivas gaas-iwnt (Hall-Petch) uaz slaiaas (Spektor's
A > 2 =N A v a o
Method) J@7inny 601 MPa GawAnindarlnatfssn
dl v L A 6 y
4. wavadnIud lsanmmievinalaslsitaiainas (Spektors Method) laguma
{ a 1 1 s d 1 1 a d
LDRUUBINA FRRNTURA WA 2.46 pm wazinas lsrinsuiivwmaadadevinny 2.24 pm G4
Warhafisunuanasgwnanradaaulniied 1IS0643 wupwalia laviinsuiia1irinnu 2.5 um
uazzawas IsHnIulldwinny 2.2 pm Faezdnledn andSoufiouvesia lanianinaif o
19 98.4 % uazAndIouiouvaanas sriinIw 98.2 %

° a ' A a ' | 5 & o '
5. 'ﬂ’]u’lumaﬁLWﬂvLaﬂrLﬂiu@ﬂgﬂﬂ’]ﬂﬁ“aaLN@]iﬁﬂ’]Lﬂ’]ﬂU 34x10 Gﬁﬂuaﬂlﬂ')ql,waﬂiﬁ

dgl/ P €a

A @ Ol . Aa = o = ' P=1 A e A
InIullAinny 151x10° dieNungnuARLaawaI ARG IRENREDAUATRL AR AT
ANMNULTILIININNIN
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Avzaneny e
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2. VOLANDUNY

2.1 Haranauwwznlil
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@139 11 a9 lunsdszifindiuimnss

Number of grain, Mean number
per square millimetre ,m. Mean diameater of  Mean area Mean Of intercepts
Grain . ) Intersected on the
Limit values grain Of grain
size Nominal a & 2 Segment measuring
indices value From To mm e [ .mm line,per
(excl.) (incl.) millimetre
-7 0.0625 0.046 0.092 4 16 3,577 0.279
-6 0.125 0.092 0.185 2,828 8 2,529 0.395
-5 0.25 0.185 0.37 2 4 1,788 0.559
-4 0.50 0.37 0.75 1,414 2 1,265 0.790
-3 1 0.75 1.5 1 1 0.894 1,118
-2 2 1.5 3 0.707 0.5 0.632 1,582
-1(00) 4 3 6 0.500 0.25 0.447 2,237
0 8 6 12 0.354 0.125 0.320 3,125
1 16 12 24 0.250 0.0625 0.226 4.42
2 32 24 48 0.177 0.0312 0.160 6.25
3 64 48 96 0.125 0.00156 0.113 8.84
4 128 96 192 0.0884 0.00781 0.080 12.5
5 256 192 384 0.0652 0.00390 0.0566 17.7
6 512 384 768 0.0442 0.00195 0.0400 25.0
7 1,024 768 1,536 0.0312 0.00098 0.0283 354
8 2,048 1,536 3,072 0.0221 0.00049 0.0200 50.0
9 4,096 3,072 6,144 0.0156 0.000244 0.0141 70.7
10 8,192 6,144 12,288 0.0110 0.000122 0.0100 100
11 16,384 12,288 24,576 0.078 0.000061 0.00707 141
12 32,768 24,576 49,152 0.0055 0.000030 0.00500 200
13 65,536 49,152 98,304 0.0039 0.000015 0.00354 283
14 131,072 98,304 196,608 0.0028 0.0000075 0.00250 400
15 262,144 196,608 393,216 0.0020 0.0000037 0.00170 588
16 524,288 393,216 786,432 0.0014 0.0000019 0.00120 833
17 1,048,576 786,432 1,572,864 0.0010 0.00000095 0.00087 1,149

NOTE This table gives the values between the different parameters for equiaxed grains.
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TN 12 Manuudauyaduaza Ulimate tensile strengths @ wiuinanannasduazinananiuam

