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The Effect of Inclusions on Fatigue Properties of Steels with Various Matrixes

Masae SUMITA, Thu UcHIYAMA, and Toru ARAKI

Synopsis:

Alternate bending fatigue tests were carried out using specimens containing FeO-type inclusions, containing

Mn-silicate type inclusions and containing substantially no inclusions respectively.

The effect of inclusions

on endurance limit was discussed. Some specimens were carburized and heat—treated in order to intensify

the effect of inclusions on fatigue properties,

Main results obtained are as follows:

1) Inclusions in low carbon steels do not exert any effect on endurance limit.
2) Influence of inclusions in carburized steels (0-25% C) on the endurance limit increases with the de—

crease of tempering temperature.

not influence the endurance limit.

The trend is remarkable in specimens containing Mn-silicate type in—
clusions, when the axis is transverse to the rolling direction.

Inclusions in steels as carburized, however, do

3) Inclusions have little effect on ultimate tensile strength, but have a considerable one on reduction

of area.

4) On the assumption that inclusion does not adhere to matrix, rate of reduction of endurance limit by
" inclusions is expressed by W=i(A—n), where ¢ is a coefficient depending on size, amount and shape of

inclusions, n is the work hardening coefficient defined by ¢ =ke? and A4 is a constant.

A was nearly 0-16.
limit.
ing controlls the fatigue process.

In this experiment,

When # is larger than about 0-186, it is concluded that inclusions do not affect endurance
The above equation can not be applied for pre-strained specimens, in which case the work soften—

5) Heterogeneous microstructure has worse influences on elongation and reduction of area than on en—

durance limit.

6) Effect of inclusions on crack propagation could be estimated from disorder of striation around in—

clusions.

(Received June 4, 1970)
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21 # &R #o g 20R '
211 % #, ' 1
(i) EgE 10kg BRAKELFC KA L _QF_:J;
7, FeO BAEDEEHTHE. Gis : A8D) 20 \
.. s N e e I 40 .
(i) Efgkr 10ke BRABEZERECHBEL, 26
0:05% C ClRER L 72538k M EEWME T LA ESEH L. (b) For tension test
(0% : V8l) (FeO ZNEW® SHT 5 kL& ey Fig. 1. Dimension of test pieces (mm).
Table 1., Chemical composition of specimens.
c Si Mn Al P s O N
A8l 0-005 0-002 0°003 0-007 0001 0-002 0127 0-0041
\'2:1 0-007 0003 | <0°-001 0-002 N.D. 0-005 0-019 0-0010
VO8I ' 0-002 0001 0-001 - 0-011 0-00! 0-003 0-037 0°0025
A73 © 0017 019 059 0-002 0-004 0-006 0-042 0-0030
- V73 0-010 0-25 045 0-003 N.D. 0-004 0-020 0:0018
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Table 2. Details of specimens tested.
Microstructure -
. . Heat treatment _ - Area proportion of
Melt Orientation (AC=as carburized), Eg:ger”lt-? inclusions (%)
Mark (0= (L= (IWQ=ice water (B:Be?;i;ee)
a Open) | Longitudinal)| gquenched) M ) !
(V= _ (0OQ=0il quenched) " . A, B C
Vacuum) (Tl‘:an sverse) (T =Tempered) (TMa:rtensnte) L Total
i (C=Carburized) Tempered M) type | type type
A8IL o L F — | 028|028
v8lL Y L F — —| = lo00
VOSIL v L F 0-06 | 006
AC- ABIL o L AC F+P 0-28 | 0-28
AC-ABIT O T AC F+P — ! —] 028|028
AC-V8IL v L AC F+P 3; — | 0-00
c, IwQ | , _
C620- ABLL o) L eSS % 30 min T™ — — | 028 {028
C620- VBIL v G, IS, 30 min ™™ — — — | 000
c, IWQ : .

C500. A8IL o L 2 S8 % 10 min ™™ — — | 028 | 028
€500 V8IL v L I 10 min ™ — —| =000
C400. A8 L o o TYOE 8 min T™ — — | 028 | 028
cuonvan | v Oyl o | | = =] —|om
C.OIL-A8IL| O | L c, 0Q F+P+B+M — — | o028 |02
C.OIL-VSIL| Vv L C, 00 F+P+B+M — —| = |o00
A73L o L F 0-10| 006 | 007 | 023
A73T o T F 0-10| 0-06 | 007 | 023
V73L v L F — | 0-004 | 0-008 | 0-01
C620- A73L o) L G W 30 min ™ 0-10| 006 | 007 | 023
C620- A73T o T o IS 30 min ™ 010 006 | 007 |0-23
C620- V3L v L G, TN | 30 min ™ — | 0004 | 0°008 | 0-01
C500- A73L o L O TWeE e 10 min ™ 010 | 006 | 007 |0°23
G500-A73T | O T C o TYe 10 min T™  [0'10| 006 | 007 |02
C500- V73 L Y% L G W . 10 min ™ — | 0-004| 0-008 | 0-01
C500- V73T \' T G IWQ 10 min ™ — | 0-00¢ | 0-008 | 0-01
C400- A73L o) L o I 10 min ™ 0-10| 006 {007 |0-23
C400- A73T o T G IS 8 min ™ 0-10| 006 | 007 | 023
C400-V73L |V L G T %8 min ™ —| 0-004 | 0-008 | 001
C400-V73T | V T C o Ao %8 min T™ — | 0-004 | 0-008 | 0-01
c.o1L-A73L| O L c, 0Q F+P+B+M 010| 006 | 007 |023
C.-OIL-A73T{ O T c, 0Q F+P+B+M 010, 006 | 007 |023
G.OIL-V73L| V L c, 0Q F+P+B+M — | 0004 0008 | 0-01
% | Carburizing temperature : 910°CX8 br * 2 Quenching temperature : 850°C X 10 min
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Photo. 1. Optical micrographs of (a) FeO type inclusions in A81L specimen, and (b)
Mn-silicate type inclusions in A73L specimen.
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(g) C400:-A8l specimen (h) C400-A73 specimen

