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The Effect of Non-metallic Inclusions on the Fatigue Characteristic
of Martensitic Steel

Toru ARAKI, Ryuhei Sacawa, and Tzu-Ye SHIH

Synopsis:

Fatigue tests have been carried out with vacuum degassed (DH-treated) and not-DH-treated mar-
tensitic steels by repeated bending with tension side amplitude.

It was found that fatigue microcracks nucleated on the edge of specimen in the DH-treated steel,
but from non-metallic inclusion in the not-D H-treated steel. It was also found that microcracks nucle-
ated from inclusions were of 3 types; initiated by the fracture of inclusions themselves, by the separa-
tion at the inner boundary of duplicated inclusions, and also by the separation at the interface with
matrix. From the observation of surfaces and microfractographs, a fatigue crack propagation mechanism
is suggested as follows. The inclusions are considered to nucleate sub-cracks that grow into shear mode
fracture, at high plastic zone in front of the main crack tip. As the main crack approaches, they
join and link by cleavage or quasi-cleavage fracture with the main crack. This process is repeated to
make the crack propagate. .

An attempt has been made to represent the rate of crack propagation by the following relationship:

dl/dN=BI

where [ is length of the main crack and B is considered as a function of stress and material.
It was evident that the vacuum degassed clean material was excellent compared with the ordinary
meterial in view of fatigue crack nucleation and propagation.
(Received Apr. 1, 1970)
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4rb&Holc. DH #foifEmoiigEs 0°154 T, 20

.
E ;m,ﬁ@ﬁy‘:-,ﬁ; "
MnS, MnO

Py

3 ”

' -

Mn0-Al, 04  (Galaxite)

e

MG, _Alea .

Sio,

BpbbOoRESONEMIZLAEE TR TV,
—FRAPEEM OWGRER 0.25 T, 20 Hpllbo
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Photo. 1. Typical large inclusions in specimens,
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Table 1. Chemical composition of specimens (%) .

Specimen C 1 Si Mn P S Cu Cr
A(DH-Treated 038 | o2 | o6 ! o008 | o015 004 0-04
B(Not DH-Treated)| 039 | 026 | 066 | 0020 | 002 010 014

1l

Table 2. Hardness and cleanliness of specimens.

A (DH-treated)

B (Not DH-treated)

Specimen
Tension side Compression side Tension side Compression side
As quenched (Hv) 502 (280) 588 (440)
210°C tempered (Hv) 472 (276) 476 (420)
250°C tempered (Hv) 403 (270) 487 (412)
Cleanliness (JIS) 460 x 450=0"154 460 x 400=0-25
O O 120 © As quenched (A) —
: —3 REEE R,
2 . | ° °C temper |
7 g o= + 210%C tempered (8)
O O = = o o 250°C tempered (A)
| —~ 100|—2—m~ as— =m 250°C tempered (B} —
25| e . 90 25 —~ ﬁ [ o a o-
- % 90 ———m=o“—<—0% - ————
Fig. 1. Fatigue specimen. e s o
£ 80
Qo
< L
10° 10° 10° 107
- .
Cycles to failure
Fig. 3. Fatigue life vs applied stress.
85 kg /mm®
)
“ 110 kg/mm? BRaiiiy S.
% 2-2.3 Microfractography M#RZEL
U TEEFEI 2L 7V 5 (carbon extraction replica)
XD ETRMBEEESIRS .
2-2.4 £BEEBROEKEE
| kg /mm? SRR I REBI T, [E2 5AC tension side & com-
—t

Time

Fig. 2. Model of applied stress.
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5.

2.2.2 Tension side OFA{HIEERZS

JE 55 2RER thIT tension side DE % DRI AE Tk
BFEAHETS. MERAZERTE, MBE—Rh
BEL CBAMSE THEL <L, 100 FERTIHOES®
BIETS. OISR LTRBF OB E T DIRLE

pression side ZZEST 2 HEWIHIT 5. BMEmITEW
tension side ¥5 X% compression side ORI D K%Ml
L 0lmm % TH#EAEL, SHLTAFEBICE
FRAMEE IS X S EERE L TL 27,

3. R B B &

3.1 ENRARBERSIURBBRER

PnatEasi B % Table 3 1T/RT. WEICEDEDVER
LEEE L "vah b s, Figo 3IORINTVWS
ISPV DELDEND DY, BANDE XD
o e~ 210°C fEd &L o KRR EE B X8 250
°C DWTHOEL ELMEI—RT DTSR EBR
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Table 3. Results of fangue test.

