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A Model Experiment on Relationship between Fatigue Properties of Steel

and Size, Shape, and Distribution of Inclusions

Masae SumiTA, Jku UcHIYAMA, and Toru ARAKI

Synopsis:

The effect of inclusions on fatigue properties was mainly discussed from the viewpoint of size, shape and
distribution (amount) of inclusions. Specimens were prepared by using powder-metallurgical method in
order to control conditions of inclusions in steel. Angular and spherical Al,O; powders of 10y, 30u, 45u
and 100y in size were used as inclusions. Some specimens were carburized and heat-treated to intensify
the effect of Al,O, on fatigue. Main results obtained arc as follows:

1) In the case of non—carburized specimens.

(a) Endurance limit increases with an increase of Al,O; content. The trend is remarkable, when the
size of Al,O, is large for a constant mean particle spacing.

(b) UTS and lower vyield stress increase also with an increase of Al,O; content. But the rates of in-
crease with AL,Q, are small compared with those of endurance limit.

{(c) Elongation and reduction of area decrease with an increase of Al,O, content independently of the
size.

2) In the case of carburized and heat-treated specimens.

(a) Endurance limit decreases with an increase of Al,0; content. The trend is remarkable when the work
hardening coefficient of specimen is small.

(b) Th effect of angular Al,O; on endurance limit is larger than that of spherical Al,O; when their
size is constant.

(c) The effect of large Al,O; on endurance limit is larger than that of small Al,O, when their shapes
and distribution are constant. ’

(d) The rate of decrease of endurance limit by Al,O; decreases with an increase of AL O, content.

(e) Elongation and reduction of area decreases with an increase of Al,O; content.

(Received June 4, 1970)
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57 & (1971) 52 %

WEDMEPRER U7z AfEM E LT, Bk KUK
THiZ OXRE SITE T Shic ALO; FiRZERLA.
B. I. Epeison® BIIAHEGE{LITHT 2K T, E=H
@ mean free path % % W ERTRY EM O S 1245
T3 LR Cwd. Thwx, REERIZ S WL CifE
2 DOFEDOE IS TN LD mean free path TIHLEL
TEDXHSICTELAL.

2. R B K &

2.1 $t#
2:1-1 ByROfed s KURIE

ERY 6 ORIk D — K= ghlh & ALO; ¥aHlie
BTHLTRA L. KIRAMFK % Sprung Die #! 300
t L ATHF B 5t/ecm?) L. fk, |EORKE
WWITiR&t 240~250¢g % {fiff], RIBEOMEO k&=
13 2040 18 mm, RLIHEEIH 5-3 THo7:.

2-1-2 Bifkds XOUERE

KTk % 850°C ¢ 30 min 7k HIRHHS TS,
WOHENCERE L T &%y 10mm L. TN b EH
Ut 850°C x 30 min s FHLUTHERS %, MEHAIC 6 mm
Fi& O, =5 FARITEERE L T 3 3 mm [ D
I L7z, ALOy ZiRAEFERE ST Co < oicillo
IR L L DEEL IO BEE D 9% LLETahoi.
ENLOHEWRFHISEHOEILEEH L TWS L Bbn 3
7%, BHMEIESSORE, T OOFEIIE LA SRS S
NY, TORKESXIso0 DT ERDILS.

2-1-3  Epeds JUBAEL

AlOp }f F- OO XE T BIRE R L b lodic—
EROFURHT 7 A i (O10°C x 8 hr) %L 7. Th &
% 850°C T 15Smin ({51 7048, KIK$ T BEA L.
X 542 500°C X 15 min % 7203 400°C X 10 min @ 2§
BB THR L 2ok, 2o TR E

(a) CP5A-specimen (Carburized, water quenched
and tempered at 500°C)

Photo. 1.

Microstructure of specimens.

GREE 0°17% THof. JFRIRMOE » 5 —2p T
=13 85, 500°C BiEEHFIT 230, % LT 400°C iR
300 THot. T, LRHEOMETIIEZRHMATIIT =
74 MERREREASER LB TR L~ v 7 v 9
A4 MTHDOH. FNREOWEF L% Photo. | 7R
£kl ALO; RFDTifEdkitE Table 1 XU
Photo. 2 1255k .