(j) C-OIL:A73 specimen

C-OIL'ABl specimenv
Photo. 2. Microstructures of various specimens. Etched by 3% nital.
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Photo. 3. Electron micrographs of various specimens. Etched by 3% nital.
— 105 —

> jiputd A2 i
(g) C-OIL-A81 (h) specimen



304

g & @ E 57 &£ (97) ®m2%

DREED, OTHREOEFL LT LY N #izin><
RILDEFBEZOLND. BREBE o750 (UAERIE
R EVD) ToWTiE, £h SO TIERE E
CTHDHT LB IUCERBORBREOBIZELS R
RWREICEEZRL 2 &, 5, EHERED S-N i~
DEENRAERCE UL, BALTDIVWEEZEI DR
H. Ef, OTHEFIO S-N Hiff~DEEL, K&
A4 & HEBEMRM O Table | ITRLZX > iCEE
BIUERSHEBPKIRLZOT, WEMTRLS
ERphs. LerLiss, mAosEI BRIz s
T & bEHLBREEZRLALT L, BICERKER
EHEWTRTRTIFZRMD S-N i 107 g L
HETK (#3985 BHEELEVWIELE, LD
T AR S-N HARICEE L TV 5B & LT HAKUAH
M EBEERAOM T ORBEOES IR ELEN W
LBbhs.

W. A. Woop® [3fENFHOEWES L EVWES &
TRZDOWEBESREL D E2HBILCN D, F7z,
BN, [ —RU D g4 & IR Mic > W TE I ER
Z1175 &, WED S-N i 105~10* DGR UKk
TRRXL, [SHIRBOBE V& A TR, A—GH vt
BRERITE XD F<WH T 25480850 ERTW 3.
Thp X, NEWERYIRED—F L 21354, NEW
BEAEECESEZ S IEL T35 E S-N ghoafe

&y WD 2D DIEXRY, (FEHMD I NEZERM) ©
TNERRILOTL DL ENTFREND A, LTk
X 91T S-N ghisOMEFIER TN T D HlE R A D I po
72DT, S-N fhff% 3] < X WEBE & D & DRIE
FREERR L 7.

3-1-2 S-Nghig

ol ABl RB XU AT3 R OREBHINEMOEE S
Photo. 112, % L TR, RO E F 35 X O RES
WH L7 AR 3% 74 2 —viEE) OYe2EBanss
FH SXVUZOV 7Y 70 LFHEMES E% Photo. 2
B LY Photo. 3 WiRd. MFEHICELALZLSI, FUC
FHDEREK S L OCBMEE GG L 7ot b b 5T, &4
faEtE ABL RE A3 RO TRRRLOTWS. &
ik Mn EHED £O0MREBEANMI Z# LA DL B
bhs.

R Ko T S-N g asky, Fhb% Fig. 2
~Fig. 7 TR Lz. ZhHDORH» S FTied o & adbh
%.

(1) FER RS X O RIS 2 X 7o o i
AUBHE S-N fhifo [Hrahss D &) EHEHRIc D 5
(A% Y s s < & HEEE LSS 5x 108 DUF Crifs
LAV, REREEMOBL U 73l (UU%E R B LER ot
EVH) 1T 6X105~2x 108 DR Uk filic #riiss b
HEET 5. (Fig. 2~Fig. 7).

50 -
“a - . O=———0 V8IL
~, |
\ (a) Bl series specimens . . vOBIL
” ‘
DN a——a pBIL
40
\Q§§§§§§\
30 ™~ \\D\
-E \‘\J‘\Aﬁﬂ_‘___o___
> E e
o 20
Y
2 10
£
E so
o——o0 V73L
@ {b) 73 series specimens a-——a AT3L
= Awmmma AT3T
“ 40
~
~
30 - \\E‘*;- =
oy
S —— =y (o3
BT L e et B
A - o0
4 S o~
20 =
{0 -
10 10° 10* 10" 10°

Cycles to failure

Fig. 2. S-N curves of non-carburized specimens.
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Fig. 3. S-N curves of as-carburized 81 series specimens.
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Fig. 4. S-N curves of specimens carburized, quenched after heating at 850°C,
and tempered at 620°C for 30min.
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Fig. 5. S-N curves of specimens carburized, quenched after heatin;g at 850°C, and

tempered at 500°C for 10min,
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Fig. 6. S-N curves of specimens carburized, quenched after heating at 850°C,
and tempered at 400°C for 8 min.
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Fig. 7. S-N curves of specimens carburized and quenched into oil after heating at 850°C.
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Table 3. Mechanical properties.

