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Fig. 1.1 Overview of prototype casting process.
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Fig. 1.2 Breakdown of domestic casting production in 2011.
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Fig. 1.3 Breakdown of domestic gray cast iron applications in 2011.

Metal
working and
processing
machine, 1%

Other
transport
machines, 7%

Fig. 1.4 Breakdown of domestic spheroidal graphite cast iron applications in 2011.
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(b) Intake port (c) Exhaust port
Fig. 1.7 Sand core used for casting of cylinder head.

(b) Sectional view

Fig. 1.8 Cylinder head produced by casting.
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Fig. 2.1 Observation of microstructure in an actual cylinder head.
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Fig. 2.3 Shape of specimens and zig for three points bending test.
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Fig. 2.4 Frequency distribution of bending strength.
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Fig. 2.6 Cooling speed of cast irons used in the study on effect of matrix.

Table 2.1 Chemical composition of material used in the study on effect of matrix.

Component

Value(wt%)

Material A

Material B
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(a) Material A (b) Material B
Fig. 2.7 Microstructure for cast irons with different cooling speed.
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Fig. 2.8 Statistics of extreme value probability for the maximum graphite size
in cast irons with different matrix.

(b) Material B

Fig. 2.9 Microstructure of etched surface for cast irons obtained with different cooling speed.
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(a) Material A (b) Material B
Fig. 2.10 Observation of lamellar spacing of the pearlitic structures.

Table 2.2 Measurement results of lamellar spacing.

Marerial Alpm] Material Blpuml]

5
4 B Material A
23 B Material B
5
=2
3 2
£
1 [
0

0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 095 1 1.056 1.1 1.15 1.2
Lamellar spacing [pm]

Fig. 2.11 Frequency distribution of lamellar spacing.
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Table 2.3 Hardness of cast iron produced with different cooling rate.

Marerial A[Hv] Material B[Hv]

Table 2.4 Hardness in matrix of cast iron produced with different cooling rate.

Marerial A[Hv] Material B[Hv]

Table 2.5 Mechanical properties for flake cast irons produced with different cooling rate.

Marerial A Material B

Material FC300 FC300
Matrix structure Perlite —
Content of pearlite phase 100% —
Type of graphite Flake graphite —
Type A
Vickers Material 240 217
hardness[Hv] Matrix 354 327
Lamellar spacing [pum] 0.59 0.75
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Fig. 2.12 Location of tensile test and fatigue test specimens cut out from a cylinder head..

Table 2.6 Chemical composition of material used in the study on tensile test and fatigue test.

Material C

Component

0.022 | 0.087
Value(wt%)

Fig. 2.13 Microstructure of material used (etched surface).

31



Fig. 2.14 Microstructure of material used (polished surface).

Table 2.7 Mechanical properties of flake cast irons cut from actual cylinder head.

Material FC300
Matrix structure Perlite
Content of pearlite phase 100%
Type of graphite Type A
Vickers hardness[Hv] 217
Tensile strength[MPal] 297
0.2% proof stress[MPa] 254
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Fig. 2.15 Geometries for specimens used for tensile test (in mm).
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Fig. 2.16 Geometry of the specimen for fatigue test (in mm).
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Inspection area

Fig. 2.17 Observation area by replication technique.

Load direction
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Fig. 2.18 Measurement of crack length.
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Fig. 2.20 Geometry of the specimen for crack propagation test of long crack (in mm).
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FHRWIR 7, BREOAREE B(%), A 2 R(2.5), (2.6)BLV0Q@DIZL Y HEH
L, REAICE EN A REKREN-HEAHEE L7-00.05,

T = +Vy)/Vo (2.5)
F=(T-1)/Tx 100 (2.6)

y=-In[-In{(T-1)/T}] 2.7

2T, VIETFRIET O AR (mm?), VoldmALEARE(Imm?) Th 5. AR V
FRERIFICE D R, AR RS HBRAIGT5 ViE, A EsI
TIREINTWDHRDGIE TR L7209,

X 2.21 (ZAY g Rt T [l iy 2 55l i RS DR 2 osd. [FIRBR o/ LT,

Bt o R R DRI OELR dITH_XTHFoIckEWnE x, £((2.8), 9BIW

(2.10) TR &AL DALY SZD.

N
d, = 7= (2.8
71 =R*—{R—05x (d; — d)}? (2.9)
V=025xmx(1-y)X(d-d;)?z (2.10)

Z 2T AT OELRE, RITABREO ML, di L 233 K E L TOISNn
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& LT, AREFZETHW IR IR R gh 9 5738 o Tk E2 VT, d=6(mm),
R=30(mm) % (2.8), (2.9)F L2100 A L TEEAE LR, 7510.1(mm?) Th -
7o, F, VolX ol Z SR T 57O OIENRIES h =BT 52 L2k -T
"#ons.