Table 1 OB, Arx ALO; DMK BRIKT
B L%, T LT B ALO; OIKBABIKTHD
ETIRT. EHIT, 11X ALOs Rk & X2y 10,
ThHHT &%, 3 13¥H 0p, 5 3FH 45p, £LT
10 l3¥y 100 ThHHT LERT.

AlLOs; DOfiFiH I JIS 3 (G 0555) iz L7zhs> Tl
EL. R () 1 ALO; OHE %, Fe OLE
(7-87) HXW a-ALO; ot (3-97) ZHWTHHE
L7. ALO; @ mean free path (1) H XU mean
particle spacing (D) W3Rl TEHE L =2.

2=(2d/3f)(l—f)
Ds=v'2d*/3f-(1— f)
T, did A0 DETHS.

ks, FKhojlft CPSBFB 1 45 fik AlO; ZEK
BREZDOHRANISDTHD.

2.2 HABRAE

2:2-1 FEAER

BIERD & [k S8R A R % 801AE < £ THEMBIIFEL
foth, dkgm o= oo BUNRIGEI GBI X D TR
W B (3000c/ min) E{Tho7z. Wl D IR
EHREF U TH S.

A RS IR X D ST U A

0=6M/W -¢*
T, MR e — 2 b, Wity £ LT ¢
T THD.

R - T _

(b) HCPS5 B-specimen (Carburized, water quenched
and tempered at 400°C)

Etched by 39% nital.
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Table 1. Details of specimens used.
Shape of | Mean Area Pro- . Volume | Mean Mean par- )
size of - | portion of W?lih[t(o%) fraction | free ticle spa- Heat treatment
AlOs | AleOs () |ALO; (%) | @ 272 | (%)  |path® (p)|cing® ()
PO — . — — — — — non carburizing
P1B angular 10 0-47 0-217 0-429 1 550 124 7
P3B-1 ” 30 0-30 0-134 0-264 7 560 318 7
P3B-2 4 4 0-42 0-301 0-595 3340 210 7
P10B-1 4 100 0-83 0-439 0-868 7 610 869 #
P10B-2 % 43 1-15 0-500 0-989 6 670 821 7
P10B-3 4 4 2-10 1-10 2-17 3000 554 #
carburized, water quen-
CPO — — — — — — — ched and tempered at
500°C for 15 min
CPl1A-1 spherical | 10 0-13 0°045 0-088 7 560 275. 4 ]
CP1A-2 2 4 0-33 0-112 0-221 3010 174 7
CP1B-1 angulai ” 0-12 0-045 0-088 7 560 275 z
CP1B-2 v ” 0-31 0-112 0-221 3010 174 7
CP5A-1 spherical 45 0-23 0-100 0-198 15 100 825 ”
CP5A-2 7 % 0-40 0-200 0-395 7 570 585 7
CP5A-3 7 z 1-07 0-500 0-988 3010 370 Vi
CP5B-1 angular ” 0-23 0-100 0-198 15100 825 ”
CP5B-2 7 % 0-43 0-200 0-395 7 570 585 7
CP5BFB & % 0-47 0-200 0-395 7570 585 7
carburized, water quench-
HCPO 4 — —_ — — — — ed, and tempered at
400°C for 10 min
HCPIB angular 10 0-47 0-217 0-429 15 500 124 %
HCP5B-1 7 45 0-18 0-075 0-148 20 200 954 %
HCP5B-2 7 % G- 47 0-389 0-769 3870 419 %
2:2-2 BiRAER Fig. 1 ofiR%Z, #inic ALO; OmH{FEI X UK
MER FEERLD, LU THENCHAIRE &> C BB LEY &

4 w2 b e BB EEREBIIC X D ot
s SOBBREETHTIRD LFKTH D
2.2-3 yEnRLE ORIES
EAEMEFIAMBIC XV EERE R T2,

3. #& B
3-1 FERBRHEBICONT
3-1-1 sl

T 10p, 30pFk X 1004 DA ALO; ik Th
ENERT 5B O WTENRKS (TR o7, AR
D o=Ke® TEFIND MIE{LFEHKZ, It
B PO Thx 024, 50 P3B % Tl 0°22 & L ¢kt
P1OB % Tix 0°20 Thotz. TOERPLEXT, n
. FibgkoWES—EDOW A, ALO; DEH B\ IEK
SIMWKRT S LS LD @EA»EHY, B I Epsr-
SOND SR E—FH L TV 5. n Offiss 0°24~0'20
HFTIE, BTERD Tub7z X 51 ALO; A3t ABR A
LERDHRIIHAFTE L.