Mark Hardness UTS (o5) Elongation () Reduction of Endurance limit
(Hv) (kg/mm?) (%) area (¢) (%) (6,) (kg/mm?)
A81L 120 29-0 45 65 22:0
V8IL 130 29-0 41 81 22-5
VOS8IL 130 27-0 40 50 210
AGC-ABIL 123 36°5 40 45 26-0
AC-A8IT 127 36°0 39 48 255
AC-VBIL 127 350 45 56 250
C620- A8BLL 145 410 36 53 34:0
C620- V8l L 152 42-5 38 35 36°0
C500- A8I L 280 . 53-0 25 42 410
C500- V81 L 295 52'5 27 50 475
C400- A81L 380 665 16 28 52'5
C400-V81L 390 650 20 41 59:0
C.-OIL-A81L 290 550 10 17 40°5
C-OIL-V81L 290 56-0 16 32 45-5
A73L 120 29-0 49 71 23-0
A73T 120 28-0 49 62 22-5
V73L 120 31'5 51 79 235
C620- A73L 195 52:0 31 54 32-5
C620- A737T 205 50-5 27 52 30-0
G620-V73L 190 54-5 33 62 40-0
C500- A73L 290 70°5 21 40 43-0
C500- A73T 290 680 16 38 33-0
C500-V73L 305 735 21 53 50-5
C500-V73T 300 68-0 22 53 49'5
C400- A73L 410 83-5 13 32 53°5
C400- A73T 410 ) 80-0 8 17 38'5
C400-V731L 420 88-0 15 48 705
C400-V73T 420 83-0 16 48 680
C-OIL-A73L 290 74-0 3 7 450
C-OIL-A73T 290 70-0 2 5 34-0
C-OIL-V73L 300 73-0 5 8 505
#4095 ¢Hn, LT C500-A73T & C500-V73T

L OTHAIRDLEIEFI0-65THB. ZhSHDEHMA T X H/N
TV ERERRRZE S ICEE LTHEDDEL~D
HEL BT ND i, COENERAGOBERETL
TV B DRNENOUNKNROBERDIDEFTL LS.

FHE A73T & C500-A73T :icoWwWe, FEhitE
OEPTHRBZREIL T, R (hEhONEwH» SR
ELTVBEE) 3L Ry (NEWH» LFAEL TV 5HE
NREZOFPHENED L FBMRO L VEINES O¥ED
W) 2xhZh Fig.11(a) X (b) &Fig.12(a)
BIW (b)) KiRLA. ZALDOEPLODEDZ b
5. .

(1) BB L 7523 €500-A73T s T, Bk
PVRUBHC 1T B E[RARRIC®, #UMEIhize&FaD 10%
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Local plastic deformation at
austenite grain boundaries C - OIL-A8IL
specimen, 4°3x10¢ cycles to failure.
Etched by 3¢, nital.

the prior



310 & L M

%57 £ (1971) 25

1'0 1 == — T
T -
’_‘_ b—
05
L ]
NSEE A INE Ll 12 e
I [e1(=] P 8005 QBI85 ] [s1ke] b
H{olo|s 1 [ L] Y b ool T
ajolololo <|olofojo a|ojololo <lofojo|o
O . .
uTsS Endurance Elongation Reduction
limit of area
(a) 81 series specimens
I'0 = —
— T — X
7 ——-— — _‘ -
| il hRERiN
-
0.5 o
}
Lislalll | olslal solel2] lolslel= olalal2] folalel2 Lol [bloldl
8005 I (=] l=] = 8005 N{O|Of 5 [N[e]le] P 8005 8005 800—
0 03 trad &5 1 || o] |9 ! lo|Ble Helo| <€ i |o| P oAl TS olBla 5 tred 54 L)
< [olojolo|d|olo|o|e glolu]ololalolo]|olo 54 [S116] (8] Y1154 [8) (] 1$] [$) LA [8] [ 18] [$] L5 8 8] {81 [S] [§)
0
L T L T L T L T
uTsS Endurance limit Elongation Reduction of area

(b) 73 series specimens

(L: longitudinal, T: transverse)

Vertical axis=mechanical properties of various open melted specimens/mechanical properties of vacuum melted specimens.

Fig. 8. Degree of effect of inclusions on mechanical properties.
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Fig. 10. The relationship between endurance limit
(6w) and elongation.
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Photo. 5. Microcracks initiated from C
9-0% 10¢ cycles to failure.

to the rolling direction; C-OIL-A73L specimen; 8x10¢ cycles to failure.
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Fig. 16. S-N curves of V-notched V73 and C400.V73 specimens.
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Fig. 20. The relationship between endurance limit
(0%) and Vickers hardness (Hv) of non-
carburized 8l series specimens.
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Fig. 21. The influence of grain size on mechanical

properties of V81 and A81 specimens.
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Photo. 7. The plastic deformation around FeO type inclusions (a) in A8l specimen at 105 cycles,
and (b) in C400-A8! specimen at 3 X104 cycles.
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Fig. 22. The change of R; with cycles for various
specimens. Mark ¥ shows failured point.
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Fig. 23. The change of R; with work hardening
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Fig. 24. The change of Ry with work hardening
coefficient (n) of specimens.
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Photo. 8. Microcracks initiated from FeO type inclusion and those initiated from pre-grain
boundary. C.OIL-A81 specimen. 0-°6x10% cycles to failure. No etched.