Varea_max,j D VHEE FLDI-EE LT, RQI1DEZANTHETS.

(2.11)

h = Y Jarea_max_j
n

Wz, R(2.1DFFHWT W 2EHET 5.

(@

VO = ho X SO (212)

Fig. 2.21 Schematic view of specimen for rotating bending test.
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M OIET-OFTHIRE EFRHTET M X DIEH-OFTHEBNREET D L 912, HEHibrE
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SITZHIRAR P OIS EOT B, 5IHRRBRIZEVELNTIE - 0T I B <
—H LWL Enbnd. Thbb, HHETVEHWD Z LT, RRERFHEKDIE
IS -0 HZ@h 2 LB TE LT EnbhroTt.

FRMTIC XV IGSNIZIVE O A 2 (X 2.25 1T, SRETE RN D, 0.2%M /L0 b
WEANARVVE ST T & R ERSRSEi O IR WA RN R A L TWD Z b D.
S B, AffOHERKE & HICEMEENILRK L, 100MPa f2EOS[9R VIS A Al 5 &
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BUZFED HALD IR,  FEHIOB-MMEREN 21T Tidle <, AMOHEKRIZE Hiewy,
FPZIAL L BB B OBMEETEAE 2V, & LARBARORINC X v I
AR BRI T L, S BIZAMDBHE KT DS OIURRBERS LR T 5 2 & L gl &il
ZEINDZEETHD Z &, TOZEFRTGIRM S (T U OERITRVIR ) LL s B34
HZE, PEEICHLRENTNDHAE @) KFEM BTFER»5 L, ZRHORBICLS

RG2S = O Bl DGR DAL Tz

2.3.2  JE 57 RE R

[ 2.26 | [ElHREh P9 57 BRBR ORGSR L 0 15 D7z SN #RIX 277, KA 5, 106cycles
FHTCHrALEI 23 U 338 AL, AR O 107cycles TiESRE L 729 F TR TX 120MPa C
HoTo. SN L&A L NTZEIRNR A 2.26 FIZRT. 2 2 TIE, FxtEdriaitemlm

T A LT,

Table 2.8 Mechanical property of material used.

Secant modulus [GPal 110
Poisson’s ratio 0.26
Tensile strength [MPal 297
0.2% proof stress [MPal 254
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Stress[MPa]

400

Secant modulus ; 110 GPa

¢ Tensile strength
0.2% Proof Stress # —

500 i =/

rd 4
Y /
Vs ,/
4 %
0 f
0 0.2 0.4 0.6 0.8
Strain[%]

Fig. 2.22 Stress-Strain curve of cast iron obtained in tensile test.

Imm

Elements 630,439
Nodes 1,263,256 !

Fig. 2.23 FE model of flake graphite cast iron.
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Stress[MPa]
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400 +
]

350 /

300 -+
250 —+ //
200 / —— Experimental result

—Matrix Property for FEM calculation
150 @ Calculation result at 75MPa
100 © Calculation result at 100MPa
50 © Calculation result at 125MPa

@ Calculation result at 150MPa
[
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Strain[%]

Fig. 2.24 Tuning result of stress-strain curve of FEM model.
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Fig. 2.25 Equivalent plastic strain obtained by FEM analysis.
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Fig. 2.26 S-N curve of cast iron obtained by rotating bending fatigue test.

2.3.3  TERDIETGTIRSE TN FRRE
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Y = AEE NS T Y RV S ~DOEHEAT, 15572 E(H=206) 2 #2501 DI

RALGIRB S 2H#EE L.
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WIZ, FlHER & 5 #h R 57 R EHEE O (1.2) 2 W TR ZIREDO TR 21T - 7-.
ZZTHIEMR X opld# 2.8 [T HER S 297TMPa & Hu 7=,

NS ORI LY RO TZFIIRIR S LIRITIRE DT RHE RIS HOWT, gliERERIC X
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TN S <, RANRBE CTRIRRETH D Z L Nbhotz. 7, [EEH I
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BT, PRIESRM DR ERIR BRI O SRR S 36 L O TTRRE 2 el L, fliRiR S
DX DHDOE 455~920MPa (25 LT, HEHREDITH>X(E 110~123MPa &, L ThH
INSNWZEZRLTWVD, IRHOZ ENG, FHREOHEIZIE, KERN1.2X0 b
FEHEDOBWTFRHFEORFNLETH L.

