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An Experimental Study on the Growth Behavior of Multi-Surface-Cracks in
Type 304 Stainless Steel at Elevated Temperature

C. M. Suh-H. S. Shin*N. S. Hwang and D. Y. Jung
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Abstract

The crack which is discovered in various structures and machine elements is
multi-cracks. Multi-cracks may cause serious problems because they grow individually,
and coalesce into one and it leads to fracture.

Fatigue tests have been carried out to study the growth and coalescence behavior of

multi-surface-cracks initiated at the semicircular surface notch in tvpe 304 stainless steel
at elevated temperature.

The results are as follows;

When multi-surface-cracks are lying on the surface of material, the major surface crack
has greater influence on the the fatigue life than the subcracks.

The aspect ratio of multi-surface—cracks is lower than that of single crack because of
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the interaction and coalescence of surface cracks.

Crack growth shape turns to semiellipse from the semicircle notch. After coalescence,

the surface crack length increases rapidly, and it leads to fracture.

Further, the slope transition of Paris law was found in the da/dN-AK; plots.
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Table 1.Chemical composition of specimen

(wt. %)
ClSi[Mn| P | S [Cul Ni | Cr
0.07]035] 1.89 10032 ]0014! -] 85 | 180 |

Table 2. Mechanical properties of specimen

.+ | Temper- | Yield point | Tensile | Elonga- | Reduction | Hardness
Mrt;ha#;ggl ature | 02% offset | Strength| tion | of Area
prope () | (MPa) | MPa) | %) | (%) | (Hy
. min min min min max
Standard | RT. 0% 20 0 8 57
Specimen A| RT. 3138 6472 | 510 720 179
Specimen Bf 538 1 62 | 408 665 -
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(a) geometry (b) details of notch



66 AW A

2-2. Alg{ety

B Ao A& A#r]= A R-F9H4 (servo-
hydraulic) #2413 7](Instron 1342)0]9, f33
(hydraulic chuck)Abelel]l A@AE YA 7]
2]g A712g Fasle oM HZAES
sslgdct. ¥ 24132 538C3lel A 23u] R-01,

-+ HE

fdl

S5 Fue 10 M9l LHAXY] BAFAES
slste] AAsteds AHTE Abgelnh

AAEk7) flgk AgdHe vk

A XP%—S—E FAAA A 5RCE A3
X giek =, Cromel-Alumel A# & o] 435
A7)z HMM AR EWES g FHsie] i

Axp @Al 2Er} 4R s5Tolal

A% #ag w7t ek

A e A7) e 5} 538l mha

< 1l

303 o) Ake] &) Al ZH(soaking tlrne) ]'

o A1 Asheict.

=

sl7) $iste] Erie ol o gabe). = 2

b gokel AQ71% AAAA AP A
7 & wmeselske AE F AR ol
fafe] Fearleld FAshelrt

3-1. S-NAME

Fig. 32 Fig. 1 9 29} zbol xx|w|dg whefgt
4712 @A o g 538C el A alA-FatE 2
7S AAHS we] HA1AEH (0 ma) 3 23
st (N e 3AE FAo vehd S-NA =e]
t}. o] Aol ARl M AAIRE dF-AFHI]
5 EAel Jepdgidrl

o] Aol B AA AL THEHE
£ 147.2 MPa, 196.2 MPa, 245.3 MPaol+, O, [,
O, O EAR ndde] 490 @ W I, ®E
FAE Ao Axpz Zhzk Jelligleh Fig. 39
Azg exsl kXA 2 SHudd & A3

BAste] ofga e SAL o 5 9ok

O

& vl &

5 400~ - - e
304 Stdl"lesg SU‘CI Specimen  R.T. 538°C
R = 0.1 Hs2 . e}

101z HSY ® 0

00

200}

100+

Specimen RT.  538°C
HS2A
HS3A M o

0 " a O A L ekda A

10* 10° 10

Maximum tensile stress, 7 ..(MP

Number of cycles to failure, Ncycles)

Fig. 3 Relation between maximum tensile
stress, ¢ max, and mumber of cycles to

failure, Nr.