£t S-N ghix Fig. 1 (a) I (b) @R
T. Zh X DmARR ALO, FEoRihp s & ik
5T LD,

Fig. 2 (a) XU (b)) okditks. 2T, @k
BIIEBICEIE LETH Y, £ L CTHRRBIEHELD
kdicfiTdH D, Fig. 20 (a) & (b) WRliX

51, RUEMERLTYS. ARXY, AlLO; B0
& B 5 M ARD R OB AlLO; Fro/hE v
FEZELWT L%, JEillllc mean free path (1)
¥ XY mean particle spacing(D;) % & ¥ Fig. 2 2%k
HL7wkT & Fig. 3(a) X (b) BELNS. [
MXyp ALO; DR EIVB—FEDHE, WARKX 2 5%
Wik Ds Ol DIk T S Eaibh b,

Fig. 2 3 X O° Fig. 313, ALO; Dt AR~DEEX
AlO; DX EXHDHWVITHEHAFE (ERRIE) 2T Tla—8
FNCEmTEowWZ &, Thbb (ALO; Dk E X, #,
SAIRRE &R A TN ORTF & LCHE LT nE
BV EERFRLTWS.

3:1-2 Zofho@Ewrittd

SR E (UTS) Uk XUWin & ALO; WfEE L
DR E Fig. 4R d. AE LD, UTS ik ALO; @
MEBEOMANE & hiciikL, £ L THRES IR DI
Ehic ALOy OHEROMEME L H WP T H &5
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(b) Carburized, water quenched and tempered at 500°C.
Photo. 2. Distribution of Al,O; in specimens.
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Cycles to failure

Fig. 1.
bbb, TNOHOMERE ALO; ROKESKHEHH
BLTWiw., Ziid B. I EpeEwson® LOFEE & [MEk

Th5. Tibb, UTS, MUkICEIT ALOs @
HREGEFROBIKET HEERD.

T, MARB Xt UTS o ALC,; §oiEinic &
375 SHahnR%y, P10B FRitklicowT, Fig. 5 1275
. EEED ALO; FOHEIMT £ 5 AR O EENEIE
12 UTS OF itk R TH3ETHD T EMbhbd. T
DFER LTI R, bbb UTS 13 AlLOy o
WEREE 22 T BT E 50 AR ALOs DXk & X,
IR, SAREL SWWKET 5 L v SR, 5, AlOs
DEERIEN T COZEBLBELIEN T COFEFILT L -
LA TRAEVEEZEZLNS.

3-1-3 L@ X O OBEILE

(i) HHE#E

BENRBRIBOMER R & HES L AfH S, Photo. 3 1
Y XS, HhEAR ALOs Of»LREAEL TS
LD bH Y LI N, Photo, 4 TR X5 0T,
ALO; DM IS SIIR H 5 VTR, BREL TV 5%
nLSHWE N ‘
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S-N curves of non-carburized specimens.

W Photo. 3R L7 X 57k & s ALO; BEEHF
T 254, TORBRISHERDOEEZ S ITHREK
SEASEEL, TROBNMAIRCEBELE 2 5 L%
Zbhs. Larl, 3-1-1 THl~<7zX5K, WARK
ALO; gL LHE LB, £ LT Fig. 5iR
L7zX 5, MARD AlOs EOBEINC X % HEKHRm
X ALOg T k% UTS i kfEm X D dELV. TDC
EEBELIGHTFTD ALO; ROELEHRN K& T
LERLTWS., T, FRBOMITELRESKE
VWD, AlOy FEIOERIGHPEUER T I VESI
FEMXh, \Wbhw5 “blunting” ZHRBETC/2DDEHE
2oN%. COZ EXOVWTIX4 1 Th 5 —ERTT 5.
7% ¥, FEEOEHIEEIERNS XCRROMEA T
Hoic.

