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Propagation Characteristics of Fatigue Microcracks
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Abstract

In this paper, fatigue tests were carried out at stress test levels of 461 MPa, 441 MPa,
and 431 MPa by using smooth specimen of 2'/; Cr—1 Mo steel with the stress ratio(R)
of 0.05. The initiation, growth and coalescense process of the major cracks and sub-cracks
among the fatigue cracks on the smooth specimen are investigated and measured under each
stress level at a constant cycle ratio by the replica technique with optical microscope. Some
of the important results are as follows -

In spite of the difference of stress levels, the major crack data gather into a small band
in the curve of surface crack length and crack depth against cycle ratio N/Nf. The sub-crack
data, however, deviate from the band of the major crack.

The growth rates, da/dN, of major and sub-crack plotted against the stress intensity fac-
tor range, AK, have the tendency to be compressed on a relatively small band. But it is
more effective to predict fatigue life through major cracks.

The propagation behavior of surface microcracks on the smooth specimens coincides with

that of the specimen having an artificial small surface defect or through crack.
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Table 1 Chemical composition of 2!/, Cr—1 Mo

steel(A387)
(wt. %)
C Mn Mo!Ni|Cr| S | P | S
0.15 " 042 | 0.95 | 0.10 | 2.24 0.30 [0.006|0.003

Table 2 Mechanical properties of 2, Cr—1 Mo steel
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Fig. 1 Configuration of the specimen
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Fig. 4(b) Variation of surface length of sub - crack

F1

Haif surface crack length a (mm)

E-N

BB - BT - RES

(o]

marks @ max
o] 481 MPg
&) 441 MPg
A 431 MPa

N

P SN DN G G N N U U B G ST I U 0 U0 U B 5 U 15 U0 5 0 WU HE 0 2 O A A S 0 O S I O

1
o
gia .
_--FeEs X iy
0 AR B
0.0 05 - 1.0
Cycle ratio N/Nf

as a function of cycle ratio

(a) N/Nf=0.18

{ 20=0.162

20=0.676

. % 20=0.163

(b) N/Nf=0.40

Half surface crack length a (mm)

!

N
BEENNE NN L1 1 g boae g e ey

4
marks @ max
() 481 MPa
@] 441 MPg
3 A 431 MPa

Cycle ratio N/Nf

1.0

Fig. 4(c) Variation of surface length of major

crack and sub - crack as a function of

cycle ratio

(c) N/Nf=045

4 2am0.738

20=0.174

2q=1

(d) N/Nf=0.49



2/, Cr—1 Mo%el H&fel g EHA2dde] 4245

20m1.4

(e) N/Nf=0.71 () N/Nf=0.82

Proto. 1 A example of initiation, growth and coalescence behavior
of major crack(F1) and sub-crack(F2) on smooth specimen.

Maximum tensile stress—431 MPa at room temperature.

2a=1.833

Number of cycles to fracture, Nf=2.75X10°

AS] zol

o

o e A, 7% oA el =
o] ApzlAtelle= F1 FFdAlxtel F2 sub—
crack’® A sled M2 AAsicir} HE2pEe] of
49%<) Photo 1(d)ell 4] F13} F27} =] & 7|
o] Fgd 2 AAge 33 3 gl F Fadal
F1& NAZE2RE At n&g ar|2 443t
o Awk B2 F2+= Photo 1(d)®F #e] F1%2
29 AFsicirl FA7F $A"E o 5 ek o)
opzre #ALE FFdel o7 oz 2y
A4 K7F F1£2o 2 Ackal B3 ok o]
g #7E Photo 24-9] ThebwiAre] o Abxlof 4
&4 9lvh. =4k Photo 38 441MPa2} -3
W 3ol 4 AE BEzgde] A 4AAEE o
el Folt} o] HxrFdr 99 10% A
s2Fde] wrgste] AATE o 5 vt o]
Zde MdAZTA-L Fig 3(b)9t Fig 4(b)ell 27
O71& 8 el gleh. webx Fig. 3 ¥ Fig 49 2