K0 FERNC AR BEa BBk DN 7 FRIE 2 TR 2 72018, 5 & DEALO J ik B en sk
B D BENOIIRRAA 5N T b LTS A TRESR IS T 2170, Béna S ALK
E LT BTIREZFNT 5 FIESHFODICEVIBESNTWAHEY, i)y, X 2.412RL0
2R, v o Fsy RO L IR THEHEZR TR OFSh 2 851512 L 0 1R 5 &
B DI ERE N FE72 5 T2 DR TRE D IGITIC Lo TRES R L. 2O XI5
T (2 D RS0 FR e O AR TIE N ME IS AL DM BHI S U THIRESRZ IS T I L D
T T7 TR DTN ZAT 5 BRIZIX, ST (SRR 0 Rpith 0 R En O TR0 /0 A & ifAT £ 7 /11T
B LCTRZIT O MERH L7280, REOBRFHG TCO®mMIEE LY. LER- T,
ELOBLY T, fEICEANAIRE T, Mo, SRERFOHEEEE OEIZ K 5 kO E

WD R A R T X DGR D BVVREETHNEN RO H b,

Table 2.9 Comparison of tensile strength and fatigue strength from experimental result
and by estimation equations 1.1 and 1.2.

Estimated result Experimental result Error

Tensile strength [MPal 262 297 -12%

Fatigue strength [MPal] 149 120 24%
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(b) Material B
Fig. 2.27 Stress-Strain curve of cast iron obtained by tensile test.
Table 2.10 Results of tensile test.

0.2% proof stress [MPa]  Tensile strength [MPal]

Material A 320 381

Material B 274 351
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Stress amplitude, oa [MPa]
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Fig. 2.28 S-N curve for material A and B.
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Loading direction

N/N¢=0 N/N;=0.1 N/N¢= 0.5 N/N¢=0.9
Fig. 2.29 Observation of surface crack. (c,= 130MPa)

\

o —
r P
\’\‘&

10um &

Fig. 2.30 Fracture surface observation of a specimen tested in rotating bending
fatigue test (o,= 130MPa, N¢ = 1.14x10° cycles).
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Fig. 2.31 Relationship between fatigue life ratio, N/N¢ and crack length, 2a
of surface crack.
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Fig. 2.32 Relationship between crack growth rate da/dN and stress intensity factor range
AK of surface crack.
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Flake graphite

o Flake graphite tip 100pm

(a)N=0cycles (b) N=5.0x10°cycles (c) N=1.0x10"cycles

Fig. 2.33 Observation of surface in a specimen survived for 10" cycles
at stress amplitude of 120MPa.

Crack branching

Fig. 2.34 Crack path observation of a through thickness crack
tested in four-point bending test(R=0.1).
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Fig. 2.35 Crack path observation of a through thickness crack
tested in four-point bending test(R=0.3).

53



10'55....” T T T T 71777
F | O R=0.1 ;
106 L | ® R=0.3 )
107 Co
§ - Ce :
-8 L -
\210 g’
- 109 L
7| Co :
© 1010 ® i
0
10'115- ﬁ 3
10-12-|||||I 1 1 L2 1229l ]

4 10 20 40 100 200
AK, MPam1/2

Fig. 2.36 Fatigue crack growth curves of a through thickness crack (4K vs da/dN).
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Fig. 2.37 Fatigue crack growth curves of a through thickness crack (4K vs da/dN).
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Crack initiation

Coalescence of
cracks

Fig. 2.38 Crack propagation process of surface crack.
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Fig. 2.39 Distribution of the maximum graphite size in extreme value statistics.

Maximum graphite size
‘Jarea =159um

-

Fig. 2.41 Interaction of surface crack.
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100um

100pum 100pm

(a) Material C, (b) Material D, (c) Material E, (d) Material F.
Fig. 3.1 Microstructure for cast irons with different graphite shape.

Table 3.1 Mechanical properties for cast irons with different graphite shape.
Material C | Material D ‘ Material E Material F
Material

Matrix structure

Type of graphite

Spheroidizing ratio [%]

Tensile strength [MPa]

0.2% proof stress[MPa]
Vickers Material

hardness[Hv] Matrix
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Stress amplitude, ca [MPa]
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Fig. 3.2 S-N curve for material C.
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Fig. 3.3 S-N curve for material D.

70



Stress amplitude, ca [MPa]

Stress amplitude, ca [MPa]
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Fig. 3.4 S-N curve for material E.
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Fig. 3.5 S-N curve for material F.
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| Ilmm

(a) Overview, (b) Graphite and base material.

Fig. 3.6 Fracture surface observation in material C.(o, = 130MPa, Ny = 311500cycles)

(a) Overview, (b) Graphite and base material.

Fig. 3.7 Fracture surface observation in material D.(o, = 130MPa, Ny = 1140000cycles)
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(a) Overview, (b) Graphite and base material.