(i) pEmEEREE

WECHEET D ALO; OEEREFHEMETFEOR
FKHPI% Photo. 5 (a) XU (b) TRT. (a) Tk
WC ALO; IS IFATWAEES ZHRRALNS.
DT X, AlLO; PMENOEREMET A MICGFEL T
WEWSA THEREROEmWIGH & ALO; FEDER
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G

w57 £ (1971) 2 5

WIENBER L B2 ek, BN RmRienc 175 m) %

100 T
LRI T ELERL TS, FFLRRED ALO; %k ' A
RKL7ZDH (b)) THBH. FFILLY AlO; Ik
EREHEL TRV E 205 b. MBS MM T 2 I\
h; Tl RA
20 fs S0 = L .
(a) 52 * Elcng;u;i;n—-_‘_ ;g
v 8% 30 £
o/pIe U—OJE a UTS /"’ im
E 15 / ’ Oé MTO 20 2 g
5‘*, /P3B %OB Area proportion of Al,05 (%)
;a ./. Fig. 4. The relationship between elongation, reduc-
tion of area and ultimate tensile strength
(UTS), and area proportion of Al,O,.
IO0 10 20 TP EEEE AT DI LDBEETH S EvbnTnb
20 Area propartion of ALO, (%) D p%, AREER TGS Th ALO, WERKES
IR SR TV 5.
5k, FENE BT ALO; MRFELT 5354, Photo. 6
A~ WY & 512, ALOs U DIEEkIE AlbOy 12 X 1§55
drie EREF TRV ES ThH. ST &b ELALO,
~ s / . EIEGR E B L TWRWZ EERTHLOTH 5.
E P38, 4 Foe 3.2 REREBEAKR 500°Cx15min FRRL LI
Z - BRI DOVT
S 321 FNMH
10 p3RIK I TUAIR, 45 p BRIk B XU RD ALO; %2
1o o 20 TNENEGHT SRS W TENRB R TR0, &
Volume fraction of AlO, (%) NHOREOMTEILHRE 7 13 0°16~0°13 TH Y, £
Fig. 2. (a) The relationship between endurance BT ALOy DAEF SN IVITE, XL TXOEDBD
limit (gy) and area proportion of Al,Oj, HMWIEE n 3K E L BRI HO. ZEHEO S-N
and (b) the relationship between endurance dh%2% Fig. 6~Fig. 8 ILF¥. A B5DEH HRDAH
limit (¢4) and volume fraction of Al,Oy. AR & ALO; TEIE & OBIR% Fig. 9 1K5R+. O
20 iz« ENE LCEF CPSBFB DOffi% o7
(o) (b) Wity ey kL. 753, Fig. 9 OEOE K
z \ % Zotb b ICERRE AV TLEL 2 ERZ
;E (P18 NIOB TF ik Fig. 2 o455 HEIN LS.
i‘; 15 \ . \ Fig. 9 X9 TEDZ L Bbhr 5.
® R e . TS ) 10kBEORIK ALOY X DRI
KL MAIR ZET SBHILRIFTLAE KW
1o 2, AR ALOs B X DOEIE LS LTFAR
° 3000 10000 © 500 100 RRETEES. A TrAHY 0016 XY
A oo K E VAR IR LA LB L
Fig. 3. (a) The relationship between endurance limit (g )

vV, LT 0016 X 9/hEL BT Ui

and mean free path (2), and the relationship bet-

ween endurance limit (oy) and mean particle spa-

cing (Dg).

DTHEERRREL LI L. Th
Pz LFLDERE, AHED nH 0-15

RV
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Rate cf increase in mechanical properties (%)

Fig.

50

5.

o 0

Area proportion of Al,0, (%)

The relationship between rate of increase of
endurance limit (¢,), lower vyield strength
(oy) and ultimate tensile strength (UTS), and
area proportion of Al,Oj.

Photo. 3. Plastic deformation and microcracks ini-

Stress amplitude (%97 mm2)

Fig.

tiated at an angular-type Al,O;.
P10B specimen (non-carburized).
2'3% 104 cycles to failure

Photo. 4. Plastic deformation and microcracks int-
tiated at grain boundaries and other
“sources within grains. P10B specimen.
2-3x 104 cycles to failure.