e, A s x| AV Fobss
AlF e vz prde shgEde] Sobs
+2 QA ghasiddch F 1472 MPaollAl &
olgl =] o] xA7b 271 W 37Hel HSZ2 ¥ HS3A
o3t oo} ¥ Zgr afe]i AkE-
2 7]?_ > g 47P 58.2 % 9} 726 % *“ziﬂ

ol HE
o] ulal] Zrzh 426 %¢) 27.8 %olct. A2}
slofl4] -, exje] ¢ E wAe] zvle| uf
2 nzsmel dolg Ay weelxe)
o) Atenrh ghashidl 2 ol
ol w2 ARe] kel wfellaie]
2-97] wF<ql 7o A7Ew Shahinian 0[ 1]
o gl sAdd] U E AR A = oA F}
A Qlapge] exel uet W] WE
Avsa ek,

S, A3} meld FAR =279 w7} 2
A2 gHel ASel A ARl w7t SRl
2 e) Aol E 6]'—5'°] 147.2 MPag ﬂ%oﬂﬁ
AR Aol A x| AsvE 24
& HR2p e 1}017} 267 %01 T2l *1
= 519 %%k,

ol oot il S Aol e

¢l 7o g

(.3



EiT 304 celdeladge] MRRE AR Sl ¥

A, 2717F eb2 A7 270 R 37081 HS2A
W HS3AAEA L] A%l 7 ZxddelA kX
Aol g A 2argelAe] el 1962 MPa|
7Sl Ao 2T Aol 72 %, 1

28 263 %eolrh o] A FAT =79 kA
7} EAste BAC] ARk Fzagelae] A

o7} WAl A& e & 4 ek A7) T &

A7} gl ARHel g4 A Age] B W2
rde) Aol AEw e A old WA 2
zitdo] AgHe] Sziel vl A Je o
+ Hohe AL % 4 Aok

(a) HS2

(b) HS3A

Fig. 4 Fractography of the specimen with the

same and different notch size at 538T
(a) HS2 (b) HS3A

Fig. 4+ *liﬁi‘iﬁ st
Fig 4(a)oll= HS2A1 g %
bAoA i‘"ﬂol

Ak ol 38 4

&
I

— 67.»

dah e BESE 67

&g 4 glch

Fig. 4(b)x= X X277} & HS3AAIEH2 7
%o gebd Alxlolr}, 2 (b)et o] xx|ef =
717 & F49 koA 47 F4d (major
crack)e] AAste] AgHg HF3le] ol of

28l3, #-2 E Ao A REddd

Al s gkskeh & 2717k o wAgt &
sk Al 7 2 Aol wAR el
Ayl B2sUe g & 5 vk ol
@ Qe e ATAHOIS 1) 217
GEESEREE

32 wEFYol urzoles sHEuletel 2

Fig. 5% a1 sZpgde] HA 43 $AAS
ulatstr] g8l Uit =7)o] xx|elA] WA
& o] xgel @Y7 vpE el EARH

2@ el Al o] Fade) ubHol(a)e} Wb
FAe vebd Fe)rt

f;}
3 2
N/\Ir)&}«l BAZ

\

3 o e - .
it 304 stainless steel

. same noltch “17e e
@ H=2 Test Temp 538°C1

- o R- 01 10 Hz

= Cdifferent noteh size i

o8k e HesA |

= - HE3A !
R .

e L

= 4 "

e O o o®

= S,

5 5%

2 ‘ ng 5 5‘33 i

) B g |

2 4 og .- i

= 8 5?’5@35 ? :

“ » B¥% 8 opn

= o

ol L J

= 21 o o ° % *

- ' . % .' ] I. -. [ !
|
|

L _— o o S - J
§6 02 04 06 08 o
Cvele ratio. N/Ng

Fig. 5 Relation between half crack length, a
and cycle ratio, N/N¢

o] 239 EAL 2a-NAEelA vepd #7334}

ol & Bsta wiiA F-E& wWe e HoleE

0] Roli gl&& & 4 vk E AFHHAL kX



A st

FB2Fde £ 20% oA Al
Q@A QAstebst BRI ok 80~
ol M FAZE Dojukwal FASA et
DAY & ek olelE At g A7
= Ak A A geH14, 151

ted

B

3-3. Y| Wz

Fig. 62 Fig. 49} 32 aidwddel 45 ¢
Azdolel ¥ LolWF HAAFS Aol
I RutebEl Fo At 1 2w E A3 Ao
ok ddgel(b)e] Aldbel] chglt T &
Ael(b/a)e) WatE ool ] $ste] 33d| o
{ﬁ'°](b)# FADR FapAsker W btE A
3L FEel EHrd o] gA], b/aE FH el A
g gelek
1.4 - —