50 s‘"" i 4
»} ‘*l\

Photo. 9. Microcrack propagating not concerned with microstructure. C- OIL A81 specimen.
1% 108 cycles to failure. FEtched by 3%, Nital.
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Fig. 26. The relationship between endurance limit
(o0w) and work hardening coefficient ()
of 81 series specimens.
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Fig. 27. The relationship between endurance limit
(¢») and work hardening coeflicient ()
of 73 series specimens.
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5 BT *T U TR Baohn T bAREC X B A A%
EBRbRhE. L L, BRI LRI e A bR
W—FPRREECLIREETRD B, L TEhOERE
DKEGVIBRILDOHEST & & DT bNE DT, BKREL
BT D XD e FETRDOIMTE LR & ENMEE &%
MG LIBEWTHS S,

'

Q.
o \\\(
< .
05
0] 10 20

Amount of pre-strain (%)

Fig. 30. ‘The relationship between endurance limig
(6w)/UTS and amount of pre-strain.
A81 specimens.
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43 FRRUBEIMARENEDEDOMFR

SELFBICIV T, BN X5ENFLERS IVYEE
BEFFIESERAR & BRERICST N5, SR T
NBRFBELT L UTEBTHORWIE USRS TH
HH5, —f%icix 3-1 (Fig. 2 (a)) TR~ X5 iER
HEAETEIRLDT, ZOXHKBERIFERITB VT
BIFELL . BaRNAREB L FEEE LK
FOREEHENDLHLNT &, TITEILE SR EY)
DT ET BRI EORMBITHENRET NS, #iH
DY, MPRESEHREL 00049 AT 5 & H{E)
NELET 59, ZDRFEEH B ORFEIIFLIED X
WORHENEEEIC X W AT 50T, JREINI SR
RCBITDREFEERARCKTFTEEZEZ LN, Zhb
DERIIFROFE SRR IFENTE RN X D 158D
DTHDIPHHWEFTNDDTH B &S HELIRR
T5.

AR X5 AMKILIE, REESHE DS HERIE
BACROLNEBHTHS. B. Z. Wess 513, B Mn-
SigiE VT, BIEEISBVLEF —2F+ 14 VR
P X SR RMELD 7 DERE LIS T Tl R & &
URdL7Ani®, —F, 7=54 MIRRILIWOK X
THLWMARTHDOT, ZORHDIERE LIRS &R
KEETRETHEMNERNTWVS. s, 5L
U 7R ST ABRIE < DRSS L AV CRIENEHE CE
WIS 2 BRTHASRICIIEE 2 3 JIE S v &~
TWBEH, TORPIR+HTHE. FHLOER TR
4-1-1 Tl ~R7= k5, C-OIL ZRABAR RENZ T
LTk v, Photo. 4 KR L 72 X 5T net DEN R A 2
LTWw5%. £ LTZDISEE, NEDOEAKEE~
DRI FEBRAMBIIT X BEIEIC I\ T net IR BN
FeE DRI LN THRPNIZ A WS, NEMDKR X X8
RKELZLTHEWEIREZALTCWBELIFIDXS o
HEOBA TINEMIEN RS LB XIETTH
A5,

LDXSENPRFETRELEET 25HA, BRI
L LBNZEHERIEZIRETIE X by, FEB/NI WG
G, BNBEBEMBEL D IENNERZETI® 55,
—FRAEDHMMILIT X b M IREINS. Zo
THE OHESIHRT H5OT, BNHSHRTRAEZET
vy, FORESHENMEBICS L CTEELREREZEL
BnEEZ NS,

FNDBRANTHRET 554, HNFEAET ARS8
ZERDIVDFEVA DAZL (intrusion) TREADOL, %
LTRNEDD XS BISHEPDIFET HERIBILE
POFEELROTV. FEHOKIEKAEELE T, BARRK

Photo. 10. Crack propagation being arrested at
grain boundary. A8l specimen,
5-5% 103 cycles to failure. Etched by
3% nital.

MMEBEF O RITHIC X 5 RDOIR{LDIc D, Photo.
10 @A F X5 RATENERE ik T 525R2F T
5LERLNRS. Thdx, Bndgsd s XUMZEBBEaR
WMATET 2846, BRNENMNIVIELY, EhiEEHI
EEN LS. LaLasoRcifiEnshali
5 EEBABR X BT S, LicssoC Fig. 21 WiRT
RRITIT DT AR OFE SRR DR A & b s 5 ¥
LEOWTNTFEET 5508 50 Thv.
ETATMIHI LR n 13, RESHESTNZTES
{IEVigE, TOEERERL < EmENpE<k
5L EDITHEHAT B T Fig. 21 OEEhOFEE
BOR DT TR n TEE L DM Fig. 31 TH

40
~e
oo UTS(VEI)
uTS(A81) PRy
30 <

N

T A \d,,(vsn\~
£ \f\ SN
> 20 d.(s81) By g
= \
% ' §
»

10

0

0 ol 02 03 04

n
Fig. 31. Change of UTS and endurance limit (g,)

with work hardening coefficient (7) of V81
and A8] specimens.
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5. ARXONENEERTHIAKERMOTMAR LA &&. 722 x1E Photo. 1(a)) BIAIRICIEEEZS X
EWMEEELEVCEEEEMOF L A3 a it LTy EX kv kickb, Zhix 41-2 k)5 Fig. 26 &
TV LWEZRLTWS Z Ei3b» 5. Thbb, # HELTWS.