HY, £ LTALOy P/PSVDT, HRFHEINHI &
TH5.

i) 45 AlLO; BHAREZ (K FE®%. X OEMI
Al,Oy ODEDHKRE L DICELL K52, WAREKTD
BlEE ALO; & LBHIWNE LS. By,
ALOy ORESBREVEE, LED ALO; THHHA
PRI VIERTT 5.

iii) ALOs PWMAIRMETICEHE T 555,
X AR ALO; LW TELV.

iv) 45 p Ak AL O, % FURIERME © 2T A =5l (3%
ED ofE» CP5B gt X 27 b EflicpiBET 52 &
¥ ALO; HMAIRICERS 2 XETHE, HBAFA
e b ALO; WEENOZEBRECHFS LTS &
ZRLTWAS.

v) 1), i) HXoii) X9 AlO; DFFAR~DFEH
W DOWTHEETBHE, ALO; OER, KEI KXW
B2 AN TSI ORTFELTCELZLRETHH T EH
TEEIND.

IR ALLO,

50

o—o CPO

3:2:2 T OhDEAIHE

ZEEL DB IETA X 12 51~55 kg / mm? D{H %
L0, ORI ALO; BEomn: &3
RT3, b onTnik.

Ok XU 1k, Fig. 10(a) XU (b)

AT X5, ALO; BoEine & w3
5. X OEMIETE OBHECE ALO; DX E
E, BRI BEBRLEVWE, BEOERE ALO,
DAZXITZLIWELRS.

CP5A FREUR (45 BRIR ALOs 253 ©
HERAEE D ALOy T X3P EE ALO,

40 =
\ O
P o> O
30 = = ) . ~n
10° 10° io’ o
Cycles to failure
6. S-N curve of CPO specimens tempered at 500°C for

15 min after carburizing and water quenching.

HAER & O BEfRE Fig. 1l Ry, RRXD
AlLO; OFEEIM D I L TRDKEL, UTS
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(a) Voids around Al; O3

Photo. 5. Scanning electron micrographs of P10B-3 specimen.

&;ﬁ,‘;‘_wf - e e s B
(b) No coherency probably exists betwe
1-1x 108 cycles to failure.
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(a) CPIA series specimens

N\ o—o CPIA-1
0 N —e CPIA-27 |
40 Sy
oo p"l:u Or—

30

N\

{(b) CPIB series specimens

T

Stress amplitude  ( *9/mm2)

o——o CPIB-I
S0 N e— CPIB-2
40 \.‘&\
Nee o
L ]
N T
.i..»
30
10° 10° 10° To} 10°

Cycles to foilure

Fig. 7. S-N curves of specimens carburized, water quenched
and tempered at 500°C for 15 min.
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KL TRLMDAEVTE Bbrd. LT LTHEDbRED
AlLO; Bitxtd 5 ZMLIIE Y B I B VWTkE
<, HASRE Xt UTS WTNE N EBbr5.
T, YD VIHHECITH L TIE ALO; DI LA
EREILOFARE L THERT 55, BT U T
ED ALO; BEHETSHRTEHN BE B ITERIES
THEDEEZLND.

ik

3-2-3 EMF ICHEOELE

(i) REEE

RIRGBIEZ R L BT, Bzl A E Al
O; XoRAEL Tz AP KROEL S ALO; 5
W RKESDORL D ALOy BEDO TV DHE, i X
DAEEoR ALOs BB WIT X DR E ALO; 2 LEA
WHRAEL T, £ORKiL%E Photo. 7 (a) I XT(b)
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(b)) w74, [WHFHE (a) 273i9 X 512 ALO,

HEESHVEE 107 ST TS RA T
E#IE, T O Is LUY ALO; O FdIGT]

DR AN DTS, RHFTRNC L D)% 2L %
TED ALO; LEUDWVWTW L. TDT LI,

AL Oy OFENMEA~DEELT mean free path
TEHEIND LD, ALOy ~DIETIERZE
WA Ao A KR A Koo T ([l CHE X 5 X
ETHLIEHRL TS,

