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ABSTRACT

This research studied the effects of alloy additions, graphite morphology and matrix structure
on the thermal fatigue life of cast irons tested under a constrained condition with the cyclic
temperature between 298K and 1073K.

The results indicate that raising the Si content from 3.0% to about 4.5% shows only slight
improvement in fatigue life. However, the thermal fatigue life of cast irons has been substantially
increased by a factor of 2 to 3 through the introduction of 0.3%-0.5%Mo to alloys. Regarding the
effect of as-cast matrix structure, the results indicate that an austenitic matrix exhibited a much
better thermal fatigue life than pearlitic matrix, which in turn was better than a ferritic matrix In
addition, for the same alloy condition. Cast irons with a spheroidal graphite show the best thermal
fatigue performance, which is followed by cast irons with a compacted graphite, and then flaky
graphite.

The changes in the matrix structure during the cyclic thermal process for various alloy designs
had been thoroughly analyzed, and how they affect the thermal fatigue property has also been
discussed. Finally, the initiation and propagation of cracks in the test specimens in the course of
cyclic thermal process had been observed, and the observations were related to the metallurgical
parameters studied herein.

Keywords : Cast Irons, Thermal fatigue, Alloying elements

|
2
o}

o

REHBEBARF;  HERER A NMLT ZFR > AU REHZBHAEEER
HEREER - A AEH §HAERY 4 HBFTHAEZEHEERSEANZA
MEAZRIEHE EEFEAZTETRE 2% T Y¥LEANSEBEZAHESR
Ao — AR E BRI M CRAEARRIIEL RS Hhod| BRAE HAKY B



R BRBRBREREE -
EERBERSY Sz iDitte
BRE AhbBtRAgedfiliehx
FUHARBGERBRE - F—Fd ZBER
WBEERBAES AR ESH MY ERERE
MR AR ks - HATEREZ BB ) - ¥R
BEBHEERE -
AAREFFE S L2 m5 (Si- Mo
Sn~Cu~Cr~Ni) ~ Xk (fekdf - %
R AN BEHIRGEHME(EE B2
KE) HNEERARFETIHE -HEE
RTEHAERERZEE -

= R®F ik
2.1 4%

A RAFIF S ~Mo~Sn~Cu~Cr-Ni %
S E RHBEURLEHELEHNE
BB EFHEENBE - 6%k | A7
o MRS AM R 2T AR
ERHBBMZ B EWERGEEA N ALK
BwE 3~ &k4F0k 5o
2.2 Bk HHRA

BREFHERXBRAFABOHRLERA
Y-block * & —# k% =18 Y-block - X A
ZIRER T4 1A+ -

2.3 ®mF ik

ARREAZBRSABLRIE RS
4o 8 2 P 5T oM K 23R (110mmx20mm x6mm)
BEARAREL EEARBIRGEET
Ko AR BzE A hE XA A 60sec
MNARZE1073~1123K = F > B BPiik i3 KA
— B P4 10 sec ' BEEXKEBEZRA
LB BRERBEKEREBEBEN > ok
ERABRA —ERBER RAALER
TRE AR XRRT R EOBR
o F-ROETRHRBELS KSR RELF
EANERCEN BT P TE

Z. BRANR
31 6L EBRT EHEHNRES 42

WhREHEM T bE 3 ToREES
W2 HERT FDEABEF] ¢ R B TF-5>TF-4
>TF-3>TF-1>TF-2 - B 4 8574 45462
BREFEBER  BEFESZSBMEF L0
F 3K TC-5>TC-4>TC-3>TC-2>TC-1 -
SLERBEATHE R BB AKRAEE  H— K[
ZRAERRKA TC-2 2 #k B HENRA
TC-1- R B EMZ BR F R ERTNE 5
XA TD-5>TD-4>TD-3>TD-2>TD-1 - st
REATH 4 R -