2% 0°18~035 DOFFM ORI TIL 20~30p BEOKS FEERESA X VS, HRIC X5 HAEIEM (e
SONE (A8l ZRBHPOAM C ZANEDMOEHKR P EVDT, NEW»SOFNFRAERROREVFHEHC

e e

Photo. 11. Example of the disorder of striations around inclusions in A73L specimen.
2% 10¢ cycles to failure. Two-step replica of failured surface,.
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BUOTHENEDOENME~OEEIREOHKE LD
WRKELBRBTENEZLNS. UL, HENKEL
75 EMLE LRI D REL Y, TOERENERT
DEHBEMBESHCELH50T, BEORANBEBL T
@ AIREHTE n DN EWERBHT LR T 7L D /RS W EH
xbhnd. ZoX5 e (n =035 OHEIKEBEIX
BB AR L C-500-A8IL 30 (n~0-11) ic ik~
T, FA—FRIRETBRAL VT, MECETS.
44 FhUMEENED

ZHE THIE LIGH T CRUNER I BT 5 A
D DENFEERTD B, NEMDENIR S ~DEHEIAN
TEWEEKOX Z X, Bk ESRUCESTHIEEOMN
TH{CRBOIPMC I DR D L 2R L., £LT
AL SBEDRE, Fabberroy)r— bR
NENZEH TS AL, I A73T Rtk FeO
FNEWEER TS A8l ZFHEMT, NEDOWHARE
~DEEN ATIT ZHhF T THELRESVIOI (1)
NEDDK E X D \WIAIED DSk OB R R I
DTEY, (2) AT ZHBCRTBNEDOAES
PEH L THDZ D 4~5 EiEL, X5, (3) g
BARE LN Y PNEL DT EDTHD LR .
NEMDOKREZ, HicX¥OEN~DEBESOBKIE{L?
FRED & 5 IR TR B FETH B2, & & TR
B e 2N EDBENEBCH L CED X 5 Itk
T 5htWSEEEAHHEL Y » (h—F o KE—»
NI AYUP R4 L PREB2BELSY H) OBF
AT E A LI ER L THRS.

RFENRBR T VTR IC IV TIL, RBEEET
JEANDBERCLDLEICEHARERIEZY T —7 =4
A XD oRITEHL, ELKTNEBDD X 5 Ief: £ Hs
FETSHEETOERIOMNT 255, BT+ THR
BRI KD ODFAET B EEXOLNS. Lih>TRHRRE
N HFET SN HEDOEN~DEE I RAZHE &L L
TEXLNBERETHSH. Tihbb, REHEHEETS
NEDIBNZBEMLET 5035 VREBT 52T
H2T, HBRFTE T 5RYOENFEEBATICIIER D X
mWEBbhb.

TE LR ORFRUE striation, 75 b bEIIVE RS L4
OHEETBHT LTHL®. Thdz, NEDOHIUZE
~DEBIINEMICT X5 striation OF o LERIXN

5. LaL, NEHOREEOKREWERAIEL ST -

EEERIC BV T —fFIC striation 134U W, &
D FECBEEIC D RTVv. FERICES VT, BR
BERAEZEL THEBEOMEL V2 HIT AR ORK
P TUX striation [IPEP OLEFEL .

& AT P.J. E. ForsyTu*} striation {Z ¥ ductile
stration & brittle striation' ST 5 LT 5. 4
EERIZ BV TiE Photo, 1l R X 5 iw£efifie ductile
striation ‘ThH-D7H%, —Ip Photo, 12 i=i$T X 5icE)
NAZEHRICEfT. step & net EEREET 5 REX
striation 2EHER XN 7z. '

striation TR L7c S HEHL T HENSHED L
&> 754, striation BAEMDOEE R 5 F L DR
RIFERRII A EIN DG . TOHRENE D LAEHDOER
EHRA~ORFEZHEAIL TH XS5, £2C, Fig. 32 TR
+ X 51z, striation OFE~DASTAE § 5 180° X b
INEVIBEEBET D XS5 ERL, £ LT 5 180°
XVREVEHEEEREZELT S XSERALLLRET
5. EATERENOH /b striation HdH % ph=E
REFOTVWIIE, 20 180° v {EIR DD NI WE
LIEBD, TITRENEZERTHLICTS. Ik,
striation BFEET 5 T LR Th BERENZES AT

steps, which is running parallel to the
direction of crack propagation (arrow
direction). 2x10¢ cycles to failure.