Fig. 3.8 Fracture surface observation in material E.(o, = 230MPa, Ny = 821800cycles)

(@) Overview, (b) Graphite and base material.

Fig. 3.9 Fracture surface observation in material F.(c, = 300MPa, N = 79000cycles)
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(@) N/N¢= 0, (b) N/N¢= 0.1, (c) N/N¢= 0.5, (d) N/N¢= 0.9
Fig. 3.10 Observation of surface crack in material C (o,= 130MPa).

(@) N/N¢=0, (b) N/N¢= 0.1, (c) N/N¢= 0.5, (d) N/N¢=0.9
Fig. 3.11 Observation of surface crack in material D (6,= 130MPa).
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(@) N/N¢= 0, (b) N/N¢=0.29, (c) N/N¢= 0.66, (d) N/N¢=0.88
Fig. 3.12 Observation of surface crack in material E (c,= 230MPa).

(@) N/N¢=0, (b) N/N¢= 0.1, (c) N/N¢= 0.5, (d) N/N¢=0.9
Fig. 3.13 Observation of surface crack in material F (o,= 300MPa).
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Crack growth rate, da/dN [m/cycle]

Crack growth rate, da/dN [m/cycle]
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Fig. 3.14 Relationship between crack growth rate da/dN and

stress intensity factor range AK for each material.
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AT ~T2RE R, 3.16 T ORI R I R BN eim DSy v L7 E RE D
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Fig. 3.15 Statistics of extreme value probability for each material.

81



Table 3.2 Comparison between experimental result and prediction on fatigue limit.

(c) (d) (e) (f)
Fatigue limit Experiment 110 120 220 290
Cwo [MPal Prediction 102 131 179 282
Ow0_experiment / Ow0_prediction %0 107.8 91.6 122.9 102.8

(@)

-

g P
& 2

(a) Single bent crack, (b) Simply symmetric branched crack,

(c) Doubly symmetric branched crack,
(d) Symmetric multiple branched crack,
(e) Asymmetric branched crack bifurcated from main crack.
Fig. 3.16 Type of crack shape observed and its schematic illustration .
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Fig. 3.17 Correction factor, F, for asymmetric branched crack at branching
angle of 45° and b,/a—0 @,
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4.1 XLOHIZ

AT TOMRFHT XV, AIREBENFHEE D BlAdh R 7 REE, Béna R oK
SHEE L TR TzNarea /3T A —2 O OMEFKFHLEIC X 0 #EE L7z KBS
iNarea max &, PERA M O RIS O & R AR O T ERFUS S IERAR L HIH IC X
DTRIFRECH D Z E2W BN LIc. )7, FEEOT D UMEREMIL, $RERIC
AT DRG], BUERFICER S A ARG T D BRO ARV N il ) ORI O BRI K 52
Bra BT X0, 3B ORRBETE ) DR LA LSMIEMERA NI S L TWD . £ 2
T, HEHFHIZZN O DA N DA SN THIETEXH R EDREENRELRNE DI
T IR A 2 o T ARG T 2 NE R H 5. — AT E T A 7 VISR T D0
SFIREERREECIE, BN OIIRIR X, ORI TTIREA LV, E D A ERTRHATELE
7y Rv U@ % IV, ZOFRUTH L THICLE R E 2R D81 L~V TOM ] & 7
D R OICEREHERT 21T 5 (K 4.1). 2D K5 RN ) & B8 LT GRS O 232
2B, MTRIE T O ITRE O TR, BT ECR R DS N7 L, x 7254 )
(SRS LI T IRE D THNZOW T O BRTT 24 E R H 5. L, FIRBHEFHEEkRD
T RREE I RAT IS O BOFEIT)I O HI LY R -1 BLE OO FHAHE &

DPHE SN TND @0, EERD T 2 L EFR S TS D EMEDIS 185 & 72 D500 6
Stress of combustion pressure

______ AN "j( Stress amplitude,

Stres

Gamp

Thermal stress Mean stress

Omean »

O

(O'meamO'amp

Stress of assembly load

Residual stress

Stress amplitude,oamg

N
7

Time Mean stress,omean 8

Fig. 4.1 Evaluation of fatigue strength in structural members by modified Goodman diagram.
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FET 226 RE-1 U TOMERS D L0 LFHEIC O OWTEB 2R L, T#l
ZATO ZLMMETHD. £ IT, AETIE, ®TE TR 2557 REIC KIE T
IS DB TES S0, FHEIEJ)-150MPa 725 200MPa & TOJAHEIPHIZ I T
TR A I L, B2 MO TR G REDOFHNEZ R Lz, SbIT, BT AL
= A LIZHES L CAE (I & D M AR 7 i O 21T > 72