L

o

»

N
U

yud

g

255

)]

(2) N/Nf=0.89

(h) N/Nf=0.96
& gmFddole] At asl ARE o] gste] 1
4o} shaedsha] qlabel 4 sehA ol o
shol wla 7 Estelch,

Magnificotion of f crack,

Proto. 2 Fracture surfaces showing multiple crack
origins and temper colored crack confi-
gurations



256 BB - BRE - RE®

N/Nf = 0.14

0.88

O = 441MPa

Proto. 3 Growth behavior of sub-crack

3.3 YN Yo M}

Photo 2+ Photo 12 #33 Al H o b
o)l e 4AAEE 99 ey st
o AAF dAE el o) AbzIAbe] d
W3 o] F13 F2& A2 FHIste] A
thell 2L o 4 ) 37 ol HHT LY
Zolugke]l HAAEE TAME Fo
ge] FHol9} zole 3 Abul(aspect ratio) b/a
Z 7dd ¥4 g A o #H3E Figs
| vebli it Fig 54l 2 X9 Aol 4
W AAele Edade] d4ulE AME vlad
7] A3le) FAdAY A FHATAYEHY 8
2} SUS 3047H, S15C(G, A2l A#HE FAl
ehfgic). o] dlolEelA thgF 2 AbES b
4 et

AR, gdo] AR tjEo] b/t7h 0404l A
b/azt & 097t A ehdel 7pgA =Ho R
A 2w} AR dX e g et
At

4, #492 AAF ¥ b/art A3 A5
3l b/t7} 05013 M= HH3} He AE

e )

Ni=18.1X10* cycles

.~

2 Cr-Mo. 7 ]
smooth

@
T

o

—1Moi B
S15C(GH) ]

< 2a -
o+ notched
i 4

1 1 i 1
O 02 04 06 08 1
(Crack depth)/(thickness),(b/t)

Fig. 5 Variation of aspect ratio and depth ratio

ect ratio, b/a
I~
1

P
o
o

T

ebdich
AR b/t7F 04RTh e ASels mEeate] A
Fole o] Wiy yAde o F+ gk



917, Cr—1 Mo7tel R&xjate] vlagt Edz2dde] 4 2} E A 257

J

3.4 Zojwate] ZRHENS

H

Fig 59} 7-& 723w gE ol &3t
Fig. 3() % Fig 40t & Fuizradidels) x&
2 Zlo|mparo 2 W A]7|W Fig 6(a) R Fig 6(b)
o} zre Fodzlo] whakel AAAEE dod
3) vo zo|mpsre] FwFyel uA, A%
E4.2 Fig 309 Fig 402 EwelAe 44A4%

morks | € men

Q 481 WPy
D

3 A | a3 W

Crack depth length b (mm)
N

4 Y\‘C‘)(‘J‘O’(‘)b ..... PR Y
Number of cycles N

Fig. 6(a) Growth behavior of major crack and sub-
crack in crack depth

4
marks € max
o] 481 MPo
e} 441 UPo
3 A 431 MPe

—_

Crack depth length b (mm)
N
llllllllllllllllllllllllllllllllllll

0.5
Cycle ratio N/Nf

Fig. 6(b) Variation of crack depth of major crack
and sub-crack as a function of cycle ra-
tio

3.5 EHDY MASMe| mujdEy Ha

g7e) we ARARE A2 shel B
A upy, AAehe olag Eugde) 445

upa Ao A RE] shke] o 24z A Aol Bt
of spxedstsl Hohe A Eshelch Fig 78 & 2
2op pe marevIzAAel BRI e Al
2q BRAE T AgH Lo A
o)l g Abgatol Zolwrgel S Ay
AKnE AT 2 A% CT Agne) 2
23417 vepd Zoleh. ofd FANAFALL
sl 2o APEpselq QY HAFD
QArEAe ol Bshelch. Fig 75 2ol S22t
o) gre lZbA A kel ek AR Al

|

2 e o do o of

AK] (MPa/m7)

