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A Study on the Thickness Reduction and High Temperature

Oxidation Characteristics of Hi-Si-Mo-M Ductile Cast Iron

Do kyung Lee

Department of Materials Processing Engineering, Graduate School,

Pukyung National University

Abstract

This paper was studied on —microstructure, mechanical
properties and _high temperature oxidation “characteristics of
Hi—Si—Mo and Hi=Si—Mo—M  ductile cast iron" for exhaust
manifold. Hi—=Si—Mo—M: was developed by optimum alloy design
and casting design. /Exhaust manifold prototype was | fabricated
from Hi—Si—Mo—M and was obtained to effect of 0.77kg weight
reduction. The microstructural characteristics of Hi—Si—Mo and
Hi—Si—Mo—M were similar and graphite nodularity was 83%, 92%
respectively. Tensile strength of Hi—Si—Mo ‘and Hi—Si—Mo—M
were 663.5, 674.4Mpa—and brinell hardness(HB) of them was
235.3, 243.9 respectively. Hi—Si—Mo and Hi—Si—Mo—M had a
parabolic weight gain behavior in high temperature oxidation.
Weight gain of Hi—Si—Mo and Hi—Si—Mo—M after isothermal oxidation
test in air at 800C for 72hours were 11.7mg/cm® 11.4mg/cm®
respectively. Weight gain of Hi—Si—Mo and Hi—Si—Mo—M after
isothermal oxidation test in air at 900°C for 72hours were 3.8mg/cm?
3.2mg/cm” respectively. K,(Parabolic growth rate) values of Hi—Si—Mo—M

were 5.8X10°mg“cm 'sec™ lower than Hi—Si—Mo at 800C K, values



of Hi—Si—Mo—M were 2.7x10°mg°cm ‘sec”’ lower than Hi—Si—-Mo at
900C. Oxidation layers of Hi—Si—Mo and Hi—Si—-Mo—M were
divided into external and internal layer. Fe concentration showed
higher in external layer than internal layer. Si concentration

showed high in interface of matrix and internal layer.
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=2 (Cast iron)< 2wt% ©o]Ake] CZ dgal= H stzoz Aoy

oA e AREHIL 3
e 2 Felo] wel ) M3FEE (White  cast  iron), 3|53 (Gray cast
iron), 7}+F4 (Malleable cast iron) % FASAd52 (Ductile cast
iron) ¢ 471X 2 EFEw 27t 54Y8 Table 2.1 Lehf .

o

Table 2.1 Classification of_cast iron by commercial designation,

microstructure, and fracture

%gggg&%ﬁl matrix carbon-rich phase fracture
White cast iron | Perlite, Martensite Fe3C White
Gray cast iron Perlite Lamellar graphite Gray
Malleie;glne cast Ferrite, Perlite Temper graphite Silver-gray
Ductile cast iron Ferrite, Perlite, Spheroidal graphite Silver-gra

Austenite P grap gray
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Fig. 2.2 Simplified model of interfacial reactions and transport

processes for high temperature oxidation
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Table 2.2 Characteristics of metal oxide

Metal Oxide Oxide type Protectiveness
Aluminum ALOs n O
Cobalt C020; p O
Copper Cu0 p O
Chromium Cr,0s p O
Iron FeO p O
Nickel NiO p O
Silicon Si0; n O
Molybdenum MoOs n X
Zinc ZnO n X
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Metal (M) Oxide(MQ) Gas(02)
Cations(Metal) 1
Mo M 26 M2+2e‘+502=M0
o P Anions(Oxygen) jr
M+0O" =MO+2e" =" WO: 2em =0%
Electrons
a!le - ] PFF02
I h ey 0
, AG*MO, |- Gl gy m b s AOMG,
(P e )MIMO = eXp( RT ) M (puo2 )% 2RT
Overall reaction . 2M +0,=2M 0G,

Fig. 2.3 Diagram of scale formation according to Wagner’s model
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2.2.4 A3ty ee] g
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Fig. 2.5 Schematic of weight change curves by oxide spalling
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Table 2.3 Pilling-Bedworth ratio of some common metals