(i) ki ElEs

ek CP 5 A OAVREH A BV T-BR SR

G % Photo. 9 (a) (7§ JHRIRM O
Photo. 5 IT tt X TAMOGEEH OMMNAE L < A
ZDH% TIEWEC R DT EIRR A E DE
WIZX S5 LD TH Y, AEANIHERICHEE

v, Bk ALOy OFEET 5 (KEND) T4
wPLA L T Photo. 9(b) 27339 ALOs T
Photo. 5 & [RfRIC KT A TUWH P, b gk

|
\\ (a) CP5A series specimens
50 A\ <
% . o——o CPSA- |
. ¢ CP5A-2
\ e—o CP5A-3
40 o,
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£ e
2 o~ |
- 30 o
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= °\o !
,—81 \ (b) CPSB specimens
; 50 |
g \ o—o CP5B- |
& \\ +—e CP5B=2
40t
\\m_cﬁ*\
30 » Oy
10* 10° 10° 1o’

Cycles to failure

Fig. 8. S-N curves specimens of carburized, water quenched

and tempered at 500°C for 15 min.
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Fig. 9. The relationship between endurance limit
(ew) and area proportion of Al,Oj.

IR T TR TR U Aot A R iR mk i v~ 7
L EH XN, NEDOH AR~ OEET, fHhhOX
EIHB—EDOYE, BRIRNED X D BERNEDDOE S H
KEL, T LTSRS SIWAED I D XEW
TENOITH>PREVETRS.

i ALO; ZES XS ITEIEL T iz, T ORI E
Bk s X Ok ALOg oo vC Photo, 8 (2) & X8

4

AL LI R ST, 0 X 5 iE ALO, 13
TAUVEE A BT L SR LA ERVEHZ 2
595, LaL Photo. 10 @7RT X 512, ALO,
DFFLEL TV BEFT I L Tl 25 step %
BT TW5H XS s, ALO; BEHNOEBLEDL
TW5HEEz N5, [FUIKRE HavicE < & Fig. 12
DEXHWD. Tishb, B ab BICELET 5 LU
W Hihvede B EU fehHBEFNE~LSIEThicL T
HitdH ALOy T TILHEEL TWiztEL b .
L xS ALO; o 1T & 72 & & #h ik ALO
DOEEEZ T CEOHMELE L, i feh TFHigD
rEFELSND. Fhwpx, Thii, Photo. 8 (a) &4
CRICHKRET, SEREEN L LV X 5. 4,
EEPFUE &7 U BT 5 AlO, bR T A
FYChHB M, CEWE LCHET 5 2 LRk C
H5. o : -
fatk ALOs DMt b FHkI% x5 T B iEiEEEY)
T5EEALND. COHERIRIK ALO; TR THE
BN K E VDI, FTOSHBERELVELE BN
%. for ziE, Photo 1l IC/R§ K51, FEHEIIC AT
Lz & BbnsEhivss, £Hh LT wicihbstic
3 2,3 B on5s. gk, Z0OX5%kh ALO; B4 L
TV AEFIER EM Il S ok

BTERY T striation B E T D ATV SIS
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EEINERERIEL Ty D EFA0H, [RU &S RE

HAEMTLHE S L. £ Photo, 12 17T
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Fig. 10 (a) The relationship between elongation and
area proportion of Al,Oz, and (b) relation-
ship between reduction of arca and area pro-
portion of Al,Oy
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Fig.11. The relationship between reduction rate of
UTS, endurance limit, elongation and reduc-
tion of area, and area proportion of Al,Oj.
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Fig. 13 w73 . AHARD ALO; 1= L BbR L Al
O, Wi & OBR%, 500°C HERSE (CPR) ok

H e ' e e,
Photo. 6. Example of Al;O3, which probably have
no influence on crack propagation.
Scanning electron micrograph.

1'1x 108 cycles to failure.

Fig.12. Schematic explanation of fractured
surface shown in Photo. 10.
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vi, CP RSl Tl bREL, £l 58
015 TH 5%, HCP ZfElorhix 00075 TH 9,

AR TR <7 Bilh b ¥RO L L EXbNRS. i

— 146 —

o



MOFNUBENEHMOREE, BRBIUSHREL 0OBEFRIZET LTI ALER 345

# -
s

gy

1B

(a)
Photo. 7. (a)

(v

Microcracks initiate easier at angular Al,O, than spherical Al,O; and

(b) Microcracks initiate easier at large Al;O; than small Al;O,.