-4 5

L —— LY 20,
— ong crackdata ’
< 5} (through thickness) /' .
>~ . U
(%) 14
E 3
- K Q};’
_ ot . ]
A s ogp
L 5 - / -
o ® O

N L J

: 3
— L
e e oja
£ -6 * o o Newman& Raju
s 0F 4 48 (1981) |
o . i, o Raju&Newman

5F H Q"ﬁ (1979) 1
§ . ¢ 4 Newman8Raju
S oap (1983)

. o4 o Kobayashi
-7 . &’
10 1 i1 I | I W l 1 )
0 2 50 100

AK;  (kg/mm3/2)
Fig. 7 A comparision of stress intensity factor ra-

nge by the four kind of equations (8)



258 BEHK - BIRY - BEE
£ vehlaz glen o) & UlzlA] wyos A4 10 >
Asts} CTAIPHE AHSd BE 9] dole]? :
gb wlzs] 2w 1983dEel $EZ Newman-— OO Bl B S
Rajus] el o]& shge] 744 4 ol go] Hus| & | [0 e we
2 QUE webd) o) E A%E EdlE st 2 o T0E A [oiw.
ToldE EdEd ATE da/dN H& o4 £
& db/dNe} E5iAtel S F3dAS Kuitel A4l I -
2 1 FHZo Ea" ADF L Newman— 3 I
Rajus el 2}s) A 4baedch. 107k
£ u
da/dN=C(AK,)" : r
AK,=Ac \/ma f(a) o)) & ]
f)=\/b/(a Q - F 310*5
Q=1+1464(b/a)'* ; -
F=[M,+Ma(b/t}*+Mub/t)'Ifo - g - f. \g F
M,=1.13—0.09(b/a) Aol v i
M,= —0.54+0.89/[(0.2+ (b/a))] L 10 10°*
M, =05~ [10/(0.65+ (b/a)] + 14(L0—b/a)? &Ko ( MPafm )
g=1+[0.1+035 (b/t)*] (1—sin o) Fig. 8(a) Dependence of surface crack growth rate
fo="[(b/ay cos’od+sin’d]" of major crack upon the stress intensity
f.=[sec (1 a/2w) - \/%]12 factor range
-3
o37]4] Ac=remote uniform tensile stress 10 F
range — . marks q mox
a . half-length of surface crack i [ o 481 MPg
b depth of crack ém “L i :;: :::
w . width of cracked plate £ C
F ! boundary-correction factor on %/ E
stress intensity E - @
f. ! finite-width correction factor s10=k Jo
fo . angular function derived from 2 ? @Qp
elliptical crack solution *';' r ’Oc:i:]
Q : shape factor for an elliptical crack g o O(%%ﬁ
¢ ! parametric angle of the ellipse %10k o &3P
M: ! curve fitting functions g E O
-
Fig. 8@)el & 1 3bal Aol 4] 9H4, sk 77 & I
Ao Erygoze) 4AEEsh ¢G5 O
FAE A7EA A0 mek 424 O, [, A7) 0 T 10
32 Jehidch =% Fig 8(h)elle Bxade MKa ( MPa{m )
AAATE JelHZ Fig 8o+ F7HA 288 Fig. 8(b) Dependence of surface crack growth rate
Aol Jebglt) =3 Fig 9 799 227 of sub—crack upon the stress intensity

factor range



2/ Cr—1 Mo7de} HaAe] v 4g EwugFgde HAAE

10"
— [ marks q max
> | [ o 481 MPa
> &) 441 WPo
}10"; S 431 WPo
£ o
=4 o
° -
~N
o -
©
B10*E
2 a
< 8
s R
fod R
o ;
grocg P
o F ;
Q -
o [
131
o 5
t
35
m10-7 1 1.1 s reyal 1 111 8114
1 10 10?
OKa ( MPa[m )