Protective Non-Protective

Metal oxide PBR Metal oxide PBR
Aluminum Al:O3 1.28 Cadmium CdoO 1.21
Cobalt C0:03 1.99 Potassium K0 0.45
Copper Cu.O 1.68 Molybdenum| MoO; 3.40
Chromium Cr:0s 1.99 Sodium Na;O 0.97
Iron FeO 1.77 Titanium TiO; 1.95
Nickel NiO 1752 Vanadium V205 3.18
Silicon SiO; 2.27 Tungsten WO; 3.40

_15_




Al 3% A W
3.1 W7 IMUEE AAE 2 ¥R

Hi—Si-Mo 7558 Al w7y E=el JdPATS 53 /idd
Hi=Si—Mo—M 745524 w7y E=2] Al EA&mek Alzhe Al
A#S Fig. 3.1% 3.2 vehfigion, gstz4dL Table 3.17 Zth
w ATl AlAEA AES AFAStaL, AEEY]E o] &8t ZHzt
o] Ay Ags-F4 9 2719 Hi—-Si—Mo % Hi—Si—-Mo—M A|EH
& AAste] Afel ARE-sEAHk

’

Table 3.1 Chemical composition of Hi-Si-Mo and Hi-Si-Mo-M (wt%)

specimens C Si Mn Mo Cu Mg
Hi-Si-Mo | 2837 | 40-45 | 035 Lggip | Ol 0025
max max min
Hi-Si-Mo-M | 2.635 | 45-50 | 035 | o608 | Ol | 0025
max max min
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Fig. 3.1 3D schematic diagram of exhaust manifold

Fig. 3.2 Prototype of Exhaust manifold
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3.2 PlAxzE &F

—Si—-Mo ¥ Hi—Hi-Mo—M A&ES mAd@r|2 dst 74249
AlFHE E¥X3F Lo AHZ X2 G7E4Y (Mounting) 8130 M,
SiC AwkAl (#100~2000) & <Awpst & tjojol =g o] AE (Dp—Paste
1/4m) & AFE-3le] vl (Polishing) &FAth Avle HAAPAS 3% yolg
(Nital) F2Ho 2 K2 (Etching)stod, Fedn4dS T3 #2skict.

SAYAE FAEES Sk s KS D 4302904 AAskE 5
AFdske el malk A e 100M) wWE 2HAC

A Aok 52 Al U ARG AEsh] Bawg TR

E]

{0

‘l

AYANYS s AEHe B B

v

5 Fig. 3.391 YEMIeH,
e A BAHE o8] AlFe AAISHSIE.

AEA L KS B 080594 AASH= HadATAE wiVe]
2} 4= AE 10mme A7, AP skse 3000kgfE s o, F103]

=9a%e) B ks Tarslh

Unit : mm

O o

35 50 35 |'5'| "

153.94

Fig. 3.3 Shape and dimension of tensile test

specimen
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4.1 Hi-Si-Mo ¥ Hi-Si-Mo-M¢| "M zx7 &4

Hi—Si—-Mo¢% Hi—Si—Mo—M TFASAdF4de vAzxAz Ais
Fig. 4.19] Jepglon, #42 S¢S HelolEV) wkx|ReFo 7 7xaf

1 PeE AEAQ A 7+ A (Bull's eye structure) &2 XA A EX
o fAraklTh®
9 pAske =443 Hi-Si—Mox ©F 89%, Hi—Si—Mo—M2 ¢k

93% At Hi=Si—Moe°l Blal Hi—Si~Mo—M2| TAUA7E vlAd Ao
2 #BaEd, WUZseg 2e ug RS vy BPe) 9

Qo] Hi&= mMAst z7 (Cementite) @A E R okttt

Hi=Si-Mo-M

Fig. 4.1 Microstructure of Hi-Si—~-Mo and Hi-Si-Mo-M
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4.2 Hi-Si-Mo ¥ Hi-Si-Mo-M¢] 7| A3 &4