(1)Si4 g% (H6)
HARBR&EEmET > 4 3% Si 24
(TF-D A 45 At ok & 5%Re k48 + 95% %
R4 4 4.5%S1 2R A (TF-2) A5 A
A A 100%Rekss - 2B EFHE S1 2§
¥hod 31 RRMMBEZE 22 R(-29%) - #7435
BEHEMmET - 4 3%Si 2 A (TC-1) &
4.5%S51 23R (TC-2)H SR Abamsk» 3 4
95%Ae K 48 + Sk R4 Av 100%AE k4 - & Si
B I E 450 BESENSH 29 kR
31 R(+6.9%) - HAHK B MM T » KA
TD-1 & TD-2 2 4% A& 3 sbhda & 4551 & 95%Ae
48+ 5%k R 48 Ao 100%Ae K48, - Bk S E D
T3 k3% % 78 Kk (46.8%) °
HERERTo  Si2 P EuEEr A
WS E ENG  HNGREBCRER
2R s (3%S1 2] A TC-1 A TD-1)@mF -
B# S1 BB BIbieR4E/ER - 5 Si 4
B(4.5%S1 Z3 B TC-2 & TD-2)8% > & & 7%
RE-EEHEAREHE"Y £58% 0 2
& Sl SEXRILEAHN BRI BEN#
ZHERAK BiRE Si 42 HNEH
Bk S E R K(6.8~6.9%) o gk mk
X2 AR RMOBUST 2B TF-1)eF > 82735



Si 28(4.5%51 23R TF-2) €12 & Rek 48
MATE  RIFRERR REFEFRARE
1& 29% -

(2) Moz H%E (B T)

HN R BEMMT o Mo & 0%(TF-1)3¢
Z 0.5%(TF-3)8% » #hk % Fod 31 KA
E 69 R(+122.6%) - #H»* 4 EEHm T
Mo &1 0%(TC-1)3% % 0.5%(TC-3)8% » ik &
E4d 29 R E 96 R (+231%) - HAK B
$ME > MAn 0.5%Mo BuE B E4d T3 %k
#E 128 R(+75.3%)

HERERIG 4 i Mo 48 5%
EEWERBI AR ETHABREYR
F+ o Mo &R @ AE R 4K a9 A, > {2t A ibhia
HZHERK - Fiw Mo THER S48
BHBBE MRAGHSEREI R
Ao AR ERERAGBETHAEALZRE
ATV BN RABE FML A AR
gg °

(3) HmMo-~Sn A Cuz®% (B8)

X K (TF-4 ~ TC-4 B TD-4) & & v
0. 3%Mo + 0. 05%Sn + 0. 6%Cu » 3% B (TF-3 -
TC-3 & TD-3) % s 4o 0. 5%Mo = 2 TF-1 ~ TC-1
B ID-1 28k HHEFARERE > TFA4
# TF-3 #£% 32.2% (=154.8%—122.6%)
TC-4 %% TC-3 # & 20. 7%(=251. 7%—231%) ;
TD-4 #% TC-3 32 % 19. 2%(=94. 5%—75. 3% ) -

WA TF-4 &R Abadg s 100%% R
8 R TF-3 2k Amd A T0% K 4K
B 0%k R4 - XL RFo - KK TFA4
AENRA TF-3 M3 BELSESe LT
o #ARAm Cu R HNRA SRR
BEZMERRY {2 d RN E B AA Mo~ Sn
TERABRASEBETY - B 100%H R 4%
B & A 100% % R4z 0.3%Mo +
0.05%Sn + 0. 6%Cu(TF-4) X B H &t #h % 2 &

4 5 0. 5%Mo(TF-3)

(4) ZmwCu-~CrBENi 2% (B9)

BRERE R T4 SR A a5 R0
wéRZ R TF-5~TC-5 & TD-5 £ # k4 %
THBRESLERARBZIRA - S
14%N1 R R AM B4 EFHEHD+ 9%
o R RaR R E LIt FPREL
GREREANCT - gshiim Cr TRAZB%
B BRMEBZEHME  AAEKEBRR S
A o

(b) B BMEZYE

HE 6B 9XE&ERTh » #$ME—44
MRME  FAEERMEEZEIRAESES
SIREF T KBS > HEIREH >R B
Shel > MHMNA %S 2B B - HEARKE
dmT > HERETRA TD-1>TF-1>
TC-1> sb73 B3R A TF-1 2 A sm 2k A 95% %
R4 > M A TC-1 & TD-1 & 95%Ae 4k -
AR RS A a SRR ERE e
WHES  HEFREEHTF-1 285 EH
R 45 B4R TC-1 & & -

