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The Effects of Non-metallic Inclusions and Structure on the Fatigue
Properties of Deoxidized with Al, Si-Mn and Ca-Si 0°45% Carbon Steels

Toru ARAKI, Tzu-Ye SHIH, and Ryuhei SAGAWA

Synopsis:

An investigation has been made of the influences of non-metallic inclusions and structure on the fatigue
properties of 0'45%, carbon steels deoxidized with Al, Si-Mn, and Ca-Si, with alternate bending test.

Results of this study indicate as follows:

1) The nucleation site of a main crack is definitely associated with a larger inclusion than 204 on

the specimen surface, regardless of its composition.

2) The effect of inclusion on propagation rate of the fatigue crack seems to be more evident with

decreasing tempering temperature of the steels.

The crack propagation rate is independent on the kind

of inclusions but is dependent on the cleanliness of the steels.
3) The macroscopic crack growth rate is formulated as a function of stress intensity factor range

4K, that may be expressed as:
d21)/dN=(4K)*/M -

where n is a variant exponent and is different from the case of Paris' law. While the value 2 is a

function of composition, structure and inclusion of materials.

In the present work, it is found that n

varies from 145 to 7°69, and the minimum £ value is obtained in the steel tempered at a temper-

ature of 400°C.

4) The refinement of sub-grain due to the increase in fatigue cycles or stress amplitude is considered
as the result of a process which involves smaller cell formation by multiplication and migration of dis~
o

locations.

(Received Feb. 27, 1971)
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Table 1. Chemical analyses of specimens (9%).
Specimens c Si Mn P S .- . Cu N Ga . Cr
S45C-A 0-44 0-19 0°65 0022 0-026 0-22 006 — 0'11
S45C-S 0-45 - 0-33 073 0:023 0013 0-12 0-G6 0-0007 0-13
S45C-C 0-44 029 0-65 0-011 0-015 0-11. 0-C6 0:0072 0-09

4K =stress intensity factor range
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Table 2. Cl:anliness of specimens.

Specimens \ dAgox s00 } dBsoxs00 | dCeox 100 ' 60 400
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(a) Al-deoxidized steel.

(b) Si-Mn-deoxidized steel.

{c} Ca Si deoxidized stesl.

Photo. 1. Typical large inclusions in the specimen.
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Fig. 1. Dimensions of the fatigue specimen.
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( a) I.\{Srﬁallzed specimen.
(b) 650°C tempered specimen.
(c) 300°C tempered specimen, at maximum stress

amplitude.

Photo. 2. Slip bands and crack nucleation on the
inclusion of fatigued specimens.
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Photo. 3. Slip bands and crack propagation path
on the normalized specimen.
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SRERIC 35\ T /g D /X 7g angular inclusion, 3 5 i

— 185 —



2046 ' % & 8| . 5T & (1971) i3S

2

Photo. 4.(a) Aspects of fatigue crack propagation.
(b) Macroscopic slip cross band. Arrows indicate the 2 different slips.

50 B4 2R Fig. 2 pnd & 5 kBkezE>Cvw5%.
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a) 650°C tempered specimen. (b) 650°C tempered specimen. (c) 300°C tcmpered specimen.
p

Photo. 5. Aspects of fatigue crack at early stage of propagation.

Photo. 6. Striations and fissures on the fatigue frac-
ture surface of nomalized specimen. Bet-

ween small arrows indicate the tear lines .

(or tear ridges). The large arrows indicate
the fissures and the long arrow indicates
fracture direction.
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tern H3p %. Photo. 6 WRENTVHIDIEHLL L
=% R ORI E C B Ao T 5 striation & fissure pattern
ThhH. Zhix fcc &FD 2024-T3 712 54 (0°5%
Si, 0-5%Fe, 3'8~499% Cu, 0°'3~0'9% Mn, 1-2~1-8
% Mg, 0°19% Cr, 0°25% Zn, HEANESEIMNT L7
1)) OENAPEICE K RH5N D pattern & L T TW

5D NX I RENOEIE v 40w B tear line(or tear ridge)

C#>T, patch OfF (tear line L tear line DfHIF&)
EER—3E 0 T ¥ o O TFERME D elongated cell @
BokExE—HL TS TTRIEMHILTVWDELD
1o, T tear line I subgrain boundary (cell wall)
LEET S LD EE LB S, Photo. 7 OF LD stria-
tion {3V Fho BEALES & LABRFIC SIS b0
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DOWRFE2 5D, ZHIT{El/- striation pattern 2385
ha.