4.2 M I L OER I IE
421 HEEH
AR CIIEEAM L LG, T —BAm o DUV Ny RO TFEAHY D H L
7= R ERENEEER (FC300 BHFEY) MW=, I i LALE L, 2 2 EDOX 2.12 &[T
& L7z, 910 M U7 Halh o e BMEREIC K 2 AR 2 XX 2.13 B KO
214 [TFTHY THD. 2.13 7B HEMFHFRIZ N—F 4 FTH Y, =T 1 MR
99.8%TH Y, X 2.14 76 IEHAPITHE 2 20 &K S O AREEN NS ZIRICHIZ T ¥ Moy
L TWDERTDN I DR 2D, ASTM A247-16a@I 55 < B DT HURIL DO /I
SEHMEMELE e T 2 E OHIKD ABNZHEND. MBI B J OB
B, ThENEK 2.6, K2.7TIT-THEY THD.

4.2.2  [aldR i 55 R
IR, /NIRRT R A ), SRR TR , IS R="1, #&
L 50Hz OS5 TITo 72(B53J1S Z 2274-1978) O, 7243, 3B DMWrd9712
MR LEAS 107 NS L2 & SR BRA IO, 20 & OIS RIE (107 [BIFRFH5RED)
ZPEGTRREE & Uz, [BlREh R 7B A ik 2 X 4.2 3. A £mEix, =V
—HE#80 7> H#2000 F TR AN AT 2 W IR AME L2, TihE 7T o0

WL 2 O S 7 WFEE 24TV, i ralBRic it L7z,
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4.2.3 w7 B 57 AR
i i B 7 R IE(ASTM E466-15)012 55 4T - 7=, S5 AR O fif AR,
IR U (L 30Hz, EERERELIIER - K&h L L. 7ed, FRIRNORELZ AT
%128, WS 1% -150MPa, -100MPa, -50MPa, OMPa, 50MPa, 100MPa, 150MPa
BLO 200MPa & L7=A &M CISRIE 2 2 SRl 2 1T 7. 7eds, #BR
A ISR LAY 107N E L7z & SR BRAFTE 0, 20 & & OIS /RN (107
[IRFFHIREE) A 7 BREE & L7z,
B 4.2 Hilfar BEIE 57 B AW 2R OHE - IR E R R EmIE, =V
—H#80 7> H#2000 F THALHENST AN AT 2 W2 IR NS L2, TihE 7T o

TRVEIR 2 AV R 7 BE 2TV, S alRICfit L7z,

&l 2 3
= =
80
(a) Rotating bending fatigue test
$12.7+0.05
710. 05[Z ]
$6.35+0.05 2 PLACES
2-R25.4+0.2
LTJ y
A I _ B . . ks,
o ‘
v 0.2/
| (28.5) | J (285
18.5+0.1
(100)

(b) Uniaxial loading fatigue

Fig. 4.2 Geometries for specimens used for fatigue test (in mm).
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4.3 AR RE L OB
4.3.1 JEITIREIC KT T AMIRRED B
[z U 5 BRSOVl B 97 R BR O R & X 4.3 (R, MRS RBRICEB T D
W STBRE & 4 SN BB DN FARAEE 4.1 BROE 42108, 22T,
ST EYRE T L O & H L7z, 4.3 726, WEER & H 1T 106cycles fFuTiZZ dh
ANBEE S, 107cycles OYE FFBREENE, (RIS THE 5723 120MPa, #ilifar HJE 577 3
100MPa T o7z, Z OFFEFIFIT K D9 J7 IRE DT — AR b, AfMSRED
MZ X 0 RBR T T OJS STABELS R B 72012, W ARPRRE TIXERIRREA R 5
ZENFRREZBZ HND.

4.3.2 JEITIRBEIC RIAT TS S 0

VHIEST Omean=-150MPa, -100MPa, -50MPa, OMPa, 50MPa, 100MPa, 150MPa
F L O 200MPa (ZH5 1 2 #ilif I R BR OFE R A K 4.4 18T, KRBREEICRBT D
JETIRE & & SN OHE LN ERRER 43 BLXOE 441737, 22T,
MEATRIERE T VO Z M Lz, SBROMRN S, FHIET 50MPa LLF O 5573
BRICIRWTIE, FRIENO ERICHEVEFRENME T Lz, £72, FHE7) 50MPa L
ORIV T, EIREICED b5 EEIS T OIS .

300
@ Tensile fatigue (R=-1)
~ 250
g TRIL Rotating bending (R=-1)
S 200 | 4 Ne
© e N
) )~ 11T R
< [ DN ~
=] 50 ~ ~
= 1% oo % 08 B! !
_% ‘ \' @ R L >
< 100 | N el o - .
Z 50t
0 I 1 1 1 J
103 10* 10° 106 107 108

Number of Cycle Failure Nf (Cycle)
Fig. 4.3 S-N curve of cast iron obtained by rotating bending fatigue test

and uniaxial loading fatigue test.
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Table 4.1 Applied stress amplitude and fatigue life data of obtained with
rotating bending fatigue test and uniaxial loading fatigue test.