Fig. 8(c) Dependence of surface crack growth rate
of major crack and sub-crack upon the

stress intensity factor range

10 g
. : marks q mox
% R (o) 481 MPao
> [a] 441 MPa
—4
Em = A 431 MPg
£ o
A -
z B
\ -~
8
10*F
o 5
b ad -
o r
- -
o -
-t
E3 -
o
&
10 *F
£ -
£
aQ C
Q [
5]
4
0 -
o
[ .
010’7 i i A llllll 1 L L1 L i4)

-

10
AKb ( MPam )
Fig. 9 Dependence of the crack depth growth rate
of major crack and sub-crack the stress in-

tensity factor range

10*

_lw__.

3

259

d o] Zlelyhste] AAARE SHHNAFTE 54
o vtebdl Zlolc)

Fig. 8(2)%} Fig. 99 792 da/dN—AK,
db/dN—AK,2 Yepd S t}]ﬁﬂ%ﬂ-gz}]g}‘—
2] 2k7he] F-AbZo] A o 7 sk
Fig. 8(b)et el Brygde A= AHE2 33
9k Fig, 8(c)2} Fig 99} o] F& wi=Z o] g
& o F AUrh o] 1¥E AR Fig 4(c)¢} Fig
6(b)2}t 7ol Fodo AHAEH ze]7t gl F
Nexoa o} Qle BHEFdy MAEA
da/dN—AK, 4 % db/dN— AKp 341 Aol A
FTU-SHH g CxAY 461MPael AR S
Mol 2 Age] vsed AFE 7HAA 7 Fig 8(b)
9} zlo] ztm o] FAt¥e] HAF F& 5 ok
ol o}k | Agh Hdde] AAEANL ALY
B2 79s #AsI] 1 AAAEE a4,
FoAE el Ad uiFA s = ut
45 ax] Eelx FAdAEN A2
= A ErbsstAnt Fadrceh 1 4
ofstuR 1 e3brl 24 ®& A4l

o

7]-& = &}

T a

H.
L

e e r]o

e

s

@

2 N

(e}

[+3

kY
]

}11 ol of

A
vl

2 dn n w2 o to

KOy

=R B 4] A,
T AFEALAE FAdANRY AF
o} $FFARRYY Aol F wlarsls]
o] AAEA delee] #4448 FTHAA Fig 10
ol vehiglth = Fig 1049 A4 WE2 548
dolelE A7 05mm, o] 05mme] Vg2 7}
S A2 ZUAGAY] QAEA dlolgF el
Wi glok 28w Ade s el AEFIRg
= CTAIF#HAL S =pgveir).

ol ZelA] o & gl wiezte] AlAal
A} A=l dFgAgAe Aae
A AdAFE o F Uk 2y Haka) g
HE ZFa)rto] el thae z)o
UFE o 7 AUrh wAG A= eix]e o
AK 3l A @A) FddEErs QF A
Ao 7w "l wge o = Qloh o)
A& HY Al v]4F FDmicrocrack)s] A
45 Jehz ok gy gty w
E2RHdAE ol=AHr Aste] =4 =5w ’-‘-}—
T AEANY =z} #EAN Aar} Hi
L2 dAFE o4 5 ok

HAshs vz ER2
SR

Slshel 7z}

A

1_

I )

Lo SLoold o

;A E

A

(]

_xg
by

0..\‘
J& rz H o o



260 REM -

5
L

T T T17T

o
L

Smooth
specimen

T

10°*

» da/dN, db/dN (mm/cycle)
=TT

o
i

Smail notch
specimen

T Ty

CT specimen

Crack growth rate

I 1413193

10
AKa, AKb ( MPa m )

Fig. 10 Comparison of crack growth rate of micro-

1 1 1 1 Li1y

10?