#=incident angle of crack upon inclusion.
Fig. 32. Schematic explanation of disorder of
striations by a inclusion.
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MU EE P ZAHOENMEECRES N EH OEE 397

LT EDEEPLT B B W L NFEP DA TE~ DR EME
AR EVEE, NHEWORIE T striation 13541
AW EILRD., Thdx, NMEWDRERIT striation
HTFLE L TV B4, striation DZEWIC L BELMAE

-;5#25#'

Fatigue striations in A81 specimen. Flat
place S is likely to be left behind inclu-
sion after main crack propagated.

1-5x 108 cycles to failure.

Photo. 14. Fatigue striations and inclusions.

hs.

LAUF4ided &7 striation & DBI{ROTE & DOF) % SiIAF
%. Photo. 11 @R\ C, ST FNEMA % 180° ),
LTOASATEBL, BRI NED B iET 5.
NEM A 253 3T TRINTFAE L 72Elhil, &40
striation DHIFIT /NS VA3 (D), RHBT—REITE VD
7o X ORIBIIRE L L2 Tw5E(K). NEWBIC
FELIZENEF G T—RIANTE L L T 555, NMETA
FIOB X OFAEL 2TRENMDNEHT 5 S, FGHR
LA ICE X iEw7c & Bbis. step CDs EF B &
UH I BFIEL, step OW{E|T striation (T&E DTV
B EIANBEET D (L) LU—REN O striation
ENEMD HFA Lo kEMLD striation DphEMRE
B TWDZ &y, % step ZIRIT L TENDIREELR
BETRAWVI EERLTVWS. MEMICID DX Sk
striation OEFLVIFFAIRNCIIEINZR/EZBET S THS

z %ma

5
Fig. 33. Schematic explanation of crack propagat
ion across inclusion. Plane 4'c and bcb'-

probably correspond to the plane S and
CBC in Photo. 13, respectively.

Large holes around inclusions are left when crack

passed inclusions, in A81 specimen. 1:°4Xx 108 cycles to failure.
Arrow mark shows the direction of crack propagation.
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598, THOOHICRI LTSS IEXAVERDNR FISREREENNCETT 52, ZRENRER LS

5. CEHGESE, 208 THENABINITRTS. &
Photo. 13 T, —KENMANEDOMHCHESN O X5 s, AEMIBHINCTEERERES

VRS (FEIHESS) RELTHBLAKIZZOM 5 X5/EHTD LBbhS.

SR B NTHELLEFHFZLND. Tiabb, [ Photo. 15 ITi3i-4E4m & d.0C L 7z striation 23 R b

FEHRAGEL 72— IRERRERAEDOEN TR OTF L. Lo ERNBSAEDTEET AT TR
B 05ATs. FOXV, HED SISO EERS  WERASAEMIVREL TV EELbNSE. TOX
LREFET DI, —KENEBEREICE~TEL 3 Tesy, ﬁ\{h‘ﬁfl@’?‘lh{r\%'\@fﬂyﬂ’ﬁ)ﬂl/iﬁu Wik <7z
iz o7cEHnSAEM L D R E L TRET S, I .'” . B T yy' g T AN
T~ DENDE D ABAKE VA, STRLEED 7 :
RO ANS BigsEahd & Bbhd. LT
CBC T EEmmIC L THER ﬁbfhb,éam

ST CBC WICK L THHEHEEZHLTWH EFEALIL
5. TR S b LATIGA £ & Rt £ & Fig. 33
0)3:5@{%;:5 Tidbb, abed B (—K) FHh@E T
H0, bc TE LN bed A Y ENE T Photo. 13 @
SEﬁisJ:U CBC HTENTNRASTH. ZDXH 7
A DNEWIENEB/EHEET S XSTEHL TS &
E 2 555, striation OFLIA DI D THIEM DI
FRIXRIFEREL RN THASS.

Photo. 14 1%, Photo. 13 D4 & [FERIT striation X
NEWMDOHE CENTE Y, T DFEAVE Photo, 13 itk
WA XDKREV. ZORBA SIS 18% jixh . L W G e
TWBDT, e &EIEek L IXEE L Tvwiswy t%}_ Photo. 15. Fatigue striations and inclusion in A73L
Bih. TP, EEUA LI R L A, specimen. Crack probably initiates from

the inclusion before main crack reaches

WG TEEROREE, ZRENBAEM L D FELET S % to the inclusion. 63X 104 cycles to failure.

(a) The inclusion is near a grain boundary, and crack (b) The inclusion touches with grain boundary and crack
propagation is probably accelerated there. 189 pre-strained propagation probably changes from transgranular to
A8} specimen. 1°4x106 cycles to failure. intergranular. 109 pre-strained ABl specimen.

1-4x 106 cycles to failure.

Photo. 16. Fatigue striations and inclusions,
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EOBFEIVHIREVWEEZLNS. kis, ZOFHED
ERA VRN DEINFEAEMNER O Z EL THE I

Photo.16(a) 35 X 0% (b) 4 BAHITHS. (a) 13
striation ZJZ L7505 BRI ZZRIEL TV 2 EN 5
RIS D AEMICEE Lo XV, ART L5 o
B B & B A%, AIEW B L 7o 18R O Py )
NIEEDLDTVE. CORE, SHEEING & FIER
LIKERAECMEREL TS LBbhD. —F,
EENE AR LR TR ERELBEZE L T
WAL (b)) IWRT & S5 EAEWEIRICL THRZ
HREN LD, ok, AFERNLEMOHST stria-
tion DT EAEFLELISWER (A) BSHET 555, &
PRI~ OIS NER OB LR T TEEREES R <
ok LA EBbND. REkLES 1 Photo.16(a)
BV ThRAoNh5s.