Photo. 8 iZ/RE N T W5 DI JuBlyy7s  isolated pat-
ches of striations pattern G, Eh o R FME Ev
KEMTIR L 72 B2 T w5 . Zhd db & &7 stria-
tion iRl ENODERITHEOT/NEL DTS . —
NS E bR TWH ERo0ERBEIIEh>OE ST
KB B EVIBEECHET DX 5CEBbEh, L

: L shadowing 7 & Eh2DERFMIE HOJLA F5HA]
Photo. 7. Combined platic-intergranular fracture ~NERLUT WS N 5. ThbbLIRER FRoD

in a specimen quenched and tempered

at 200°C, near the original area of main 7% 0 M SN RE2 5 LAV BA LT »<ns
crack nucleation. striation DIFEARA T 5 & LM INDS. Ll I

X or/hE g AT, ZoXSicIklic irregular 7
striation  spacing AFEET 5 Z LR, i AAEOB
%,mmmﬁah'sman%ﬁn@¢&w:&m%,
% @ striation spacing FHRIEMZIGEE L L, (1) &
BBV ()R TELTZ ERME»NDH B EBbh 5.
400°C LUF iR BEDBE & & UEKER T D K IR 45 D
iTiX Photo. 9 IT/R&EN TV 5% X 5 7 dimple fracture
& brittle fracture < DR LFFEAR OGNS, ok
S0 R EATERD CTIRE L7z hoZ o s
T 230THE. BEShD <7 oEIEREDXE
‘ Ri¥, WEIZ I C dimple pattern, (transgranular fra-
Photo. 8 Typncal 1solated patches of striations. cture) & brittle fracture A3THIC & HHIE DL bIT
Arrow indicates propagating direction. IO a5, 7o & 21F 200°C oHed L7 3ER

Photo. 9. Alternating plastic fracture and brittle (intergranular or cleavage) fracture on the
fatigue fracture surace of 300°C tempered specimen.

— 188 —



Al Si-Mn-5 X O Ca-Si-[iE L REHS4SCoEnEEIC

3;&1%&@ EHH X CHEMEROZE IO WT

2C49

£

Photo. 10. Dimples and brittle (intergranﬁlar
or cleavage) fracture on the 200
°C tempered specimen.

Photo.11.

“Tire track” on the rub-markings on the

latter stage of fracture. Arrow A indi-

cates the so-called tire track, and arrcw
B indicates the cleavage striations.

F Tk Photo. 10 [k/RE TV 5 X 5 i plastic fracture
DENEHT L 7 <, brittle(intergranular 3 %
vage) fracture 3L O KERHEEELEDLHDT, £
fRAEEEVGEY. CCTRU 300°C e &L Ak
WTh, Al fEEERA 1 Si-Mn [REg ks X O Ca-Si fiiEs
AL 5T brittle g2 E < AbNE. £
fEE Fig. 7 RS Twd X5 Al st o< 2
oM EOEEEER Ca-Si & Si-Mn [iESEtE 1K I
AT, HiDESEBD X ST n {EHAEH .

—75 550 Fx U 650°CHEDL E LA I, Sk
77 brittle (Intergranular) fracture JX R 5019, 13+ A F
+ 754 dimple pattern,

Wi clea-

transgranular fracture TH % .
striation } X {f nameless plastic fracture (Photo.11),
featureless (flat) facet!® 2038 5, 5. Sl ENL I E
iZ¥x Photo. 11 DKENAKIRL TV 5 rub-matkings @

Photo.12. Microfractograph showing the crack
nucleation site of a non-metallic

inclusion.