10~
"

crack on smooth specimen with those of
a small notch specimen and CT specimen

ol

?3}7] -43}°4
' Cr—l Mo MEE R A)A
&3kl A g3v] R=0.059] &%
AAlEhe] v)4g)r TR F e
dHo g AFete] vpgu e

£vlag &

i ey

oL

o}
o,,m,d

N
or

[\~

ol

BN Mo

o op &

N

ok

=

°{

2
b

o)

KN
=
-

5} 3)

o3
ez}

oX,

o T oo 9

N
ox o o :ﬁ By

mlo

fth
2
)

80
2

|4 o] Aol = B-palm 3 2haf Aol A
ste} H25HE H34171 F4d (ma-
jor crack)®] FHFHo] 2 FdZolE glele)
WEETH(N/Npll A F2 i=dol] moj BEAje
7k 2ejv ¥ 27 (subcrack)e- o) 2] &t
48] Mo x] ol
2) T ddel W #d7o) HALEE da/dN
db/dNE Newman—Raju(1983)412] AK,
AKyoll tHate] Aeljgt dxt e xjolol o}
& the] oA wA sk}

3
N
Y

L_

Lol

4%

) }
ES ES

x%‘ﬁﬁ "

—110~

RE

3 ¥rgtade duldddde] W #edzlole) 4
BEE da/dN, db'dN€ AK,, 2 AK,oll sl 4
et Fde E£¥she B mole A
FE ek oleidt 4o Fide o
AREAN Sl Fe] M wigkalatAnt w2y
Aell g 5 5 4 YA e upete] Raxy
SR Thede ek

4 AL vlng wHEl YYAFe
ARG} 27lole 4o gy eyl Hegd
A AR Ry T A gge] whE At fuje) )
A= 2 Assh HEH e dXEhe YR
Hrehd sl

208

1) Kitagawa, H., S. Takahashi, C. M. Suh and S.
Miyashita,
Process—Micro Cracks and Slip Line Under

ASTM STP 675, pp. 420~ 449,

“Quantitative Analysis of Fatigue

Cyclic Strain,”
1979
2) Kitagawa, H., C. M. Suh et al,
and Non—Mechanical Catagories in Crack
ASME, AMD —Vol. 47

“"Mechanical

Problems in Fatigue,”
pp. 167~184, 1981

3) Suh, C. M. and H. Kitagawa, “Crack Growth
Behavior of Fatigue Microcracks in Low Car-
bon Steels,” Fatigue Fract. Engng. Mater. St-
ructure, Vol. 9, pp. 409~424, 1987

4y AR, A, “SUS 30479 Abest T
do] WA AR Foll ek o7 dig 7)A
&3] =%3 A 8-3 pp. 195~200, 1984

5) De Los Rios, E. R., Hussain, J. Mohamed and
K. J. Miller
for Short Fatigue Crack Growth,”
Fract. Engng. Mater. Struct. Vol. 8, pp.49~
63, 1985

6) De Los Rios, E. R, Z. Tang, and K. J. Miller,
“Short Crack Fatigue Behavior in a Medium
Carbon Steel,” Fatigue Fract. Engng. Mater.
Struct. Vol. 7, pp. 97~108, 1984

7) At M Aule) 39, "1t weE s
el JAAE g AR a1 A & s

“A Micro—Mechanics Analysis
Fatigue

o
fu



2, Cr—1 Mo7el Haaiate] vixgh sHvagde) 4454 261

=53 A 74, pp. 425433, 1983

8) Suh, C. M, R. O. Ritchie and Y. G. Kang,
“Fatigue Crack Growth Behaviors of the
Short Surface Crack in 2!/, Cr— 1Mo Steel,”
KSME Journal Vol. 3—2, pp.78~85, 1989

9) Suresh, S, G. F. Zamiski, and R. O. Ritchie,
“Fatigue Crack Propagation Behavior of 2/,
Cr—- 1Mo Steel for Thick—Wall Pressure Ve-
ssels,” ASTM STP 755, pp. 49~67, 1982