Brinell Vickers Rockwell Ultimate, Ou
HB HV HRB HRC MPa Ksi
627 667 - 58.7 2393 347
578 615 - 56.0 2518 313
534 569 - 53.5 1986 288
495 528 - 51.0 1813 263
461 491 - 48.5 1669 242
429 455 - 457 1517 220
401 425 - 43.1 1393 202
375 396 - 40.4 1267 184
341 360 - 36.6 1131 164
311 328 - 33.1 1027 149
277 292 - 28.8 924 134
241 253 100 22.8 800 116
217 228 96.4 - 724 105
197 207 92.8 - 655 95
179 188 89.0 - 600 87
159 167 83.9 - 538 78
143 150 78.6 - 490 71
131 137 74.2 - 448 65
116 122 67.6 - 400 58
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o o % [ 1
MIAIWIMAINIULKRAINYVIADDU Lﬁﬁﬂ') Pearlitic Malleable

o

1-10 @3

=2

48

o
1.5

NI IHATTIANTIILLIFLNS

1.1 30NLEWB1989 200 pum beyinnu 30 mm.

1.2 AulagaaunIwIale 18 mm.

1.3 fAwamatnadi 10 um 2z ldwwiainsu 1.5 mm,

AIBUUUAVDIRING 7D

10 x 18
T n 12

LNTIZRE U IINATNLENR RINITOULNELNANILHIAIUAZUWIKEY Aa 12 mm

Seale =

%

MIFWIANTIIVUIABILNTH (Range of chord) lasduwrandudrauannsraud

"
= =18
15 “2mm. 9zl¢%29 0-2 mm.

1 “amm. q2¢%9 2-4 mm.

36
I =
1 emm. 3216579 4-6 mm.

=72
"Tmm. 92167129 6-7 mm.

2216129 7 — 9 mm.
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T = 10.8

15 “1imm. 92167129 9-11 mm.

8
10 =12.6

15 "13mm.  92'1¢d%29 11-13 mm.

— =144
15 “lédmm. 926629 13-14 mm.

i5 “1emm.  3¢ldH29 14-16 mm.

13
T = 198

1
] T20mm.  geld%19 16-20 mm.

I

3. msﬁmammumLﬁffumgmﬁﬂmwmmm Diameter of grains, D; (mm.) luudazs

INFNNIANVFUNWT Hall-Petch azla

4 L)y  (npdj+a]
maz|Zj =1 2Zj+ 1

(Ny); =

£1971 1
4 [ 16 23y

Y o= - F
Wk = apozs|z =1 2+ 1) = 2654 x10

H1971 2
(Nv) 5 LI 6.635 x10°
N = ossoar|T—1 TT1" x 10
B9 3
__ 4 2 __°3_ 5
Nyl = —o006ile=1 ex1l" 006394 x 10
B0 4
4 o __*1_. 5
Wvde = mporEle =1 =l = (0115) X 10
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4

4 4 -
WNyX = ot [ro—1 - T ] = 0.0127 x 10

H1971 6

Wyds = L.
B9 7

Wik = H:Tgm'[m
#1971 8

WNvk = moieflie =1 16 +11

799N 9

WNyde = o 0TelTe =1 T8 51

£29% 10

Wyhe = 25027130 =1 20 =1

4

3 = 0.0139 x lo*

mo.011711Z —1 12+ 1

3

t

—1 14

i

+ ’

® 1-00086 x10°

4

0

1

4

1

]= (—0.00262) X 108

0

] = 0.00167 x 10°
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o o % [ 1
NIIANWIDATINRIULRANYIaDDU L‘Viﬁﬂ') Ferritic Malleable

1. MIAWIHAVUIANIULIRING
1.1 30NLEUWEN989 200 pm latvinny 32.5 mm.
1.2 AulagaaunIwIale 18 mm.
1.3 Awamatnadi 10 um 2z ldvwiainsu 1.625 mm.

AIBUAUAVDIRING AD

LATIZRZHT INANLENE FINTOLLIRINANILWIAILASULUIBAKAD 12 mm.

2. MIFWIUWATIIVIIAVBILNTH (Range of chord) lasdwrauiudrauanndraun

a

1-10 eiait

179

“2mm. 92|99 0-2 mm.