RifE I tire pattern 232 5 5. ZDO X 57 tire pattern
DIFENEOFEM ORI rub-markings @ & & 5
£ U DORENEE O— 2> ORI T fec EMENT D

< fﬁ"""qéhfb\ 7 240260

B DR DNEMIC X DR OZE(LIEFED Hhix

Vo U LHLEREE I & 5 i bRfEl: 400°C 25/ -
LTHEOHPILRLDTYS. FThidfko 3, 4 itk
NRBHMMEE 1, Thb b ()X = B35/ MEIT
DTWBEZ L LEET S DT, 400°C. AL LTCER
DIENEREESRE T WA T LT R T EEx LR
5. '
ERTFHEMIRIC X DEEEREE D —F% Photo.12 i
RL7z. Zhix Si-Mn fiiEgtf o 300°C cHEd & L7
HEOWEE KT LT 30 BEHES LCHELL-Lo
T, ENOOERLER LI 2TVWENED L FDORED
B ORTF 2L ARLTVS. RECHEHLTW
HERIE 20 BEEIT T E 7005, EERONEEWIE 50 p
WHETHREITHEI LN 5. THENO0H
AERNEW E matrix QREHICE 5D THD Z L2
»D
3.3 BEOBEHR

el B LEEHE Photo 13 [tmEhTwWb L5, 7
=74 MRIPHICEEE 7 cell &R R L TvW5d. £ o cell
@i%éﬁfﬁ%%kiU%ULbﬁkJof ZILY %
LDT, [Fl—fA KBTS ENDEIHDIEE & TR
BT D subgrain (3 YY)/ X 7 SFHRMA)  subgrain 2

JE{E L7z subgrain 72TV 5. —HER IS
) »HEh 5 E 37D subgrain [ 3 AkEL b,

sub-

&< Photo. 13 ICREN TV 5 KEIIEML 7=
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Table 13. Elongated subgrain structure formed in
the fatigued normalized specimen.

Table 14. New cell walls are forming in the interior
of the previously formed large elongated
. subgrain.

grain %< Boh5d X5, [GHiRIE (50~70

kg /mm?) HEEV, HBEWIAER L DK LEHEINT
BiC L b0 grain pUNE L D & L3S < OEIEIC
DT, ROXIEEXDHIENTED. Tinbbil
FLOAMIIC 5\ TS A HEMR L7 subgrain 45 HCECH)
BHCHREINDH, < VELEOEM, H50VEIEN
HLARIIZ X BN LEFIC X 2T subgrain NN O
) & H5EH T by, Photo. 14 IZ7R$ & 5 iC elongated
subgrain RizHER t?ngle LTHEr L cell wall o A2
Ui+ 5.

ZOXIuFELZ AT S. KARASHIMAZO L OAffZE Iz B\
TR I D34 subgrain size 13 < DR UEE & HIiCH
AL, ERIENBREWVIZEZDORDIIEETDH
HEFOERFRE XSHBATH I LEHTE D,

— il AH 200, 300 45X TF 400°C Hid E L BA T
I, Ehick s dislocation structure O LTt
EEEs Bieys. 550 s X OF 650°C HED KL RA T
ERIEED EAMHE SN, —ECEE LBEET D & A
55 Subgrain BEFEET 555, EhiT X 5 damage %
SF TV 5 &S B S IFEIL & 75 SR (L2 380 i
Vo B :
3.4 EWRMEISE |

ERHBG, 5 cycles ORRZ RV TREDOE
ENORXFRAET B Ik D kD ERIIEIEHE
¥, stress intensity factor range 4K 75 %,89 X =& T
IOTHBT B ENTED. ThbbBENA TR
DEBHRIBICE VTS, TOERMEZEEEEL 4K %
log-log plot + 5% & Fig.3~11 W/RENTWVWH X SITHE
MBEMRE RS AERICIWT, BROAERRRNZHE
HRIC X D TRO Iz OERAPILRLTH 5.