ETAT, FINSFEMNNEZET 5 LMV R
IEET 5546, TOHEERVWTNOEAITKENTH
B TRRESOED2o0ME X DHBEEFECEVTARE
WEEZLNRB. (1) HRHANEhOEE RIS
NOWE T striation RS ICIEKINS. Tk
b, BHEHEE LR AR OSEIEC T
(2) 312 Wik~ c k5 £ & LT RHENFENEZT
T3k VO8L Ofit ARR A U{bZHk e V8L 7 &iT
H .

Photo. 17. Example of crack propagation from trans-
intergranular in 109 pre-

strained A8l specimen. This photo. shows
the role of grain boundary slowing down

(7)) the progression of the crack front.
1:4x 108 cycles to failure.

granular to

LUl 5, Photo. 17 iZiR$ X 51T, a2
FEIBRL TEENBRRENCEAS 6THEW, £
W B\ TEINF A2 ZE 40 B 72D DR I L ORI %)
NBRREIZ R T OEER L WediL, TE
KHTRERLIZESW, BEFELTCVWHRAEZBEL COWE
E2ZTH. £z, RLRENICZE LD YRR
1#4EF 5 striation DRFRIIFES (A) ITFRT X5/
SV EBSVET TS L LD OfRIEREL LY,
2H3 T striation #RT I & L ENRARITEERT S
XD, TDXSITRREND LR RAENITE D
SWVRBEIIET S X5 iR A E T 50T, MAENh
PR AT A RAENCREREZCEE L
HEERIEIVWTHAS.

DECFRERNRAEZEFBL TOSHENBRR LICHEL

TS NEMICHE DG DPI% Photo. 18 T/RT .

BN EW OIS TRR D SRNICZIE I REZEZ S
ZEREHIAKREL LB LR BDT, ZORKRIIFR
BERTHE. %5, BELTOWENED (Z0BS3ik
U72RK) ABXUBORRICHT HEI LU RLD
Twicid EBbhs. Ik, Ck XUDIIARERER R H
18% WiOTHMTHAHP X, FICTLE Sx/IWC
£ UIEHLTHSS. ’

ZIETCHIBAL T &7 striation OfHEWIC X 5ELN
FEpNCERT S Fig. 34 XS5k sd. (a) Bk
O (b)) BAEMIENZFELHLET 555 THD, T
LT (¢), (d), (e) B (f) BAEDIENZ
B ERT 585 CTHB.

NEMOENIEXIA~DFEESKE, Tihbbiid L
A~V DOENAFREEL T, striation (3 —A% A T 1T { ved.
Photo. 19 J3iEBRBEUNER L 7348 T4 5. striation X
DA EICRLET 5 F TRBECHEET 55, Eih
DIANIEWCE U2 BT BN FEANTZEE L,
DIFAERARAEC 7t 5. Zhid Photo. 14 D4 & Rk
EAEDIEIVZE 2 REI D IS5 K/ERL TV &
Zzbhb. X LTHEMDOKRE X2 Photo. 14 11T
510 10 5 E REVDT, NEDDOESE TENIHE
PN B8 S b R E L, L2 THEDDOENZE
ADEEL IO REVTDASHS.

[ElfRiT, Photo. 20 HMYEDIHAIR~DREHB K X
WA OHTH S, —ERIT striation BR LN BHH, £
EANTI RN ZERTH D, T L TEDOMIILIHKD
HEREDEOTWSE. Jo&xiE, ERHFEo—> ABC
DE 3 Photo. 3 (¢) KRLABERL VT 4 ML
DREZLEVEVREILTHY, ThiD O
WHAEgRL w7 ¥4 MRAENE Bbhs.

striation
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Photo.

18. Example of mtergranular crack propagauon in 18% pre—stramed A81 specimen.

The change of the direction of crack propagation takes place suddenly near the
inclusions A and B due to stress concentration around the inclusions,

1:4x10¢ cycles to failure.

FRZS X 74 Ek A kAl 2 Photo. 21(2) I XX (b)
AR, (a) Bvwb s tire truck b Tnddh
DEEbIBH, TOBEIHSHIT rubbing T XD
TEULEDHDOTHB. (b)) iTHhFEEiD tire truck o —
B, TabbABEROELOEDOBZLNE. i
i) rubbing DOERTHHS. wEFOPm _EITEH T

AEWH, BNOETE L BTHEBEED TN &
b,“‘Lﬂ% IHIEL THmTEMLADEELD

n5.
CHEA DOHRBEFEIZ OWTCHE L TERDS, LY
AET X AEHBSIBNORRE L TWEETEFR v

DT, —HOFEP LEROPIREEZREDHT LT
EV. TNDX, WRLAHHEEOEES D VIR
Bt (BIXIT3ERY EW, {CFAK, Bh&E, Rk
FELLE) ZEOF VRRLELT, TOLHESN
D7~ 5 ERIEEETLKORBL LR T H5ETFE
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FWHE 2 2 mMOEAEREICRE TN E DD M

/

Il

(LTSS
[Tz

02

l

(

(a)

(b)

72
/O

1117
1] 5

W \\\\\\“

(d)

(a) and (b) :Inclusion will help crack propagation.