No. of saome notch different notch
notch size size
b 2 e} L ]
3 I3 -
w
12 [~ |
\LU % ;
o # |
- I ﬁ
Q10+ s %
I * * *
4 *
“ L hd <>;,‘ >, R4 * gy
— % L il Ty
o o
o 08 8o
0,
02}
<1 -
0.6
°C
200 2,?,1 %805 sus 304, 593 °C
b/ar 2 137MPa, R= 01
: §b/a1 g 600 cpm o {
0.4 ——- 1 { i e
0.0 0.2 0.4 0.6 0.8 10
(rack depth/specimen thickness, b/t

Fig. 6 Variation of aspect ratio, b/a against
the ratio of crack depth and crack
thickness, b/t

Fig. 15} 7o) 3%t =719 xxj7} 278 2 3
A AHHE a2ollA] HARAHPE Pato]
2 Ao Fd8u WEE dehd A9 7
o] AAgtel upe} FH e '%i O-T"— el g el a] A
vl (b/a)7} 0.8 Xt} 2He
Ad&E Y 5 gk ] &
ol A8 A AL Zlo|pake
ZA vepddr] Wi Aes A
A= 2700 AFdA e FE84
A Azelx A dAgc3]. olwigt @Al a
9} Fd7o] bele] FAE o) &3l FHa
2 Fsbd A3 7ol vebd & olrh

b =

0.772 + 0.59 oy

T3k Fig. 29} o] =77} o} dde] 270 ¢
37HQl 7390 #d3Adu] WEtE Fig. 64l vet
Wz glch o] A$ele bak bart Wil o
g} ¢of 0.2 +H L ASS HAH 5 ot

722] 7 Fig. 60llAlE £ Ade] Azle} Fode
AAEA S njqdlr] ¢ste] ol E °4:rL7<P:°

B S N T e
Ao AREH 1AS) A EASE ADTE

e gdygAnle] WistE wlsiste] B %—%J_ a
719] kX7t B4E EAdte AFUEe] ¢l
A& 0.85 Bk 2h2 gholl -3 st z7l7} =5
2 X7} B42 EA8les A ele 3ot oF
0850 ¥tz glom, 1748 chelx x5} &3t
= AR 27]9 ko] #adu|elis A o)

q

o) BTt oF 0852 Sesha ol

Z AarPt v =27t 552 EA3ke A0t
1789 27} Ex3he A-Fole ddo] Al
ulz} Pl Wstrp s 24w e 80% o] Fell
efdd o g wiegh AgE viehla Y-GS oF &
ek 3 wrlxXE 2= SHiRMe A
el Az 0.84deH10). eleldt AdeE v
o Z7|7} ob2 B4 gaAle] Ao} v]sskad
th o} Azt =77t BhE AV} HpE A

s Atol AL wAA WAY NEFDL
A A AR FAe] Gabul st A o

,,68-



B T 304 2wllel agMe] HBGRE GRS sl R Y Hr

3-4. FHFH | mtHs]4A(fractography)

Fig. 7¢ $#9 el #$) nxide
I S E Rt

L8
HS3A A ol cH gt

SEMAF S vlebl 2 gleh Alzlake] (D

72V7
—|‘1

HLM] 2]

o T, (2)9}’ (3 TOT
#Hdg Aot

A

ol o} =z
<= d AR5

SEMP_S’;

(1) crack initiation region

(2) crack growth region

Main crack

(3) coalescence region

Fig. 7 Scanning electron micrographs of
fracture surface for the major crack
of HS3A specimen (1) crack initiation

region (2), (3) crack growth region

,_69__.

69

Utk = (2 3)°§°—ﬂ,oﬂﬂ
UARE (D w7
| el AbBRE-F Abs}utbe)l g
AL AR Flagade] B4 A e Bt
A ETH (s adek
olez} gl },_T’iwf%ﬁ] Hbe],o]]H
. fARE oA ahg 4 J rr% (2>9+ (3)°44
3} 7re] 1A =] A =
A3/ x]°l

=) u]».-—‘-/]- W} ¥ 5

22l striation) & #AE £

12y , AR EL

sl
o5

O
=

)

o
oz
s

s
=

B3
X

1 A 2atede] g5 A gHal
P:”‘ A °ﬂ H o5 ol Ak of) 4
Z (dimple)2 "P"—J‘J el el
Foll whe FpedolA] Aalsle] g E
frae 4 alsdch ueby
chE Al e Ao Hadde] A
dofl ofa] Auigg oAlAlS Ea) &
Jc}.