0°31% 106 cycles to failure.

o _ ‘] |

b

(a) In the case of CP5A-2 specimen containing spherical Al Oy of 45,

(b) Tn the case of CP5B-1 specimen containing angular AlO, of 45p,. 0°6x108 cyclers to f;aélu

Photo. 8. Example of microcrack propagation.

¥, HCP %l UTS 3§y 70 kg/ mm? THot-.

4, = g
41 FIRRMICEHTE ALO; DENBIEERIZDNT
IR OBRNE X2 3011 TR X 5 1z, ALO,
HEOEMME & 1 AT 5. & LT OMEmE Fig. 5
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Al Og 17 X BHEKRVIBIRIE N H BV 2 UTS 28 ALO; i
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REFASIEDR D DD EFL LN, £ T, ALO; i
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Photo. 9 Fractured surface of CP 5 A-2 specimen heat-treated after carburizing.
2-7% 108 cycles to failure. No outstanding change is observed around
Al;Oz. (b) : enlarged a part of (a) (arrow).

Surfcce " - i» e Y * S ;e ,:. ) n\}
Photo. 10. Steps of fractured surface, which Photo.11. A few cracks are able to be seen after
probably resulted from Al,O; 2°7 X main crack propagated (arrows). 062 x

108 cycles to failure. CP5A specimen. 106 cycles to failure. CP 5B specimen.

Table 2. Grain size in non-carburized specimens.
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7 =54 MESGOEAITE W T AR PETen OB P3B-1 44 PIOB-3 48
HRTEBT 5 Z LBFARETH DD, T T, JRd ik P3B-2 40

Mz oW TESRREYHlE L <his. FOEERE 4 Table )
2emY. CRXVEHBIOERNOKRE ZFLEWIow L FREESROREZLECDGTHAT S &I T

LN MRS TR L, THAIRD ALO; QAN
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' " Cycles to failure

j IOB

. 5-N curves of specimens tempered at
400°C for 10 min after carburizing and
water quenching.

x 108 cycles

to failure. CP5B spcmmcn
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Fig. 14. The relationship between reduction rate

of endurance limit (o) and area pro-
portion of Al:O; for specimens tempered
after carburizing and water quenching.
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Fig. 15.
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Schematic explanation of crack propagation when Al;Og acts as a crack arrester.
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Fig. 16. The relationship between length of micro-
crack originally initiated from a Al,Qj and
cycles. CP5A specimen. 1-52X105 cycles to
failure. i : diameter of Al,O,
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(¢)

(a) 2'3x104 cycles, Crack initiated at an angular, and small
(h) 35%10% cycles. (c) 1°2x105 cycles. A crack began to

Photo.
1-52x 105 cycles to failure.
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(b)

—
S

AlQy particle close to a large spherical Al,Qg.

connect with an another crack.

13. Crack initiation and crack propagation from AlOj; CP5A-2 specimen.
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Stress distribution if materigl \
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In the case of large and spherical
Al,0s

Fig. 17. Expected stress distribution around Al;O;3.

In the case of large and
angular Al0;

In the case of smaill and’
spherical Al.Os

Plastic deformation probably occurs

over a distance R. R corresponds to original crack length.
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ab: Crack initiation stage
be: First crack propagation stage
eg: Second crack propagation stage

Fig. 18. Schematic explanation of effect of inclu-
sion shape on crack initiation and propa-

gation,
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Fig. 19. Schematic explanation of effect of inclusion
size on crack initiation and propagation.
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Fig. 20. Schematic explanation of effect of inclusion
quantity on crack initiation and propagation.
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Fig. 21. Number of Al,O; concerned with one
microcrack. CP5A-3 specimen.
3:6%10¢ cycles to failure (A figure means
a number of count). '
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Fig. 22. The relationship between endurance limit
(6w) and mean particle spacing (Dy).