| Stress ' No of cycles l

a Specimen ( kg/ mmg) to failure Crock nucleate Remark
| 'DHQ 1: 85 | 8-0x10s l edgc
| A | DHGQ 2 90 | 1-2X108
g DHQ 3 95 | 1-1x10s ] unknown
- L . s ;
= - —
g Q 1 95 2-4x 104 v
2 | Q 2 90 7°6x 104 inclusion
Q 3 85 1-2x 107 ”
2| B ” 88 1-0% 108 %
’ 7 90 4:8x 10+ 7
Q 10 90 1"4x10° 7
DHT 4 90 8:3x10¢ edge
= DHT 5 80 I-1x107 unknown
4 A ” 90 3-2x 108 4
& ” 100 1+1x 105 #
g DHT 6 85 8:4x10¢ | edge
H i
&) | T 4 95 6 x10s unknown
=) B T 5 90 ; 2 x108 inclusion
N ” 100 1-0x 105 7
| T 6 105 5:2% 104 # { many.crack§, one of them nucleated
i from inclusion
g DHT 7 100 3-5x104 edge
2 DHT 8 95 1:3%x 108 ”
g A » 105 465 104 4 3 cracks
g DHT 9 110 3-9% 104 A { 3 cracks initiated from edge and some
& cracks formed at large inclusions
&) T 7 100 1-9%x 104 inclusion
S B T 8 105 2:3x 10¢ 7 2 cracks
& T 9 110 1:8x10¢ ” many cracks formed at inclusions®

B—R N e g
P °
e
¥

ih

]
ok

¢ =100 kg/mm?2,

R L7c. 210°C i &L o> DH A3 IIE S D & A3
KEWH 100kg/ mm? L _RAVDERELH L EHEAN

DEFEORBF IHANTT <N TNB L E8b,5b. L
2L 2:1 BRI BEAN REL WS E0 BF2%
BLTHETBE 210°C B4 K L2b0d BEANDE
ZORBHMI VT NTWBE LS ICEDLNS. Fhok
fIC X >T A DH MBI ORBA O ST 4850
i@ b4 U7z, £ Ofl% Photo. 2 iR¥. —J5, DH
ML v B AP IREEM O S Photo, 3 ok

B Tt

E
D -.A-—-a—v‘mmxb_,

Photo. 2. Fangue crack nucleated from the edge of

. ya’{“’“ ey

.
k_h_;m

DH treatment specimen after 2:02x 104 cycles;

NTWDH XS CEBMED» LT TWB Z EELA
LD LN, KRAHRBREMOE EZ (main crack) o
BIIRIR & 76 5 AEEMOK & 13§27 20 K p bk,
L b KEHDVCRREE TR KEETBAMEM LD
LD THD. KALRLLTVWBRELAED X
DRETHIV 0 ERLROTOIINHLONHS. T
b Photo. 4 IZRINTWS LI iDL 48
(matrix) OFEORIGEIC X 5 EHBOWMRK, Photo. 5 I
RENTWS X5 B AEDDOREKRI (—EH»BLT 73
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(A) After 83X 103 cycles

(B) After 1:02x 101 cycles

(C) The profile of inclusion
Photo. 3. Fatigue crack nucleated from the large

non-metallic inclusion on non-DH
treatment specimen; ¢ =105 kg/mm?2.

Photo. 4. Fatigue-crack nucleatlon by the scparatlon
of the matrix from a inclusion.

Photo. 5. Fatigue crack nucleation from the inner
fracture of non metallic inclusion.