Fig. 31347 & LA ORIEHEE d21/dN L 4K D

I
A 4 A ceoxidized
O ® Mn-Si .
200 © ° Ca-Sj .
Stope= I/2:40 .1/257 /|/5-47
A
/
5. 100 .
[
E r g
o B g ,,%‘
» A/o/'
X ./ & 0 4, = 50ka/mm?
N o /’ o ® 4 = 60K/ mm?
=~ a0 g =704 /mm?
20 =
1t 1 i1 ) ] 1 i)l } N I 1 1
3xi0* 16° 10* 1’ 3x10°
ai2/1/agnv  mm/cyc.

Fig. 3. Crack propagation rate as a function of stress intenstiy factor.

normalized specimens.
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Fig. 4. Crack propagation rate as a function of stress intensity factor. 650°C

tempered specimens.

AH & a Al
D8 & Mp-Sj

200 |- © @ Ca-si .

deoxidizgd,~~sldpe = V78

2

« =1/266

100

.B%
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T
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0 kg/mm? (notched specimens)
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[ ! I

a2/ an
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mm/cyc.

Fig. 5. Crack propagation rate as a function of stress intensity factor.
550°C tempered specimens.
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ZEBEV. ZOLSEAREHERETIE 4K TR
5T ERTERVOT, FERICEVTIOL S AR
iR R L7 — 2% Fig. 3SH LB shTns.
Fig. 4 13 650°C £ed K LA OEMBETHD. =
FIUSIE—EBRICDDPT WA LS ITR L 5M, f/h3
BHEICL DL, TNThOARDF K 2 OfEF Al fii
BB DoH 299, Si-Mn JEEED OV 2°80, Ca-Si
HEgobol 291 L5EAELN. ZMECHEDE
BEOREZEH5 TR,

550°C BEd & LEBRIC oW D, Fig. 5ICRT L5
(RER CIERRIC O DM ETRYT. ERUREEZ VIR
FERI—ERICEET L2 &8 TEDS. nDffiix Al Si-
Mn ¥yt Ca-Si iEERF olE thh, 2°78, 266
BLU 2°44 LEEH IR

Fig. 6 iCREh T3 X 5ic 400°C e &L
AW TREMBEORITEEIIE LI EL>TW5.
Ca-Si i OBRIOENF LLEBI Y EH~TH
TW52, THhREBWGHIREBICE ST, £Eho%kin
2 B mm 37z & 2 AT BATEWY & o secon-
dary crack DR E KEIC X 2T EERDOEHBOISH
PREMTh, RIEEER—ERRNCENE Lo/, ERO
EF~TNRALDTHSE. LaLENRLIEHCI ST
FEhoESIHAHEML, Zhictbho>TUREHEEDL X
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gl

Fig. 6. Crack propagation rate as a f
tempered specimens.

2/)Y/an  Mm/eye.

unction of stress intensiy factor-400°C
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Slope = l/z 20 '/ 253
200 =
M‘/ /474
o’f:
% 100 | e
£ = W
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N - 0o 4, =80 ka/mm? LA <Al deoxidized
a ¢, = 90 %a/mm? o9& Mnp-Si s
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« 80 4, = 100kg/mie specimens)
| | N A O | | | ]
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Fig. 7. Crack prcopagation rate as

a function of stress intensity factor.

300°C tempéred specimens.

&< b, LW secondary crack @ffikE &Hil
b e OB RAEAETRT. $AAERTR,
intensity factor range 4K 13 (6) TR+ X 5 TBIR
IBOFBIEETTIE DTV Wi, ZIEEOEY, Eh>Ok
XAHBE R/ ) B 2/3 1 5 L{RIEERES 28K
IR E N, EROGAKRELTNRDL LMD S, T
Si-Mn g 400°C HEL E LD b 5% (BEAR)
ENETEIA B D ik his E 2 AD, EHhy
BEENOBFBLELIDT. (6)RD g, iR/
e B [SHOHER 90keg/hm? OEIEEEY 775\
70 kg /mm? & U7s. n Off 550°C Ok H /&< %
Nz 2714, 2:57 & 1°45 25 %7