Dl W
[
]

=
(=gl
(3%
m

L
I

3.5

=
=
I

“dmm. 26129 2-4 mm.

=
[l
b
L

1.625 “Smm.  q2'¢d%29 4-5 mm.

=77
1625 “7mm. 91699 5-7 mm.
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—— =896

1625

6o
5 = 10.76
1625

e |
e |

—o— =125

11 mm.

1.625 13 mm.

il
T = 14,34

2

9
5 = 1614
5

“l4mm.

22167129 7-9 mm.

22167129 9-11 mm.

22167129 11-13 mm.

2216729 13-14 mm.

9
1 o v
162 16 mm. 92'¢d799 14-16 mm.

110
o= 1793

1625 “18 mm. 9¢ld529 16-18 mm.
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3. msﬁﬁmm‘*ﬂmcﬂLﬁumguﬁﬂmwaamsu Diameter of grains, D; (mm.) luudazgas

INFUNIANNFUNWS Hall-Petch az'ler

_ &[0 (e
o) = by e gy

ﬁaoﬁ 1
4
(Nvh = w5537
ﬁaaﬁ 2

4
Wi = 250041

$1971 3
4

21

]

21 |

Wvd = oostle =1 "% T1

497 4

4
Wrhe = o0 —1 871

21

b

= 133.63 x 10°

= 16,03 x 10%

= 0.6 x 10¥

=06 x 10%
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4 [ 5 .
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#2971 6
__ 4+ 5 3 ]_ s
vk = ponE|iz—1 12+ 1] = 0028 x10
B297 7
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©97 9
il 4 o = i 5
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Abstract

The answer of yield stress derives from micro structure
and size of pearlite and ferrite grain inspection of white cast iron
that there are carbon atom 2.42-2.65 % per weight, Silicon 1.34-
156 % per weight, Manganese 0.58-0.87 % per weight,
Phosphorus <0.1 % and Sulfur <0.25%max. The result of yield
stress will be controlled by the average of ferrite and pearlite
grain size followed Hall-Patch's equation that is shown diffusion
of carbon atom will increase yield stress and reduce the average
of grain size. When review the experimental result from evaluated
average grain size and yield stress, there is the highest error

value 9.4% and 9.5% respectively

1. Introduction

Malleable cast iron that derives from white cast iron is
improved toughness by doing heat treatment of white- casting
iron in special environment. In theory cementite structure of
white-casting iron is semi-stable state and tends to diffuse to be
iron and carbon at some point of temperature that can be said “if
white-casting iron is annealed, Silicon atom in white-casting iron
will act to carbine steel. Such carbine atom will diffuse to be iron

and carbon. By doing this heat treatment will get rid of brittleness

of steel and change its structure to Malleable cast iron that is
suitable for machining”. This is the reason why this research of
changing white cast iroﬁ which has a brittle property to be
Malleable cast iron that has suitable structure for machine work
Cementite structure reaction usually will occur when its

structure getting temperature at this level

Fe;C  (—----—-—-— 3Fe (0l)+ C (graphite)

Therefore, to get its toughness is diffusion of those
structures that comprise of carbon in white-casting iron to be

structure below

A. White-casting iron - Heat treatment --» quick cooling to get

white Malleable cast iron

[P + FesC] - [Reheat ~ 900°C: hold at 72 h] -
[Pearlitic Malleable: P+ Gr]

B. White-casting iron > Heat treatment --» slow cooling to get

black Malleable cast iron

[P + Fe;C] —> [Reheat ~ 900°C: hold at 72 h] -~
[Ferritic Malleable: O + Gr]