O E) HarsdTHL DS iE Photo, 6 IZREI
T D X9 T TR oo KA B L']‘L.M\_ HIsmE
OO XA TE O BV, REE FTICHEHMED

SIS
Photo. 6. Fatigue crack nucleation by the separation
from the interface of duplicated inclusion.
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N

Number of cycles (Nx10)

Fig. 4. Fatigue crack propagation, diagram, as
quenched specimen.
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3.2 Microfractography (DEIE

T O EFHEILSIZ L D &, 3 L NV OBV &,
SREOEES LUMHEIT XS 2 7 o WBEREC 350 %
NELETD LT, WRNE A s U <hlMrEd 2
¥ &+ % ductile dlmples BEHELAHEL TS D
ductile dimple (24T % #7123 Photo. 7 35 X8 8
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20 " 20
Te| ¥ TST T94a77 978 4 DHT9 DHTS
o i | T i | A
/Q;?( ‘,‘/X/ _E 5 7f' /
/i ~ o ’
> /”A< /J = /P, /O/ red x/
re 7 e | /S A e
-— p 4 / 2 At
£ ’ - /:‘ o
£ % X g !
= ¥ S /
- 4 ) 54 S 10 :/
© 03
g o 2 3 4 48
; Number of cycles (Nx10*)
"g 20 Fig. 6. Fatigue crack propagation, diagram, 250°C
/é‘ﬁDHTG 2 hr tempered specimen.
| —— %
© _ ;'/ﬁ// DHT4 d
5 —e B R EN TS X5 75 i S BT B % \vh~ & B
/A/x . . e —
//“xf BELRLNSD. F-HHHITIE Photo, 9 IR ST
a ' ,
- V2% X 37 ductile striation 2 Photo. 10 iZRXh T
l 56 7 ' 8 9 W% cleavage striation AR 6N 5. HEEEMIC VT
Number of cycles (Nx10*) /3 striation Z{l7-\ o B tire pattern 3D HiLts.
Fig. 5. Fatigue crack propagation, diagram, 210°C 33 SRMRCKLDBRERBAR
2br tempered specimen, & IO EIREEIZET 1hig, DH [t o— i

b4

= RN Y Y - i prA I AR - . b7 " oAy / =
Photo. 7. Ductile dimples and quasi-cleavage fracture on the fatigue fracture surface of Q-1 specimen.
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Photo. 8. Ductile dimples nucleated on the grain

boundary on the fatigue fracture surface of Q-10

specimen at higher crack propagation rate area.

WCIEARTABEAN O R RBRPE LRSS A b, &<
iz compression side 7 =T 4 b LM/ —F A b
WwEE s BEbh T\ 5. Photo. 11 TRENTWS X5 1T,
ZD X5 ARIIEN DS & damage IT X0 T VEE
D THWBEDRHAE LN,

RLAAFEBRI O tension side 11X Z D X 5 e th RS
ZERERLEE % D Blbh T\ 75257, Photo, 12 7R
ENTWSE X7 2 vF oy A bdh SHTELNNEE
HOTHE ST VDL IS FELZLNS. —F com-
pression side 3 DH L3844 > tension side FAFEIT X <
SA(L U 72fA8E (Photo. 13) 7R L 7.

4. & £

PEoER,rL, ITEROBAERCOWTEET

N

A o DH it o S WO A RS, 53R
R OO A bA U 2, 2EFOBAICLD 2
2ohb. Tinhb, HHFEIE KR ONTED
2370 &, =RXFIETE (tension side) = HEkHIRIEIC L 5+

IS HEPRELE D L0V, Lo T, Gk
RRh oL REVIRE»SLEREAEC DD EEXD
ns. :
—7%, BOXKHRBLEEM TREECKERNIEDBEF
#HL, FEDL VIERLFBRIGHC X>THRENED &R
#8 (matrix) ASFIEEL ZBIRASE U CER/PBERT S0,
BHBHWIETHENENORE (Photo. 6) DiF {HEXIX
NEWE B ORNERKIE ESRERE) TX2TENE
RES RMPICEREERT D LHBRDOLNE. K
SANERERRE TR EER T DEZ O NEROTEM 1T X DI
XBUDOBARKITE 2 LN, £ & (main crack) &
v OYRREAT IR S5V TVIAEEY (A M ER S &9 70)
PN ZF B OFEE & 75 5 T & A5 microfractography D
HEFERE» DHlEE St

(B J T (tension side) D 2 7 o WIEHIRIC L D &,
oA IS ERI X D BERICH U L DIC T D55
2 NS T ¥EPEAEE 234 U, Photo. 14 RSN TS X
310, FOMEE,LERTDERREL, FNED
Ahh o EULRSRERINTEERMES LT
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Photo. 10. Cleavage striation on the fatigue fracture
surface of T-7 specimen.