(c);(d);(e) and ()
Fig. 34.

RKDBEWHIEBBLITETHAH S, FD XS HLERT,
INLOWEICHET 27T — 2 OFRFHISHERSLIE L
Bohns. ThiidEiisd ez B L3 %525,
W OB IERMISEHCE T 2 MEmIgEC R+ 5
MEREZHECTE5EHLFETHD T L ITEE V.

5. #& ]

FeO RN&EMmzEE 358k & Mn &) o — FEA
EMx T T 53E, THICHEDOIDICNEZIT &
AEER L VEZRER L8N oW TSR L g at
EREATI MEMOEN PEEA~D EEIT >V T HEEL
7. —HOFEHC O W TR EM O FE NI T 2 ERE %
EF B0 ERES XCELHZEL 7. X 51T, o
THeU R s IO EEE L oahicBL <
b, NEMOENEE~OEE LT L. FRIITR
DEEDTHD.

(1) WERESE GEERM TaiaEmiam AR
BEALEER»RBIEXEV. ARDDWVIZBRAED
DR RCEACHEET A HACEVTIXE

: Inclusion will prevent crack propagation.

Schematic explanation of striations’ disorder by inclusion.

A TS .

(2) WRFSHEESTCE GEREBFS) ThiEfk
BAAEOMAIR~NOEMZRELT5Z LITE RIS
Voo E, MAREEL T8RRI &b T/hE .

(3) RRBEANERL LcsURci, MEmEm
MRENT 5. LOMEMABER VIBEORD L &3
s T bIMEROME L XV DR E EDICEFELL
5. XHIT, FOBEIALD B WL BRANEWHRR
Bl M E A CHFET SR TE L.

(4) (3exFsxtbhics e TdAEma UTS i
FEAEREE R IEX RV, LirLl, Bo~D0EEIT
R LAIWDHRE EHITKEL LD, T, BXLAN
NDOBEIGE, NEMDRE~DEELELL EDELN
5.

(5) NEMOTARNDREED K /N 5T,
FIFVENWIIR et X DB REAE LT V. &
DM FHOEES HLHGD 10% DINTH 5.

(6) NEwH»LOANFAREIHNBORI LV
DEINE & bR 5.
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C500-A73T specimen.

R AR A

-

Example of striations around the holes A, in which inclusions have been there before failure.
2% 1064 cvcles to failure.

Striation are hard to appear as strength

level is high. Compared to the depth and amount of striations at the front of the

inclusions, those at the back of the inclusions are small and few respectively.

BAEMOREIBGELRTT 5. AEWSHEET S
BEREBIETT 5. L L IAEMOREIAE <5
BT L7250 T, HEOTY - OREIE T 5.

(8) NEMOEAEIT~DOEENRKZVES, M
PIFMERITEE L T W EE L D0 T, i EDW
BEHOMIT (KEX, B, ®kE) ZikpEnd.

(9) #MEKIIBTHRFLLTCo=Ke? TEFZESH
BMTEE(LRE » 2 EATH &M TESD.

(10) (9)ZHF5 22T, HARDHEDZ X

(7)) lRBEA LR —HlE 43 25U D AR

LINTE W%) waUEEESICHEIE Y 5 LR DENTR R
TEbENS. |

W =168(0155— )

W aisL =240(0° 154 —n)

Wit =410(0"163—n)
EROHERED n =016 THEVDOHAR~DOEE X
BEAYRLAD T EMbrbd. i, £RO%E 168
240 3 XU 410 BIAEMDOIIK, KE S K XTEITKTF
THETHB.

an gioTFaeimlzaEhcpEL Tk, (9)dbs e

FAO)DFE X FEBRATE V. FRIELREIGARET
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Photo. 20. Example of flat failured surface in C400-A73T specime
at the back of the inclision. 1-2x108 cycles to failure.

(a) (b)
Photo. 21. Example of tire trucks in A8] specimen. 7 x10* cycles to failure
EINTH LA KA T 525, WTOTHM CmTIbAT  n /&< d. ZO8E nit 0018~0'35 O TE
BTosrbTHD. fEL T D THRERME ERNTEN TIHAR~DEE L O
(12) RSP E L7 b & L DTt AREEAL BRI AR L7V
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(13) Wy 7Y »OEFHRAMESEHESIZX D, /\‘T{’PU
Iz X % striation DLFIZNEEIETH LB TE s
DFERDP O, NEEPPHNEREMIET 554 Hf—B}JT

LIGERMETHIENTES. L L, NIEMDHA
BRADEE AR E VK Tl —f%iT striation 135 S
FA RGN

B A - Er & b DR GRS Sob A AL Ak 113 2 1 1 e i
BMOBEEERT. T, KRk it Twic
v EEEEZ, PR (B, HARSIEKK) X
CEHREDFERITIENT D
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