Rotating bending (R=-1)

Uniaxial loading (R=-1)

Oamp|MPal] Cycles Oamp[MPal Cycles
180 3.5x104 160 9.5x103
160 8.3x10* 140 2.1x104
140 1.5x10° 130 6.6x10*
130 1.1x106 120 7.1x104
130 3.1x105 110 2.3x105
125 5.2x105 110 6.8x10*
120 1.0x107 105 1.3x10°
100 1.0x107 100 1.0x107

90 1.0x107 100 2.6x106
95 1.0x107

Table 4.2 Equation for SN curves obtained by rotating bending fatigue testing
and uniaxial loading fatigue testing. (R=-1).

Rotating bending fatigue test

Camp = -54.310*1og(N)+425.60

Uniaxial loading fatigue test

Camp = -39.400*10og(M)+312.19

300 |
omean = -150MPa
A= ),
250 omean = -100MPa
® omean = -50MPa
g 200 F ® omean = OMPa
[5 @ omean = 50MPa
':::; omean = 100MPa
£ 150
g ® omean = 150MPa
g , ® omean = 200MPa
Lo =
7
" | .\.\74“?" meuii a
Riikiimndl S
>
0 1 L 1 1
1.00E+03 1.00E+04 1.00E+035 1.00E+06 1.00E+07 1.00E+08

Number of cycles to failure Nf [Cycle]
Fig. 4.4 S-N curve of cast iron obtained in uniaxial load fatigue test
carried out with different mean stress (omean=-150~200MPa).



Table 4.3 Experimental results of fatigue limit at each mean stresses obtained in
uniaxial loading fatigue test (omean=-150~200MPa).

Mean stress [MPal -150 | -100 | -50 0 50 | 100 | 150 | 200

Stress amplitude of fatigue limit [MPa] 220 | 170 | 125 | 100 55 52 31 32

Table 4.4 Equations for SN curves of uniaxial loading fatigue test carried out with
different mean stresses.

Mean stress [MPa] | Equation

-150 Oamp = -22.205*1og(N)+354.62
-100 Oamp = -30.350*1og(M)+341.73
-50 Oamp = -27.429*10g(N)+295.90

0 Oamp = -39.400*10g(M)+312.19
50 Oamp = -27.915*log(M)+215.33
100 Oamp = -21.448*10g(N)+172.26
150 Oamp = -15.412*10g(N)+127.60
200 Oamp = ~11.656*10g(N)+103.60

4.3.3  Hifiar B 7 BREE OO T

[ T SRR U, SRR RIS I RAET B 2 L b, B REOR
By Bk O & B & UE LTk 7Narea /8T X — % & AV CORBMEREHC L 0 3
B R R AT AT B I R B TEL PRI 5 2 LIS X VS IREDO TR %217 - 7-.
fidy, dhiFERE ST RER I, RBRA AT O SRICIR IS R RAET 5 Z L2 b,

IO W2 BB L T RORE &R Y 155 BROTIEL RFAT 2N ERH D, 22
T, M 4.5 (SR TRBT PATEWE T OF VISR T X 91, BB PATE O£ I8
LD BEAHE & [ U IE RO Pk BEAAEREBR A O NI IFIET 2 & AE L CVarea
IRT A —H e O THMERFHC X 0 SRR A IS EAE T B e R BT 2 Tl L 7=,
WHERREHT & B R R BN -TIEO PRITFIAL, 452 3 L MO FIETH 5. 727121, i
R DRI IRIE DT AT 5 L V (mm3) 6 L ORELERTE o (mm3)i2>
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WTIE, M EBIZE s TREIN TV DHKRDFIETHEA L7-®0,
X 4.2\ 2R3 il BRSO L 0, R OER % d=18.5mm), RERT
DR E [(=6.35mm) & T 5 &, fabRiEE Vid@.)TRIND.
V= 0.25md2l (4.1)
Wi &2 SRS 2 72 O O AR R E & h(mm) 13:0(4.2) 2 VR L, R RS
Vo(mms3) 2 (4.3 L v R 7=,
h=YXarea_max m (4.2)
To=h*S (4.3)

EREHIEIC X0 SR 7o diher S AT I O AR AT AR F299.99% 25t % Bk i R
(ZAFAET DR KRB T Varea_i_max 1% 366um & 72 > 7=,