&G (oming) U TERIEA{EHE SN S. Photo. 15
LREN TV B DX DO—FITH%. microfractography
O BT IhE, BB O NIV TL RC X%
ZIEBE LT D ZEMNHETES. Thbb
Photo. 7 IR ENTWH X 52 (B) Ho~%ZE (clea-
vage or quasi-cleavage) {Z467°2TC (A) HITEFHA
HREIREET% - (ductile dimple) AER 4, (B) #BL D

Photo. 11. Cell strucﬂnirg on the compression side
of DHT-5 specimen.

>,

Photo. 12. Martensitic stfacture fatiguéd to 2'4x 104
cycles.

B
Photo. 13. Fine pearlite structure fatigued to 1-9X 10¢
cycles.

FERMMESLEAT (B) ~sBEEc X TERE
FEIFLEERC OIS, ZOLE5BBMAVELKE
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Rupluring - Opening

Meeting
crack

Inclusion

Fig. 7. A model for the interception of an inclusion-
started void by the crack front resulting in
dimple formation (after KRAFFT).

Photo. 14. Plastic zone at fatigue crack tip.

cracks) K S, FEZZ (main crack) O4EvEEROD
T — e e BICHEMEEIBIC B3 W UREHIRICRE L, RERNEH

. : - L EESVTENRS & lEE LT dimple & R L Z 0K
EZLEED. LEd2THEDI KEWITE, disk-
shaped crack #38 <4 UF5EMIC dimple 23k &E {7g
HrEWhD. '
9% 55 W O AR ME VR B O WIS T & BT ELRT O &
@ﬁﬁ?&@wﬂﬁmﬁubfw6:an DY E

ZIEEESAR b O THDH 2 L x2ERTS. Tk
bof@ﬁ&@ﬁbﬁgfb&<ua&&%@%ﬁ®m
NERRKE LD, LR TEGINC X D R
PPERL TEDE LK DT 2o ERWaL L TRIEEET
LHDEEZLND

ENEDNOHFHERE LT 2o ENONE 4L
TRIEZRRET S5 L HBHITHEBIND. w7 ok
BT S WO S RIS N dih & TFEEIC LD
TWBHDS, T2 oI ElERTIRs s M (b TFLD
R AWIGTIAE Thaievy) %352 shear mode 5
M 22 LT oy 7o EREENRLLRS. ik
FrROSYTH) D7)V 3 = 9 L54 (Al-759% Z-2"59%, Mg)
O RER B W CHEIZE L /- cleavage striation & X <
Ehicb o ThH D7,

: (B) Af;cr 3'08><I(E)>* Hc>b'clcs o » T X HITE3H DO shear mode [ZAZE(ZITT S
Photo. 15. Process of crack propagation. Z & 12 X > T microfractography ¢ striation pattern 73
Hishsb0eFEALNS.
DEEZLND. W EES 2T 7% dimple pattern Fig. 4, 5 XU 6 705 K& Hl’.?‘lzﬂo) & RZINE

DERKIZDVTiX, AEER TR E 7 dimple pattern o> [Fi3 DH QFHICH AT &V 2 EBHLATH D,
THEWZ DA EWEE 005, THY, LML CIEHNOGER IO BN R THD LFE 25N
tvd dimple % 2Bk U e TR PERWTE (Photo.  10) Lo EANREECOEHF FGOIEL DERIRE VL, B
Kﬁnnb%@ﬁyw£ﬁiiﬁﬁah7-Lt%OT LELIZEDTXDELDERHE/NENTWDS.
dimple DX & &340 THY L N (05 p S A SA EEIEEEA NI XD 3 Y o —i:
UTFodo) okss LR L EEbIVS. OB L5300 T, B EUARIE > TEMSRE SN &
fricid Fig. 7 0T % Krareri® o dimple 2 %2 5i15. Fige 5 @ DHT 6 fhiffidd 5B 35
EEFNERAGD EXLHMTHIEATES. Thab THEME G 257, TORECERCL E>Ty
BRUNTE D> S AR 2 3 (disk or Penny-shaped LH, ZOZEFOEOISICHBEEIND. Thbbd
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HEFETH VT 2, 3 DREIEZ (subcrack) AU T E
EREIRDIENERHI S HEMENTRITHERET T
5. ZOBIEZIHUNELILDHEONTEDERDIENI:
WAL, EERIPDLOEMR (58 K LS. zox
SIESHORTEBECHE L5 X DR—IRIcE TR
EWTHH T ENRBDLENIH, BIOURICLE -5l &7
BEERITEHLEVWES A>T 5.
FESRORGEET (1) R0 XS LffBxBRITE
oL 95 5. ZNlix Frost and DucpaLe!® 35 L ¥ Lyl
DR EF—DDHDTH B, Pars!? IEHINTW5D
IO HE—HERT — 2L X OCEY XU REEERD
IEFEMEZSRET 5 2 L IIRER D Y, S OREFIT
XBARET — X BHFHEBPLIITHSH. Lidi>T
(1) RTEDbLEND EFEN20 FIEEERTRTD
P ERORIECEAH SN BTEE TRV, LT EDse
5 2 — 2 BOZERMFHEIC OWTIEE 518 < DEER{E
X ORDT, WEBHBKREZMDLESDHS .
ARERICEWT, Fig. 2R X P4 RENRTW B 210°
F X 350°C #ED S L RIUHMHUD S DIREL DG
RNV D rbbT, TOEMDEHS TFEHFELW
DV BRIV TS BT 5 I #EWOAE  (intrinsic
structural characteristics) A X ZUOFIHRED /€5 4 —
ZBIZARKELHFELTCWHZEATRMTEEEDLRS.