Fmx AELTRY, TOEN LB LD T
ALO; DHNZEIH~DEENKE LMD ENEZL LN
5.
3. #& H

BOXKES, BB XOHHIKEBONEDEEH T
LB EEL0IT, Fe e ALOs ¥ GRiks XUA
) ZEVCHRECIVEREBRF ZERL 2. —I8
DR 7 =54 MbOFEE, T LT xofho 37k
AlLO; DFEIREE L FIF 5 7o BIRY & FRRICE RS
BeAd SOBERZM L TRRE< VT 94 Mbit L.
BbORFEREITHROLEBI THS.

D) JRRRMOBEE

(a) [HAIRIE ALO; DBinE & dITHKRTSH. =
DEME, ALO; ER—EDHE, ALO; DK & X HN
SV EZFL v

(b) UTS & XUFRERAD ALO; g1dhn & ik ¥
L. Lo L, LOEMEMARD Znictt~<T 1/2~1/3
Thb.

(¢) HMUBIVMOIE, ALO; DX & X MR
<, ALO; BEotEnE & biThbT 5.

2) ZRBMIEOSE

(a) ALO; BENHHEILEVWEE L B XITTHES,
IZIGEEREE 2 DI BILG.

(b) ALO; &HESDL VS, AlO; OEh T4
~DEEPENEGEEEL Tk, ALO; &% </
B Lits DT AlLO; OENEBE~D BB K & i
HiEzbhb.

(c) MARRIE ALO; BEoiin: & Hic IKTFT 5.
& ORI AN TR LAREAS NS WIBE I L.

(d) AR, AlLO; MK X X 35 X G EA—EDH
&, WK ALO; X h AR AlLO; DL IEL KB,

(e) MAIRIE, ALO; OEIKE I &N —EDH
s, NSV ALO; X KREV ALO; DAL &
5.

(£f) ALO; T X BIHARME T &G ALO; B
Bhnd & Hit/hE kB,

(g) HUEBIVDIZ ALO; BOMEMME & ITHK
5.

(h)  ALO; OBHREMWEEE T ~DEEIZK Y i L
TidEL V.

3) D BXC2) X b NEMOENE~D BB
MEMDOR, BIK, KEZJCILVRLSLS, £hoix
OIEMBOMEAIC L VR D Z Ebr 5.

WEICHRBTMEZ LTl v E s &
IR —RICRHOBEET. /o, EBREfILO X
Vs BAL TR Wie EEES, BHENE (BERE
HERNE) BIVCEREROHRICENT 5.

x ik

L) AEBEHE, WL, SARE : gk &, 57 (1971)
2, p. 298

2) B. I. EpEtsoN and W. M. BaLbwin, Jr.:
Trans. ASM, 55 (1962), p. 230

3) H. Henous and G. Kraus: Z. Metallk., 46
(1955), p. 716

4) E. Orowan: Dislocations and mechanical
Properties, Dislocations in Metals ed. by M.
Cohen, AIME, New York, (1954), p. 69

5) ¥BM—, BN, MERK: HEEBY L,
31 (1967) p. 669

6) FEW—, BRI, Mkk: Bx&E%LH,
31 (1967), p. 674

7) A J. McEviry, Jr., R. H. Busu, F. W,
ScHALLER, and D. J. ScumATz: Trans. ASM,
56 (1963), p. 753

8) W.D. Jongs: Fundamental Principles of Powder
Metallurgy, Edward Arnold Ltd., (1960),
p. 604

S) =, mfEA: Ha, 18 (1969

10) P. J. E. ForsyrH: Acta Met., }
p. 703

11) A. 8. TeETELMAN and A. J. McEviLy, Jr.:
Fracture of Structural Materials,[John Wiley &

==



354 $or oW 57 &

Sons, Inc.] (1966) )

12) N. E. Frost and D. $. Ducpare: J. Mech.
Phys. Solids, 6 (1958), p. 92

13) 7. Yokosorrt, I. MaEkAawA, and S. KOREKAWA:

1971y H 2%

Tech. Rep. Tohoku Univ., 28-1 (1963) p. 65
14) 7. YokoBori, M. MoriTA, and 7. TAKAHASHI:
Tech. Rep. Tohoku Univ., 28-1 (1963) p. 81

— 156 —