SHIZ, K 4.5 OFRWEMIRT L 9T, SBRAREICHREA N & R CEZDY:
MO BENNBIFET D LRE L Carea 3R, Lt & RARICHYESTFIC & 0 3B i
(CAFAET D I R RS TiEZ T L7z, BN BEE F=99.99%\ 253 % R i R #1247
FE4 % R RS {EVarea_s_max 13 265pm & 7257,

72, NEEZ, BLXORmEHDVNarea /8T A —4% & FIRFG IR RARE &P o B
ZRUL, A EBICE Y ZREFNRRMA.DE LZVCU)PIREIN TN HW,

S & 2Tk 5 A

AKyp = 0540, mareai (4.4)

i & HIT 5K

AKyp, = 0.6540,\/m/areas (4.5)

ZIT, AKy EFRFUSHILRBEGEA CTH Y, B2 EOL 7Y WA K538
K DO T7 & ROBIEZEB OBLER R D5 b, ARIRESEES ORI HO T RA
S INPEREREHLFH AK o OfE 1.88MPam2 % 2. $£72, Aoy, IXETIRE, Varea i

VIINEDR & ZLRIFE DO 7R, area_s 1T R A X HAEFEDEHTRTHS.
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BRI NEBICAFE T Dl R BEN~HEVarea_i_max 13 366pm & THIS L, 25 OfHE
Z A DITRA L TRD IR R0, 1L 108MPa Th-7-. ), #kBRA F I IE(E
T2 mAREEhEVarea_i_max 1% 265pm & TS, 2 DfEEZRMA5)ITRAL T
KD T IRE Ao, 1L 98MPa Th o7z, T72bb, MEBANHORM LY bREOE
N7 DV TTRREE DMEVME & 72 0, R I IR TRBR A RO R KB -HEIC IV IRED
LoD, T, i B ST RERIC W TR R O TR 13 A0w=98MPa &
TR S AL, FEES OB B 55 R ER O % 57 FRE (100MPa) & BV —8& /s L7z,

VLD Z Epnh, BHEENFE S 720 CTide <, @RS IC OV T, Varea /87 2

— X EMND Z LTI FANTIRIIIRE Z TRIREETH 5 Z L b T,

For Internal graphite size estimation

Jarea_i = \/(ma?)

For surface graphite size estimation

Varea_s = +/(ma?)/2

10 7

99.99
9 L
—al
Varea_i_max =366um (F=99.99%) 7 _\\\\‘Z_ _Z_ 009 g
for Internal Graphite Lok 998 §
T =
= | L))
i > 99 3
Ml g
3 95 3
F 90
/f/, 80 7
yarea_s_max =265um (F=99.99%) 50 ©
0 n
for Surface Graphite 4k 10
2 W 1
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varea,max pm

Fig. 4.5 Distribution of the maximum graphite size in internal and surface region
by using extreme value statistics.
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P T BRIE D E KIEST Omax, FHEIETT Omean 3 K OE/ NS Omin DR A HEB U 72 F5 R %
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R/ NETI DKM D00 BT, JEITTREIC RIS DR KIS 368 L% 100MPa F2E
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HRIE A0=0Omax ~Omin Td Y, IS SHERIREHFH AK= Knax - Kmin =Ao(ma) T 5. £z,
— AT Onin< 0 DFEAETIE, TREZFAOSEL5RENOMBR LTI VR L, JEHE
Tk B NI EAERICEE IRV Eain=0 L EZONDT7-D, AK=Knx=
OnaNMARHN SN DHO3, X 4.6 1R TH IS B T DEFREOFEREN L, F
WEREREHEER DY 57 = ZLER © RIARIZEMEIC £ 5 & R0 03 & 258 R I8 172 (K

=0 EBEZDLND ZENDND.

T

F70, BEOBRFHE RN D, Varea /8T A —ZIZ L VR B=-1 OHlIFTEOYE 57
1% ow=98MPa & Tl S, R=0 OISH1CTIE, *FEEIIET) Onean & A NI TJIRIEEILIH Acest
13K (4.6) DBIRA AL T S

Omean = 1+RA eff = ﬂ981\4P(l (4.6)

R>0 OFEBTIE, RO HO FRASILREEEHI AKn (3 ERKAD ORI
RHIWCE-TRRDEEZEADLNDLD. 7, RKEETHPBWTIL, H2EDK 232 B X
O 2.37 IR LI & 912, FRESRERER D BENelind DI AT 2 KM X RO X ZURIE
TIUL, ROWEHOSRBITEMN LSRN OB LHRELIZLY S HITE Y. =
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IS L BT AR DIEIRIEE—E EEZBND. ZDTH, R0 OFEETIE, F¥IR
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Fig. 4.6 Stresses at fatigue limit for each mean stresses obtained with uniaxial load

fatigue test carried out with different mean stresses.
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Fig. 4.8 Effective stress amplitude range (4o.) for R>0.
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Fig. 4.9 Relation between mean stress and stress amplitude.
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Fig. 4.10 Schematic illustration for durability estimation by Critical Plane method.
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Fig. 4.11 Durability estimation result(Safety factor) by Critical Plane method of cylinder head.