.2 RABMER 2 HUE R

B 10(a) A5 & A0 A R 483 B & 3
BRBBFZHKARTER @ SERRM
AP BREFHENRA BT mAL R
BA EVHUMEZEARH  MEHER
REHho VUM EEEE  E&EH I
LZRER B 10(b)ASREE R A A
BRERAETZRLLEERTER  SEAR
WA NBBEPENRKABALMASE—BE
A EVHUERAELAGH - GNKEREKE
R A LB RE S >  FRRNE
NBARAMERGINTRES > KAZEE B
AT E R BB R L ERE
NTRERB LR ZZHGRE S » Riids



HRBAIE R R BB IERE S o BEEH
BRI BB N BLEER
R R 2 W& (R d) b sk B ARk
zRX P A - B 10(c)ASEAEERA
ABBEEBEPZELAERTER  A#TE
HAYEABEREARETAEH A HEE 4
BT AL SEMME R RRARARY
@ﬁﬂﬁ%%%&A% 8 b o 4ok RAKZ
BHER S ERSRZ KM EEREA
BRGT - AMrEEaN Lttt Bit
grEandgd AEZE&BBKS K
PR R Z X HBBRAHEE ALY
S B BURT B -

B 11 Askag iz &L
o B A (TF-2,TC-2,TD-2) 2 H 84 &
Mo BB 1/ & hE -BER
Bk Bz A ba B Bk oA B A
Bas P REe AT REEMd B R
ABRsGLE RAGRADZH( Ay G
fo o C BT RESLE RIS ANT B
ik oD RABSK MK EREMBR @R
fb o 3B TD-2 244BAH T4 > KEH
s AR L RS A AMER VMW
WAL ZEIHBMEAMEBRESHVAEKN
ZHRB -

B 12 A4 EaRk s d REZEHETF
L RBWER A (TF-4, TC-4, - A KX
B MAEEEE 1/ &R R -HBR
LES Y- T F XX PR AP A:D - §
o BEAMBAE T AVHEHEREELK
MEAEBRBEZR LR 0 MR - &K
B TF-4 244BRTEIMEER EH
BXEEHERBEME R) > FRMEZ
B K G e SRz s it kB A BRI AR
%o T EHRAMES > BMEKIHEAF
AASEEAMER mEBARZ&AL-
B P TC-424BBAFRATREIMEX
N BRE KM ENER DL - dRA

TD-4 2448 H CRTHEEIMELLEKE
ME KB EHE R @ - AFA VUM
ZGCR OHARBRZRS HILAKS
BETHERCE G ERELR -

B 13 Atad Ay iTaM 581
Bl 5 X B (TF-5,TC-5, TD-5) Z E & 4
BB o MAEEPIE 1/3 MR R 8
BRHBEHEAAE B AL BHE - B3R
BTF-bz4taRB A HRTRES A EHET
BrRA#ER: mABR(] R)XEEM
S$HmAEAEL  WELERA FEL ]
RITEBER B R BRBP A AL L
RodwRATC-5x44aBAKRTHRERR
LK E AN A AR @mEy oL RA
HEsHkEEAwER - dRXA TD-5 %
SHBANEATHREINELLREAANS
AR mIEF o

HE - 13 T4 ERXEZRALEHE
b AESABAE AR HNEER
B R EREN T 0 BRMLZEAETRH R
Bk o MAY EMABEEL AL EZH
BHARLed s Balbieiy o mAAREK
Hel o

4. &3

%

HEHH R A IR FRRE R T 40

(1) Si g mat Bk FZHBRARK -
(2) Mo THRERAMBESNLYE » ARA
wzak e
(3) Sn~Cu &k RBITETE » TAE
wt ok HHER -
(4) Fmil gz Ni 4 FTHBAMBEE
o HNREARBESEEREAREZIRR
(5) B BWAEUKEHNEEREE RZIHK
2Rt BERZ O MAERE-

#7+



54 R :

1. Y. J. Park, R. B. Gundlach, R. G. Thomas and, “Thermal Fatigue Resistance of Gray and
Compacted Graphite Irons”, AFS Trans., vol.93, pp.415~422, 1985.

2. Y. J. Park, R. B. Gundlach and J. F. Janowak, “Effects of Molybdenum on Thermal Fatigue
Resistance of Ductile and Compacted Graphite Irons”, AFS Trans., vol.95, pp.267~272, 1987.

3. R.B.Gundlach, “Elevated-Temperature Properties of Alloyed Gray Irons for Diesel Engine
Components”, AFS Trans., vol.86, pp55~64, 1978.