NAA HAd AES A% dAd " B

4.1

3]sz 71A14

vebf gl e, Hi—Si—Mo—Mo]

FdAAE (B.E), HeldH % (HB) =29
EAXE YERI T

Table 4.1 The result of mechanical property tests

d A= Table
AZAE=(T.S),

T @A Hi-Si—Moell 4

Mochhal Hi-Si-Mo Hi-Si-Mo-M
property 1 2 1 2
S.A (mmd) 153.9 153.9 153.9 153.9
G.L (mm) 50.0 50.0 50.0 50.0
Y.L (N) 83079 85621 86865 87042
Y.S (MPa) 540 556 564 564
T.L (N) 101039 103239 103701 103921
T.S (MPa) 656 671 674 675
B.E (%) 11.6 10.7 12.0 13.5
Harzz:?HB) 235.3 243.9
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4.3 Hi-Si-Mo ¥ Hi-Si-Mo-M¢] 124t3E54

4.3.1 Hi-Si-Mo ¥ Hi-Si-Mo-M¥¢ FAF7IAE

Hi—=Si—-Mo ¥ Hi—Si—Mo—M TA5dFHE AHE2E Wl g
&t 800C e By 7h53k el sid== 900T =59 ti7]E9171el
A T&ats AEE ste] Al el whE ke WAE 5

FAS7 &S debdoled, WA 800TC 9 524848 A
& Fig. 4.2¢] YR iet. 800TolA 52A3A1E % Hi—Si—-Move %
7] 12417kl A Ak ghk-g-ofl o3t FAZ 7L ko] 6.6mg/em” ©13 1L, 244
¥ s 7.9me/cm’E AE =718tk 3641744 11.1mg/cm’®
2 %9 FAZZtE JYESa, olF Efe FATUME WERIN S,
HF 72802 FE  11.7mg/lem’d  FAZIE - YERAIHh
Hi—Si—-Mo=M& %7] 12x17kellA] | Abshab-s-of o)t FAS7H7F ghol
4.2mg/cm’E Hi-Si—-Mo Httes thh #S g3 Jehfgla, o]% 24,
36A17F 7HA= 242t 5.6mg/em®, 7Tmg/emiEs X O F Z7)eEtr) 4
ZHl A 11.1mg/em®® 252 FAS/LE JEhlgla, olF £d &
ASHE dehdiglen, HF 7243 Fole 11.4mg/em®e HAZSHE
UERSITE 800C =59 S2Abstnd dA kel A Hi—Si—Most
Hi—Si—-Mo—-M9] @u g FAZ =] 2ol= A 4.1mg/cm” %
< Yelia, #HF 72242 Atsl $ Hi-Si-Mo-Me] FAF7H}
Hi—Si—Mo ¥t} ¢k 0.3mg/cm” #2453}

900C °lAe] T=Atstdd A= Fig
A Hi—Si—-Mox Z7] 12A1FellA] At

. 4.3 YERSiTE 900C el
ko 93t FAZFIE Fho)
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2.5mg/cm” ©] L, 24X 7= 2.7mg/em’®E A% F71ekTH) 36
AZE e 34mg/em’E F Fo) FAZ/ME YEA, HF 72431
To= 3.8mg/em?e] FAE/FE YERYSITE 900°CelA Hi—Si—Mo—M
& Z7] 12A7kelA Arshksel  oF FAZF7HF 1.3mg/em’®
Hi—-Si—-Mo Hrth+= tha A2 g deEigla, olF 36413 74+
1.8mg/cm’®E A% Z7}8tchrt 48A17F A 2.9mg/cmi®E & E 9]
Z715 Ui, 60417 el 3.5mg/em®® FAS7 #tol s u
Ehgiglod, HE 72A7 s 60417 Bt okgF A" 3.2mg/em?e]
FASFE dERIE -900C 59 -akstaby WA F7hel A
Hi—Si—Mo¢} Hi=Si—=Mo—M2] ©@¢/a 4 FASAZES] Aol&= Hl
1.6mg/cm®e] #t& Wehlx, HF 7247 23 5 Hi-Si-Mo-M9]
A% 77k Hi-Si=Mo Xk ¢k 0.6mg/cm® A5 3l