1 1

4

2 o o0 "

o o uiy

[

SdHE

e

-4
BN
2@
w2
e
<
-

N

2} o =

o
3

4 4
"Zm

dE £

3

A AFAIAE r|2E Fo]
A 2 ghAel] olZi= Aol s
%/PA Al ko]t

2} Mode 1 S &ojAl+ K
HHE2 A W ol 4 9
F7F Aol = &%
F412] $1Ho aje}
AU B of
3“" T

1,0 05‘.
< A

2 ol o

3
R

o
)
do (B T
£
é

N

é

£

ok

AL, A3 =

<]
o)
16
Fokel e HalAo] i

O

#

# AT ERFAS eAGAAS Hr}
A8 3349 FRaadel g8 Adery 4

=2



70 RIE R URE I IR T Y

Asteo] glu Fdeol ¥x % Loy Ao Fig. 8acl $9U% 22719] w37} 24 2 34
wAY & YRS Adetn e Aol FL Q) Al QoW db/dNT AKpete] A
Newman-Rajul[17}& |4t Agdstel 14 chssEAdel vhehdl Aoloh. o] ejo)a) welay
% A=slgch HEE Aol W VWS qH" o 27}

geirh 919)9) AKZE o) Abell A= o1 Ajabe] F3}E]

db/dN (mm/cycle)

-1. db/dN - AKp 4 = dAe] ¥EAHo g et = Paris[18]9
Fig. 8a ¥ 8b+ 304 ~HlQlg) ~7)e] Fadalx A& AHgeted AR5 Aelsd 7187 mel 3
1g. oa = — 304 E’_“ o ] P R Rl o] i}- }_\— 0:10:]0] L‘].F/],L}—C}. _‘j_d] oﬂ/q —‘,‘-{-oéx]
1EE AES) $)8te] 912 AL o) gy ik =0 o3l _ o o o
0 1 " 3 ) T SHHEe] Fotel e} Foteln 9S-I
SHGAH AL (MKl hste] Fde] Zelysl A8 2 9ok wih 1w oot gl o] 7+
dlAe) szFde] YALEE db/dNS b T AT A A e S el A
=2 - EY8s = gul °u1°] 1 é;y,}s_o] /:_l/qoi :zg]g] §_‘0? HBE "H
pvaye)
el of Wlig g wolm 3lee & 4 sck
L0 % ror oinion steet | o
b Test ST::EP?S? §3%°C/ 2 10 304 stainless steel |
R=0.1, 10Hz A © Test Temp. : 538°C / /
I N F R=0.1, 10Hz ' /
E / -7
10 ‘E’IO al / @37
- 3 o
. . ]
5 . Cg /
> L -
L = ] o |
210 . ;
= g 510 °F / @/
r i : £ g /=8
T / P /
z / s /&
£ / z Iom
210 “°F / 6.2 245.3 MP 2 / /
% E HSZM?.Z 1%. 245. a %81 () —6:_ /
& - s N 5 .
S i HS3 o . g C 196.2 2453 MPa
r f’ - 9 - HS2A © o
-7 T o | HS3A o .
10 1 10 102 IO -7 L L1 Laael] L LAt 2
1 10 10

AK, (MPa Jm) .
AK, (MPa ¥m)

Fig. 8a Dependence of crack growth rate upon Fig. 8b Dependence of crack growth rate upon

stress intensity factor range with stress intensity ractor range with

multi-surface cracks for specimens multi-surface cracks for specimens

with the same notch size with the different notch size

°f 2N FAAEE db/dNe 1A 3 Fig. 8bell= 2277} oh& 27] X7} 270 9 3
TS N e Fd70) bt N w9 el Ao FAMYET oA etA Lolo] 2
Tdgo] biE FAske] Secant' e Abgste] - 2 vhehdl glolvh. aelx FUAREE Fig,
shadct.



T 304 zeel e

L - R =B
vepde] ezl Y 9 xX =)
M= B3t 1 Aige] A melwm
4 slch

Fig. 8a%} Fig. 8bollA o]=lgt #dAAAE2 +
A Addol AR AEYF m2eA el
= BEA s ArtEn olxd AYEL CTAEH

o] &3t James® AIAII12]e} dFrFHF
o] &3 o}& A =tE2] A9, 20i¢ FAFE

wo o
£

V.2 &

2 dFelMe 224 A2 de] AR A

£ 304 2] 27tE ARgERe] AFE R 53Tl
*1 AREEF AZAYE At 4742 F/72
AFH & A 2719 A 2704 S 2=
AgAs Z7)7 b A 2709 3E HdE A
Aol BpFAgZFAe] B, A R A
AEE A ohEe 22 AE8e Ak