That is O = Ferrite, P = Pearlite, Gr = Graphite Rosettes

White-casting iron which is suitable for structural changed to be

Malleable cast iron should have chemical composition ratio below

C ~ 2.00-265%
Si ~ 090-165%
Mn ~ 025-0.55%
S&P ~ 0.18 % max
B&Bi ~ 0.01% max



For the first state of annealing, temperature will be
increased slowly until 700-900 °C. During cast iron get heat up
pearlite will be diffused to be austenite then the austenite will
disperse carbon out and combine with carbon that dissolve from
cementite during annealing. Semi-stable state of austenite is able
to dissolve carbon more than austenite in the form of free
graphite. Nuclease of graphite will make austenite in less carbon.
Therefore, some part of carbon will diffuse from cementite and
combine to nuclease that makes nucleases able to grow in all
direction. Derived graphite structure will have oval shape called
“empered carbon” or Graphite Rosettes. Tempered carbon
constitutes at contact surface between existing carbine structure
and stable austenite structure. On the annealing process is able
to accelerate reaction during 20th-27th hour. Base on this
process, graphite constitution is very slow and it depends on the
size of work piece as well. However, finding that when silicon and
carbon combines in high contities, it will make rounded graphite

more efficient

2. Theory
2.1 The Spektor’'s Method

Ferrite grain size can be measured by one of the earliest
methods of evaluating grain size in steels was developed by
Spektor. Spektor considers the penetration of a polydispersed
system of sphere by a straight line or secant by assumes that
there are many spheres of diameter dj, the centers of which are
distributed in space with statistical uniformity. The distance from

the center of the sphere to the intersecting chord is
Z = [(d/2)* - (1/2)"1? Q)

| is the length of the chord. The geometrical relationship
are unchanged if we pass a test line through a randomly
distributed, monodispersed system of spheres of diameter d.
Consider a cylindrical volume of length L and radius Z centered
about the test line. The volume is 7T22L and the intercepted chord
lengths will vary between | and d. The number of these chords

per unit length of test line is
(nL)? = TtZZNV = E‘(dz - lz)NV (2)

Ny is the number of spheres ber unit volume. For a
polydispersed system let the spheres be classified into groups
with diameters dy, da, ds, dj...dmax, @nd numbers per unit volume

(Nw)1: (Nv)2, (NW)z, (Ny);----(Ny)mex respectively, we obtain

(e = EAZm 3} - 1Y),
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' 2
= 2Time md?(Ny); - SN, @)

For particles with diameters between | and I+dl,
d d
d(Sp)mex = mi2d(Ny){mex.

Considering  that d(NL)‘lim‘”‘ = —d(N,)}, further
simplification is achieved, giving
3 d
d(n)o =5 (Ny); ™™ )

(n,,)f, is the number of chords with lengths between zero

and 1 per unit length be broken down into any class intervals of

IengthA, as

2 |()j-()j1  ()jer-(M )
wl D D

(Nv)ja =

Where (Ny) jais the number of particles with diameter in
the interval jJA-A2 to jA+As2, whose mean diameter is iA and
the (n,); terms are the number of chords per unit length of test

line. The working formula is

(6)

4 (m)j () j+1]

v); = oz lzj—1  2j+1

2.2 The Hall-Petch Relationship

Cementite element after heat treatment can affect the
constitution, characteristics and behavior of Malleable cast iron in
many ways. Some of the major effects of these elements are
solid solution and precipitation strengthening, grain refinement of
austenite and ferrite and possibly transformation temperature
control.

The ferrite grain size of Malleable cast iron can have a
major effect on mechanical and physical properties. The Hall ~
Petch equation illustrates the relation that exists between grain

size and yield stress
0, = 0 + kd;"/? 1)

Where gy is the yield stress, d, is the ferrite grain

'size, and g, and k are constants. It has been shown that for

Malieable cast iron, also the fracture stress is related to ferrite
grain size by a -0.5 exponent and changes in the nil ductility

temperature are similarly related to ferrite grain size.

3. Experimental Procedure _
Table 1 shows the composition (wt%) of a white cast iron
and two Malleable cast iron used in this research work . The

ferrite grain size microstructure of entire the relevant samples
/



representative photomicrographs were taken. In order to
determine the ferrite grain size. The ferrite grain size was
measured at magnification 100X using a filler eyepiece.