300°C $3 F LA Iz ow Tk Fig. 7 iREh T

stress

6J5K,Alﬂﬁdﬁ®%nOMmﬁFu%L< <
o TW5. THIEHFRENCHEDCREET 5 Dd,

5V EOKIRED ¥ LEORbh»IIAFAT
»5. LHL Ca-Si Pagsth T 400°CELEL XD
WL Ao T D, BEEMINT X D EHEECET IR
THIMNE T LA ERELHPTH D,

200°C #d & Lath oziEEE R Fig. 8 IzRan<T
WABISIABITARIIEDTWES. ZORKE TlLElE
L9320 XRE mm o4 — 4T, FThlliE
AR ELZRET. HBORSEER OB/ E W
B, BIEIREND LY KEL, Fig. 8WRT X 5 7
EEOETHEAIIHES S LOr v BEfET5 2 &1k
TEIEV.
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Al, Si-Mn-% X 8 Ca-Si-fim L BEZWMS45CoFEREEIC
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2033
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O Mn-Si deoxidized
200 ——© Ca~Si deoxidized
Slope = 1/5:80
—G
0,.0——”"O U714
£ 100 o A~ =
£ ~ ATy e |
> - 5 & O-g— /769
g‘ B //A/ ° /D"'/
X e -
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N - e
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1 | I | I A | ! I T
1" Tol 10° Yol
g (2/)/gnN mMM/cyc.

Fig. 8. Crack propagation rate as a function of stress intensity factor,

200°C tempered specimens.
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Fig. 9. Crack propagation rate as a function of stress intensity factor, Al deoxidized specimens.

Ih DR R R OBRICE L TH#¥ET 5 & Fig.
9~11 wigd. Fig. QREINTWH X i Al kD
3, DT, 400°C DRITHEE R/ TH0°C X b FE
HELIBEDO LRI E D dTRHERITEED LISVWIGEL
70, 400°C X n{ERWEED K LS, REOCTRICL
[ O CEGEE S LR+ 5. Si-Mn kX ot Ca-Si i
gatp 3 Fig. 10 2 Fig. 11 ioR$ X 5 iR CER % R
LTw5.

DL EDgEE M5, stress intensity factor range 4K C
FHLTERENOOERITER] d(21)/dN=(4K)"/M O
n XRE S A LS, (invariant integer) T3/ <,
Table 3 T/RT X 5T 1°45 » 5 769 £ TORVEIH
WZELT 52 Ea5br 5. ZHIZEASIT, AR,
s X ONED EIEKTFT 2T L2ERL, bhb

Table 3. Structure constant n. of specimens.

T . Structure constant 7.
empering
temperature | g4sc-A | s45C-C | s45C-s
200°C 714 5-80 7:69
300°C 4:74 2:20 2:53
400°C 2-14 1-45 257
550°C 2-78 2-44 2:66
650°C 2:99 2-91 2-80
Normalizing 3-47 2-57 2-40

hix n B2 MG E$ (structure constant) L U TIRZET
5. ThbbEh (Eho0EFEIE oMEic>\WT, &
Bl HET 5SS, (1) Xo M {ET—|IWTHE
THLEWRTETY, n ORIED/fEIZ >V THEHRT M
ek tbEETDHS.
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B T Normalized e
" ‘I‘/
20 <
T I R I B B A N B I
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Fig. 10. Crack propagation rate as a function of stress intensity factor, Mn-Si deoxidized specimens.
300 650
550°C 0°C
200 - e o
A2 N | 2005
© 300°¢C =
. ¥/¥/~.
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E B olized
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X S |
N
20
Ll { R I N 1 Lol ! [
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Fig. 11. Crack propagation rate as a function of stress intensity factor, Ca-Si deoxidized specimens.