10) Newman, J. C. Jr., and L. S. Raju, “Stress In-
tensity Factor Equations for Cracks in Three
—Dimensional Finite Bodies,” ASTM STP
791, pp. 1 —238~265, 1983

11) Elber, W., “The Significance of Fatigue Crack
Closure,” ASTM STP 486, pp. 230~242, 1971

12) Staal, H. H. and J. D. Elen, “Crack Closure

13)

14)

15)

and Influence of Cycle Ratio R on Fatigue
Crack Growth in Type 304 Stainless Steel at
Room Temperature,” Engineering Fracture
Mechanics, Vol. 11, pp. 275~283, 1979

Leis, B. N., “Displacement Controlled Fatigue
Crack Growth in Inelastic Notch Fields I Im-
plication for Short Cracks,” Engineering Frac.
Mechanics, pp. 279~293, 1985

Paris, P. C., and F. Erdogan, “A Critical Anal-

ysis of Crack Propagation Laws,™ Trans.

ASME, J. Basic Eng, Vol. 85, No. 4, pp. 528~
534, 1963

Kitagawa, H, T. Fuyjita, and K. Miyazawa,
“Small Randomly Distributed Cracks in Cor-
rosion Fatigue,” ASTM STP 642, pp. 98~ 114,
1978

EDITOR
James T. P. Yao, P.E.
Texas A&M University

PUBLICATIONS COMMITTEE
Richard J. Balling, Franklin Y.
Cheng, Karen Chou, Steven M.
Cramer, H. Everett Drugge,
Gregory Fenves, Louis F.
Geschwindner, Leonard Joseph,
Ahsan Kareem, R. P. Kennedy,
James Morgan, Arturo E. Schultz,
Farrel Zwerneman

Journal of Structural Engineering reports on the science and
practice of structura) design. Authors discuss the physical
properties of engineering materials, such as steel, concrete, and
wood; develop methods of analysis and design; and study the
relative merits of various types of structures and methods of fabrication.
Topics include the behavior, design, erection, safety, assessment
and evaluation of structures, ranging from bridges to transmission
towers and tall buildings.

ii |
g B
2 e

AMERICAN SOCK™ OF CIVK. ENGINEERS

Monthly 1991
$240.00 Domestic U.S.

Ross B. Corotis and Avinash

Omldon of Structural Design Checking
G. Stewart and Robert E. Melchers

Mark S. Darlow and Neal H.
Lateral Buckling in Curtain Wall Systems
Charles D. Clift and Walter J. Austin
Cyclic Load Behavior of Bolted Timber Joint
Robert E. Abendroth and Terry J. Wipf
Web-Crippling Slrelc‘gth of Cold-Formed Steel Beams

B. Parks, and W. W. Yu

.
.

:

.

0

0

Recent Contributions

Analytical Parameter Study for Class of Elastomeric Bearings
Leonard

:

2

:

: C. Santaputra,

.

X

.

%

R. Herrmann, Ananth Ramaswamy, and Ramin Hamidi
Structural System Reliability UsingiLinear Programming and Simulation
. Nafday

Instrumentation and Testing of Bridge Rehabilitated with Exodermic Deck
Bettigoie

RO RN RORORCROBCECRCBCR BN SOCRIORY LA ROORI OO CCHORHOKHCHO DECRCHIROREORHCED

—11-

1991 Volume 117
ISSN 0733-9445; CODEN: JSENDH
Monthly U.S, Domestic $240.00

Foreign $281.00
ASCE member price Domestic § 60.00
ASCE member price Foreign $101.00
Subscriptions entered for calendar year
only.
Sample issues available on request.
Subscriptions entered with prepayment
only.

ASCE Authors’ Guide available on request.
Inquiries regarding new subscription
information, back volumes, single issues,
reprints and microfilm should be directed to:

Sales and Marketln?

American Society of Civil Engineers
345 East 47th Street

New York, N.Y. 10017