4. R. B. Gundlach, “Thermal Fatigue Resistance of Alloyed Gray Irons for Diesel Engine Components”,

AFS Trans., vol.87, pp.551~560, 1979.

5. A. M. Sage and J. V. Dawson, “A High-Carbon, V-Mo, High-Strength Gray Cast Iron for Casting

Subjected to Thermal Fatigue”, AFS Trans., vol.100, pp.253~263, 1992.

6. HRE IEMHE 2EHEBITROARNT 1977
7. BRGEHRMBEGELZE®S By HELHRE 1977

Table 3 The graphite type and matrix structure of flaky

Table 1 Alloy design for thermal-fatigue test graphite cat irons .

| Specimen No. |C,%|Si,%0|Mo,% Sn,%|Cu,%]| Cr,%|Ni, % Specimen | Graphite Type Matrix Structure
TCTF%DI gg 32 TF-1 Type A | S%Ferrite + 95%Pearlite
.:.F 5 - 5 i‘ ; TF-2 Type B 100%pFerrite
TC2 Th3 130145 TF-3 Type C 70%Ferrite + 30%Pearlite
T3 T301501 03 TF-4 Type A 100%Pearlite
[TC-3,TD-3 134133 05 TF-5 Type C Austenite + Carbide( < 1%)
TF-4 3.0]3.0] 03 [0.05] 0.6
TC-4,TD-4 {3433 03 [0.05] 0.6 Table 4 The compacted graphite rate and matrix structure
TE-3 3.0]/20 60 [3.0]14.0 of compacted graphite cat irons.
TC-5,TD-53.4[20 6.0 [3.0]140 = — e
. ompacte atrix
. , . SpecimenNo. | . rashite Rate | Structure
Table 2 Chemical analyses of thermal-fatigue specimens. 95%Ferrite -
TG 90% S%Pzgrlliete
Specimen|C,%|Si,%|Mo,%Sn,% Cu,%|Cr,%|Ni.% ,
TE-1 13.11(2.97 TC-2 85% 100%Ferrite
TC-1..13.07[349 85%Ferrite +
3.003.31 e 5% 15%Pearlite
2.98/4.83 . 85%kFerrite +
3.07]4.59 TC-4 80% I 5%Pearlite
3.31/4.35 TC-5 70% Austenite +
TF-3_ [2.99[3.08] 0.46 Carbide( <1%)
%:g ggg g ;Z 83(5) Table 5 The nodularity and matrix structure of spheroidal
T TF4 12.95|3.00] 0.29 [0.07| 0.61 graphite cast irons.
TC-4_[3.46]3.35] 0.28 [0.05] 0.62 _ i i
TD-4_|3.35|3.32] 0.30 [0.07]0.63 . Specimen No. | Nodularity | Matrix Structure
TF-5*_[3.0012.00 6.00 |3.00] 14.0 TD-1 90% P erermite
TC-5* [3.00[2.00 6.00[3.00]14.0 53 507 Co0vaFermt
TD-5* {3.00{2.00 6.00(3.00[14.0 - 0 . ok ermme
TD-3 759 85%kFerrite +
15%Pearlite
TD-4 80% 100%Pearlite
Austenite +
TD-5 90% Carbide(< 1%)
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Fig. 3.2 The configuration and dimensions of
thermal-fatigue test specimen.
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Fig. 2 The photo of thermal -fatigue test apparatus
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Fig. 3 Effect of alloy additions on thermal fatigue life of
flaky graphite cast irons.
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Fig. 4 Effect of alloy additions on thermal fatigue life
of compacted graphite cast irons.
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Fig. 5 Effect of alloy additions on thermal fatigue
life of spheroidal graphite cast irons.
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Fig. 6 Effect of silicon content on thermal fatigue life
for various graphite cast irons.
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Fig. 7 Effect of molybdenum content on thermal fatigue
life for various graphite cast irons.
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Fig. 8 Effect of molybdenum content on thermal
fatigue life for various graphite cast irons.
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Fig. 9 A Comparison of thermal fatigue life for various
graphite cast irons containing 14%Ni-3%Cr-6%Cu.
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Fig. 11. The micrographs of thermal-fatigue specimens with
various graphite shapes (TF-2, TC-2 and TD-2).



Fig. 12. The micrographs of
thermal-fatigue specimens
with various graphite shapes
(TF-4, TC-4 and TD-4).

Fig. 13. The micrographs of
thermal-fatigue specimens
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