- FFER (structure constant), 5ERIME KIS E v B
— A LEAED & LIBE ORI Fig. 12 w/REh
TWB X 57 BEMNH 5. Tibh 400°C i\ Tk
n W EE/MEERERY 200°C 53 ELIBEDOB A B VT,
n{ERAKTZ EREZTRLTVS. MIiLLER 5300 4340
A X HEE data 2RI L S5 CEET 5L Fig. 13 i
AT XSy, Fig. 12 LFEUC @\mERT. £ &
BIDFIEER I 3\ C D RRLEMZRD T D2, L
L FOB/MEB KRB L Tw3. ZOXHTE

IREBRTIREDDPED ELIRER ST n3R/AMER 5 5
TRMHIE D DIRGE Lz n=2 8/(1+8) - 1/mkT DI
ATRERINZV. ZhiE 3, 2 W<z X 5o
EBRICHEWT 2400°C 23 £ LIEN E N> DEITEE
DESATHE LEL LN, TOEBAIEBHEOM
Bk X OB S LD TEILT 5D DTH D05 TH
5. BRICOIHBIEEEC X 5 EIGEEOERRE V1T
U D TRENCE CBERLETHAS. s
B E oSS 4AYE (intrinsic structural characteristic)
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Fig. 12. Tempering temperature vs structure constant Tempering temperature  (9C )
m rin m T
n, tensile strength and Vickers hardness. pering peratur
* 4340 steel, austenitized at 1 500°F for 1/2 hr. oil
. quench, then tempered at 200, 500, 1000 and
@@%%I DIE‘EE‘/ZC'VZ}}:‘E TCEHMI L 5 5 7% 5, (3)= 1 400°F.
PEETHIEICE2T, BRMMIICENREND>DIRITE  Fig. 13. Tempering temperature vs structure constant
Er X DIFHCERT A b HWReL B 5. n, tensile strength and Vickers hardness, accor-
F7-Phk Fig. 6 &7 510825, HdE LRED ding to Miller’s data®®?*
BT h#EosEES L BEES LR LB E0ERIE
HECRSIIETNEDORELHLITHS. Thdbb __ 100 ° @—a
Al gk 300°C g4, K LA #RE, EIEEERD E 9 p——= \_XKSOK &
£ LPCHOWBEL NG L TR, BHEIBVIEY 2 w—m—ﬁ—ﬂ\\fiT\} |
EEEEMEL 5. LB o TUTERIEEELEGREICHE & 70 o gD dasa ©
FL, MEDOMEK LT —ICHEBERT 5L Fabh 3 80
5. g L2 Al deoxidized
- g 0—-—0 Mn-Si deoxidized
3.5 EhEFEW 5—; | 0“-[0 Ca-Si deoxidizled
N R TR N N O
ERHEMIFE KW T Fig. 14 TREATWE XD Lo 10° 10°

) DESDERRT. L LdE S, Al Bk
HEREFGEIC» X2 Tk D, —F Si-Mn g
B3 BRI F il BT . T DR Ca-Si
Mgt td 5. chidbk > & B, CENMEMOEG
ERSXOCNEDL ) OEN>EALRORME (Fig. 2) &
WHELTWD. Tibb, EEhDOOBITRSNMTEDH
ZVEEENOLEHICAETRT VWL, XOENES
AN E RO TEL KD ZENEBRIND. HAN
EMLUSNDOHBEHIAE M ERBIFEL S 200, K
hWHEMITECNERET 5 LIRS

Cycles to failure

Fig. 14. Fatigue life vs stress amplitude.
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W 57 £ (1971) ¥13%

2) EhoOOEZEEEEITOWTIE, 400°C Bl O
Bed & LIREEOYE, REESCNEDOMK R X UE s
11dE DEAGRMA . 400°C UTolED & LIBETHRS
& P ENEDNOTEEIKET 5.

3) Ca-Si JREEfEVE Al R X * Si-Mn BiEER X 0+
ATHENERD>DEIEE 2>, Zhix Ca-Sifi
BOBIHFE~DFEERARENEZLILNS.