o
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14 L W Hi-SiMo 800%
2 Hi—Si-ho—d
12 | '“————_-___f.,_,l
oy /
2
L]
E sl
=
)
[y R
= /A
=y
T 4L
=
i
D il llﬁ 1 1 1 1 1 1
0 12 24 36 48 B0 72
Time {h]
Weiaht gain (ma/cm?)
Time (h)
Hi-5Si—hdo Hi—-5i-tdo hd
12 BB 4.2
24 7.9 5,68
36 Tl e
43 e 11.1
g0 11.8 11
Te 107 11.4

Fig. 4.2 Weight gain of Hi-Si—-Mo and Hi-Si-Mo-M after

isothermal oxidation test at 800TC
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B Hi-3i-Mo apoT
Dy Hi—Si-Mo-h

| T

<A

Weight gain (maicrm?)

r Iy
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Fig. 4.3 Weight gain of Hi-Si—-Mo and Hi-Si-Mo-M after

isothermal oxidation test at 900TC
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Fig. 4.4 Relation between weight gain and time(secl/2)
of Hi-Si-Mo and Hi-Si—-Mo-M after isothermal oxidation
test at 800 and 900TC
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Hi-S1-Mo, 800°%C, 100h
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Fig. 45 SEM/EDX analysis of oxide layer of Hi-Si-Mo

after isothermal oxidation test at 800°C for 100hours
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Hi-Si-Mo-M, 800°C, 100h
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Fig. 4.6 SEM/EDX analysis of oxide layer of Hi-Si-Mo-M
after isothermal oxidation test at 800°C for 100hours
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Hi-Si-Mo, 800°C, 12h

’ 20pm X Electron Image 1

Fe Kal 0O Kal

Sikal Mo Lal

Fig. 4.7 SEM/EDX analysis of Hi-Si-Mo and after

isothermal oxidation test at 800C for 12hours
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Hi-Si-Mo-M. 800°C, 12h

Oprm Electron Image 1

Fe ka1 O kal

Sikal Mo Lal

Fig. 4.8 SEM/EDX analysis of Hi-Si-Mo-M after

isothermal oxidation test at 800C for 12hours
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Hi-Si-Mo, 800°C, 72h

i

40pm Electron Image 1

Fe kai 0 Kal

Si kal Mo L3t

Fig. 4.9 SEM/EDX analysis of Hi-Si-Mo after

isothermal oxidation test at 800C for 72hours
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Opm Electron Image 1

Fe Kal 0 Kal

Sikal Mo Lal

Fig. 4.10 SEM/EDX analysis of Hi-Si-Mo-M after

isothermal oxidation test at 800C for 72hours
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Hi-Si-Mo, 900°C, 12h

50pm Electron Image 1

Fe kal O kal

Sikal Mo Lal

Fig. 4.11 SEM/EDX analysis of Hi-Si-Mo after

isothermal oxidation test at 900C for 12hours
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Hi-Si-Mo-M. 900°C, 12h

50pm Electron Image 1

Fe kal O kKl

Sikal Mo Lal

Fig. 4.12 SEM/EDX analysis of Hi-Si-Mo-M after

isothermal oxidation test at 900C for 12hours
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Hi-Si-Mo, 900°C, 72h

Fe Kal ' DKl

Sikal Mo Lal

Fig. 4.13 SEM/EDX analysis of Hi-Si-Mo after

isothermal oxidation test at 900C for 72hours
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Hi-Si-Mo-M. 900°C, 72h