5. & &

1) EoREE o B iR R AR DR & LT,
HZefis 2 (DH) Asihi: KEAREsH iz L c+ <
NIENBRCR 2 24882 B LB 2%, < DK
LB S sRBRIC X O FER L 7=

2) WWNTED HREL BEE SV R XD L
“C, 210° XUt 250°C 2hr FEEOHED ELIX, BEA
NOFEFOMBATHZE L CFEh EHORERITICHTS
fhzmETsbDLBbhs.

3) KDBELSERIEAC X ENEZHUDOFE LZIZD
FWEHBICHEL, EEBNEDOREID IOV T
DE L DR ZEBTXOBBNBRRE TR D/, 0¥
WL XD, NEDOLISWHEEHUNSE B4R &L
EOE»LEDLDTHAMTHEZ &L 2TERL 7.

4) KEROEZHII1T 5 EHOREFEH I F0 X
SWHEz2BLNS. Tihbb, £EROLRCESHIBYE
FEI T BV T E P8 ABIRIRENR (ductile dimple) #2
kS, XS AT (B ~SEEic X
DTCEHEZRITL, TEBUTOHHD. 20 XD BiE
BLYORLUGHITEIDTL DIRUVEBR I, SHBEIE
LTw<.

5) EROEVEEE dl/dN I HDEBICE N TOE
DR THELTZEMTES:

dl/dN=B!I
BIXIEN B XOMEDIRRE (i, HRERE) TEF
TOERTHHLEELDNS.
x

1) A. Swan, H. SuTTON, and W. D. DoucLas:

. Engineering, 27 (1931), p. 314

2) F. Stones: Iron Age, 12 (1931), p. 1234

3) StuLen: ASTM S.T.P. No 121 (1952), p. 23

4) H. N. CummiNgs, F. B. SturLen, W, C. ScHu-
LTE: Trans. Amer. Soc. Metals, 49 (1957) p. 482

5) J. T. Ransom: Trans. Amer. Soc. Metals, 46

(1954), p. 1254
6) P. H. Friru: J. Iron Steel Inst., 180 (1955),
p- 26
7) M. Arkinson: J. Iron Steel Inst., 195 (1960),
p. 64

8) AH, W, A g, 52 (1966), p. 651;
53 (1967), p. 873; 54 (1968) S73

9) E. InesoN, J. CravTton-Cave and R. J. Tay-
Lor: J. Iron Steel Inst., 190 (1958), p. 277

10) L%, =#, % gk, 41 (1955), p. 1102

1) 3k, % g, 45 (1959), p. 322

12) w4, an)l, Z)i: #a, 12 (1963), p. 434

13) J. M. Krarrr: Applied Materials Research,
April, (1964), p. 88

14) P, J. E. ForsyTH: Acta Met., 11 (1963), p.
703 '

15) N. E. Frost, D. S. DucpaLe: Journal of the
Mechanics and Physics of Solids, 6 (1958), p.
92

16) H. W. Liu: Trans. ASME, Series D, 83
(1961), p. 23

17) P. Parrs, F. Erpogan: Trans. ASME, Series
D, 85 (1963), p. 528

— 172 —