4)  EN-oZEIFEERINE stress intensity factor range
4K DAL

d(20)JdN= (4K */M
TEz2 b, X0 XE&EMRIOMR, ik X
NEDOE, EHF X OTRE X ik FT 2T

(structure constant) THh % & L X ERINCR LI &
ez OHSEHITH DD ELIRER W, T/hMEx
LHEMBH B, AEROYE 400°C oD K LIRE
D3R/ MER TR LTz

5) 400°CHEd FLIBE X VEBWEERS XU X D &
RECRNT, WEOBRECL LR L Eh20D
{ZVEERE M T B 2B X B 5. 400°C DITOiRE
THED & LABEEOKEA Tk & o0 RS R
D CIRE L FIPESIc s > Tl ICHBEEh 5.

6) b LA oBREERZIC LD L, Ehitk
BT = T4 MEINICEESE e subgrain structure 3
Ak &h, subgragin @ size XENIRIBEEFHWIEY, d
HVIEL DR LEMRSWITE ENEL KD ZDX D e
&V subgrain RO XoTCEEENS D
LExBRS. TOBEERE, FERWEIC K E K
subgrain MK I N7z, < DR LEKOHEM HE5n
S NERICX D JEHDERIT X 2T HEITE X sub-
grain NOERRI OB & BIEIC X 2T, L\ cell wall
PTG L, subgrain SEESELA DD EEXLRS.

X [

1) =K, €, A: &L, 56 (1970), p. 1737

2) H W. Lwu: T.ans. ASME, series D 83 (1961)
p- 23

3) H. W. Liu: Trans. ASME, series D 85 (1963)
p. 116

4) P.Paris and F. Erpacan: Trans. ASME, series
D, 85, (1963) p. 528

5) N. E. Frost and D. §. DucgpaLe: J. Mech.

6)
7)

8)
9)

10)
1)

Phys. Solids 6 (1958), p. 92

C. T. Yang: Trans. ASME, 89 (1967), p. 487
R. G. FormaN, V. E. KEARNEY and R. M.
EncLE J. Basic Eng., 89 (1967) p. 459

B. CortereLL: Trans. ASME, Series D, 87
(1965), p. 230

C. M.CarMAN and J. M. KarrLin: Trans.
ASME, series D, 88 (1966) p. 792

W. WeBuLL: Acta Met. 11 (1963), p. 745
A. J. McEviLy, Jr. and R. C. BOETTNER:
Acta. Met. 11 (1963), p. 725

12) J. M. KrarrT.: Trans, ASM, 58 (1965) p. 691

13)

14)

15)

16)
17)

18)
19)

20)
21)
22)
23)
24)

25)
26)

27)

28)

29)

30)

A. J. McEviLy and 7. L. JounsTON: Proceed-
ings of the First International Conference on
Fracture, Sendai, Japan (1966), p. 515

F. A. McCrinrock: ASTM Fatigue Crack
propagate Symposium, Atlantic City, N, J. June
30~ July 1 (1966)

T. Yokosorn: The Orowan Annivesary volume,
“Physics of strength and plasticity’’, A. S.
Argon Ed. MIT Press (1969), p. 327

I, T BAEMEME¥SEE 4 (1969),

p. 1

B, #HIR: BRMEBRE¥ A5, 5 (1970),

p. 54

Carman and Scrurer: JISI, (1970), p. 464
R. C. Bates and W. G. Crark, Jr: Trans.
ASM 62 (1969) p. 380

ok, F REE

fE, AL, FA: gk, 57 (1971), p. 335
Recis, and M. N. PeLLoux: Trans. ASM, 57
(1964), p. 511

M. J. ArcHEr and J. W. MarTiN: J. Inst.
Metals, 96 (1968) p. 167

C. D. Beacuem: Trans. ASM, 60 (1967), p.
324

D, A. Meyn: Trans. ASM, 61 (1968) p. 42
G. §S. Ansery, H. §. KM, and H. C. RoGERs:
Trans. ASM, 59 (1966), p. 630

C. D. Beacaem: Trans. ASME, 87 (1965), p.
299

C. D. Beacuem: Fracture Liebowitz. Academic
press. New York and London Chapter 4, p.
244

§. Karasumma and T. Ocura: Czech. J. Phys,
B19 (1969), p. 362

G. A. MiLLer: Trans. ASM, 61 (1968), p.
442

— 196 —