F0pm Electron Image 1

Fekal OKal

Si Kal Mo Lal

Fig. 4.14 SEM/EDX analysis of Hi-Si-Mo-M after

isothermal oxidation test at 900C for 72hours

_41_




4.3.3 Hi-Si-Mo ¥ Hi-Si-Mo-M$] 4ts}y]gte] uhg]

800T % 900C2] w7l &7 1ol F714Q 7tda WA7bg s Wi
ste] A F7aksld s AdE Figo 4.119] YeERASITE 800Tof| A
Hi—Si—Mo$} Hi—Si—Mo—M< %719 5x13F Abstapg el z+zt 3.8,
4.1mg/em*e] FAFHE JERRL, oF AKHom Friste] HF
10047l = Hi—Si—Mo7} 6.5mg/cm®, Hi—Si—Mo—M2 5.5mg/cm*e]
FAS7FE YERITE 900 CollAl Hi=Si—Mox= %719 10A1%F Absl#}
AollA z+zt 6.6mg/em’e] FAIFEZFE VER QL a1 25A12F 7HA = )
Skl ol FREV MM At HE 10041 el 6:11mg/em®e] -
A7 JERY. Hi=Si—Mo—M2y, 2719 10417t A3l a7 o A
4.9mg/cm®®] FAZ/HE JeERddal, AAE] Srlske] #HE 100413k
£ 5.8mg/em’2 FAF7HS e Sl

Hi-Si—Mo$} Hi—-Si=Mo—M EF 800C % 900C%E2 7]+
7164 100A1ZERE F713kel A3 [ AT oA = vl oz st 74

b B4 B

==

2
Bl A oFs ek uhe| A B4 S E Ao ezt

900CelA F714tstdd 5 A8 As=S] xdel ot SEM/EDX
T ANE Fig. 4.12¢] YeRdSlth Hi-Si—Mo ¥ Hi—Si—Mo—Mef A
g AstE o FE ARES Fed 090oH, ARHE A8 & o

Fe 03 Absl=Ql Zo% A4, o= s2Aatstdd Fof 44" Akt

_42_



AgE 2o R PEET, o= AbskE o] dAeo] Hi—-Si—Mo Rt =3}
ZHnt At SRA o EEH o
e #do] #AEG oM, Hi—-Si—Mo—Mel| Bl&] At3lE =7}
¢ Hi—Si—Mo®| AtsheE mdolM ¥ @2 ddo] EAs= Jo=
FEQlth Hi—Si—Mo 9 Hi—Si—Mo—M2] 900CelA 100417+ &
71abst AP A A atstE A FES FRE QAN v F o] Ho
U EFo] #AEAE oo, ol FUAE AR g8 FASH
AdellA whgjell &) FAS7HE 548 Fasks FRto]l dEEA kS
AApel] o] WA x|

Moo i R
38,
~
2
M
[-‘O
S
o
il
oZ

PN -VI

i)
rfl
lo

2 N

M FAHoR HETt do] F TheAdol s AeR AdHH,
[e=]

_43_



Weight gain (maicrm®)

Weight gain (maicrm®)

Fig.

I W Hi-Si-Mo 00
| A Hi-Si-Mo-h

F.,.d_._._.#_’.d_l—_..-—l—-
- .-'_-/I /’Q‘ i
L - e S5 &,aa&—ﬂ“&

G AT
A
L ﬂ—%;@-—'
a 20 40 B0 80 100
Time (h}

W H-Si-Mo 900
L& Hi=Si-Mo-h

| R
e —mem
- —m—E-u_
n-E-—E-—m—m a
""v-..a—" —_
-

%&aa_aw"-“-—&-z‘

e
&{_&,&-’ﬂ“ﬂ R

0 20 40 <11} an 100

Time (h)

after cyclic oxidation test

_44_

4.11 Weight gain of Hi-Si-Mo and Hi-Si-Mo-M



Hi—-Si-Mo, 9007, 100h
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Hi-Si-Mo-M, 900T, 100h
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. T00pm ' Electron Image 1

Fig. 4.12 SEM/EDX analysis of oxide layer surface after cyclic
oxidation test at 900°C
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2% 4.13 SEM photographs of transverse section of

oxidation layer after isothermal oxidation test
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