The ferrite grain size determination should be done in a
magnification suited to the size of the grain so that small grains
may not be lost. The degree of magpnification will be limited by
the fact that the picture must include sufficient number of grains.
The entire as-cast ferrite — pearlite microstructures of the

Malliable iron are show in Fig.1

Table 1 Chemical composition of white cast iron and Malleable

cast iron
White cast Pearlitic Ferritic
Element iron (%) Malleable Malleable
1 (%)
o] 2.24 2.65 2.42
Si 1.05 1.56 1.34
Mn 0.26 0.87 0.58
P 0.112 0.05 0.02-
0.115 0.24 0.16

Figure 1 Optical microstructure of a white cast iron and Malleable

cast iron
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For strength of work piece will be tested by Rockwell
(HRC) that will give us
gy =0y, X 0.6 (8)

o, is Ultimate tensile strengths.

Figure 2 Intersection, P. counts for a straight test line placed over
a single — phase ferrite grain structure where the arrows point to

7 intersection points and P = 7

Determination of Ferrite grain size distribution. Ferrite
grain size distributions can be recorded by photographing the
microscopic picture and the determination requires measurement

of each individual grain. Ferrite grain size distribution in one

. dimension is the distribution of the lengths of linear intercepts

through the grains. Metallographic techniques for measuring
ferrite grain size were originally based on point counting of linear
intersection lengths (chords) distributions; the derivation by
Spektor appears to be first. Number of intersection point between

grain boundaries and a test line showed in Fig. 2

4. Results and discussion

Table 2 shows size distribution and yield stress of ferrite
grains of Malleable cast iron. The variation of yield stress with
d~1/2(m~1/2) is show in Fig.3. The following Hall-Patch

relationships can be expressed for the Malleable cast iron.
-1/2
o, = 40 + 0.881d;"/ ©)

Where g, and d, are yield stress (MPa), the mean

ferrite grain size (um), respectively as showed in Fig.4

630
620
610
600 . .

638 668

d~"2(m )
Figure 3 Effect of mean pearlite and ferrite grain size on yield

stress of Malleable cast iron



650
600
8§50
500
ferritic malleable

pearlitic malleable

Figure 4 Yield stress bar for present Malleable cast iron
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Table 2 Size distribution and yield stress of ferrite grains and pearlite grains of Malleable cast iron after heat treatment.

Yield stress b
Range Number of Diameter of Number of Evaluated Y
. . Yield stress tested:
of chord | chords per grains, grain per mean grain
Item Iron 3 MPa oy =0y, X 0.6
lengths, mm. mm., mm, size, ym, —1/2
o, =0y +kd, MPa
um (nL)j di (nV)j dg,
Pearlitic 5 )
1 0-20 62 0.002 - 0.020 34x 10 2.46 601 544
Malleable
Ferritic 5
2 0-18 195 0.002 - 0.018 151 x 10 2.24 627 567
Malleable

Table 3 Evaluation mean grain size of Spektor's method with International Standard (ISO 643)

. Evaluated mean Estimated grain size Mean diameter of grain, Mean intersected
ftem on grain size, pm, d—a (Indices), G gm, d segment, uym, |
1 Pearlitic Malleable 2.46 14.4 25 2.2
2 Ferritic Malleable 224 14.7 2.2 1.9

In Table 3 the mean ferrite grain size as determined by
Spektor's method is compared to values of G. d & | estimated
using International Standard as a function of various parameters.

The values of mean ferrite grain size ranged from 7 to 8

p\m, and the agreement between the two methods very good

5. Conclusions

From bringing White cast iron to do Annealing at
temperature at 900°C for 72 hrs, will get ferrite microstructure. As
the result we get, Cementite will diffuse to be austenite and
graphite. Graphite that occur will scatter when temperature drop.
Austenite will change to be Ferrite while Carbon that constitute in
form of Graphite will compose and scatter all around inside
Malleable cast iron and Yield strength derived from testing, Hall-
Petch theory and Spektor's method are different from each other
around 9.4 - 9.5% which can make the conclusion that the
concept and hypothesis from this research is able to apply for

improving white cast iron to be malleable cast iron.
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