(b) Lower deck

99



LocationA

LocationB
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Fig. 4.12 Crack location in the durability test of the cylinder head.
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Fig. 4.15 Durability estimation result(Safety factor) by Maximum Principal Stress method
of cylinder head.
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Staircase casting test piece B
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Staircase casting test piece A
(a) Top view
Staircase casting test piece A .
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(b) Section A-A
Staircase casting test piece B 55
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B-20 B-30 B-40 B-50
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(c) Section B-B

Fig. 5.1 Casting mold of staircase casting test piece used in the present study.
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Fig. 5.2 Cooling curve of cast irons used in the present study.

Fig. 5.3 Staircase casting test piece used.

Table 5.1 Chemical composition of material used on staircase casting test piece.

mass% 3.19 1.96 0.59 | 0.021 | 0.083 0.24 0.28 0.52 | 0.081
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Fig. 5.4 Geometry of the specimen for tensile test (in mm).
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Elements 11,657,520 Elements 529,121

(a) Casting mold (b) Staircase casting test

Fig. 5.5 FEM model for casting simulation.
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Fig. 5.6 Fitting result of cooling curve of cast irons used in casting analysis.
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(a) Location A-4 (t=4mm)

(b) Location A-7 (t=7mm)

200 pm

(c) Location A-10 (t=10mm)

200 pm

(d) Location A-13 (t=13mm)

200 pm
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&y 200 pm

(e) Location B-20 (t=20m)

Location B-20
t=20mm

Location B-30
t=30mm

200 pm

® Location B-30 (t=30mm)

Location B-40
t=40mm

‘.\‘\“‘" = 7 200 pm

eation B-40 (t=d( Location B-50
(2) Location B-40 (t=40mm) ocation

t=50mm

200 pm

(h) Location B-50 (t=50mm)

Fig. 5.7 Microstructure for cast irons used in the present study.
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(d) Location A-13 (t=13mm)
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(f) Location B-30 (t=30mm)
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X
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" () Location B-50 (t=50mm)
Fig. 5.8 Etched surface of cast irons used in the present study.
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400.00

Location A-10 Location A-13

_ t=10mm t=13mm
t=4mm t=7Tmm —

Location B-50

300.00 ‘ Location B-40  t=50mm
Location B-30 t=40mm

Location A-4 Location A-7

— 350.00

Hardness [HB]

Location B-20  t=30mm

250.00

2Q0.00

Fig. 5.9 Predicted result of hardness obtained by casting analysis.

Table 5.2 Measured and predicted values of mechanical properties.

g R e i el o R
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Tensile strength [MPa]
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a * y = 0.7475x + 51.358
R2=0.9108 ||
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200 250 300 350

Analysis results|[HB]

Fig. 5.10 Relationship between predicted value and measured value on Brinell hardness.
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— 450.0 dmm t=Tmm t=10mm t=13mm

Location B-50
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300.0Q

Fig. 5.11 Predicted result of tensile strength obtained by casting analysis.
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Table 5.3 Comparison between experimental value obtained by tensile test and predicted value

obtained by casting analysis in tensile strength.

600
‘© ]
o |y = 0.7128x + 29.998
2. 500
G |  R2=0.8115
2
g
— 400 _
©
: = s
E *
5 300
> 5
L

200

200 300 400 500 600

Analysis results[MPa]

Fig. 5.12 Relationship between predicted value and measured value on tensile strength.
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Fig. 5.13 Measurement of eutectic cell size.
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Eutectic cell size [mm]
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~ 0.600 #
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0500 Location B-40 t=50mm
Location B-30 t=40mm

t=30mm

Location B-20
0400

t=20mm

0.300

0200,

Fig. 5.14 Eutectic cell size prediction result obtained by casting analysis.

Table 5.4 Measured and predicted results of eutectic cell size.
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Fig. 5.16 Geometries for specimens used for estimation of the maximum graphite size (in mm).
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Table 5.4 Estimation results of maximum graphite size for each location.
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Fig. 5.18 Relationship between eutectic cell size and maximum graphite length.
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Maximum graphite size [pum]

Fatigue strength [MPa]
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Fig. 5.19 Maximum graphite size predicted by casting analysis.
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Fig. 5.20 Fatigue strength predicted by casting analysis.
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Fig. 5.22 Fatigue strength of staircase casting test piece and specimens.
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