L =azizh o8 k2§ e A 2% ’iP
Tae Fadel vl 2 st
'l‘“ o] vi¢ Hdck =,
228k d et

O“
&
3
ol
Br

o
rir

w o] 2sr e ozl U,
avlsl s FR Aol Ha Yol
MaksE R ddw gAR
2017t g43 F7kstel shas gl

/\é Zol- o“
nhelLl
e 2]

3] o w2

Z Eig=t )

o},

4. 23}
m2 FHe

2]z

¥ gl

legejo] 2+

AA-EL ParisH el 4] 7]
<7} B o w2 wagsiadch

25ke) WPk R

Al Ee] B 1

BRIy MR 71

% 7|

¥ AFE BHE SFFtwe ()

M 931-1000-017-2)ell 2} ate] Fah=g]on, of
of FAAL ofe] A FAL=F e}

—71

2 E XK
1) Fuchs, H O. and Stephens, R. 1, “Metal
Fatigue in Engineering”, John Wiley &

Sons, New York, pp. 1~6, 1980

2) A Awl g2 e} stejd gt Fated” of
37171843 =}, Vol 26, No. 5, pp. 382~388,
1986

3) Jolley, M. and Tortoriello, V., “Geom- etry
Variations during Fatigue Growth of Surface
Flaws”, ASTM STP 791, pp. 1-297~1 - 307,
1983

4) Suh, CM, J. J. Lee and Y. G. Kang,
“Fatigue Microcracks in type 304 Stainless
Steel Fatigue
Fract. Engng. Mater. Struct. Vol. 13-5, pp.
487496, 1990

at Elevated Temperature”,

5) Elber, W., " The Significance of Fa- tigue
Crack Closure ", ASTM STP 486, pp. 230~
242, 1971

6) Suh, C. M., J. J. Lee, Y. G. Kang, H. J. Ahn

and B. C. Woo, "A Simulation of the
Fatigue Crack Process in Type 304 Stainless
Stee] at 538C", Fatigue Fract. Engng.
Mater. Struct.,, Vol. 15-7, pp. 671 ~684, 1992.
IR, FEMRG,  BRREEMOR S EBGE
REGAE 2T 4 ", JHPL Vol. 24, No. 3,
pp. 115~123, 1986
Murakami. Y.
"Interacting Dissimilar Semi-Elliptical Sur-

7

~

and S. Nemat-Nasser,

face Flaws under Tension and Bending”,
Engng. Frac. Mech,, Vol. 16, pp. 373~336,
1982

9 & BB Wt Fb BITE, “EE KER ST



72

10

H
&

13

=

._.
s

15)

2o KT - BEET AlEdol el 3k BT
KEEEBER G SCE, R18% B34%, pp.
716~728, 1994

ARG, AUk, REH HFIUARK, M
25T B AT > U AR KE 5RO 55K
[EFME", k4%l ¥34-344, pp. 500~504, 1982.
Shahinian, P., Smith, H. H., and Watson, H.
E.. "Fatigue Crack Growth Characteristics of

e

U,

Several Austenitic Stainless Steels at High
Temperature”, ASTM STP 520, pp. 387~
400, 1973

L. A, the
Elevated Temperature Crack Growth Behavior

James, "Frequency Effects in
of Austenitic Stainless Steels — A Design
Approach”. J. of Pressure Vessel Technol-
ogy, Vol. 101, pp. 171 ~175, 1979

Hour, K. Y., Stubbins, J. F., "Fatigue Crack
Growth Behavior of Alloy 800H at Elevated
Temperature”, J. of Engineering Materials
and Technology, Vol. 113, pp. 271 ~279, 1991
tr Edg, £ FLK, "2.25 Cr-1Mofie] #F2 &
o LEel FEl JLeny MRS, ST
UEberdE BTG, WIBE pp. 104~ 110, 1987
B OB BE E, ZF T, AR Kkl
Al B RSk KGR Aol o) R LR

el e

o

R

T3 W, REESHEE ST O, ML W
25%, pp. 191~197, 1987

Murakami, Y., Factors
Handbook”, Pergamon Press, Oxford, 1986
Newman, J. C., Jr. and Raju, I. S., “Stress

16) "Stress Intensity

17

~

Factors Equation for Cracks in
ASTM

Intensity
Three-Dimensional Finite Bodies”,
STP 791 pp. 238265, 1983

Paris, P. C, and F., Erdogan, "A Critical
Analysis of Crack Propagation Laws”,
Trans. ASME, J. Basic Eng. Vol. 85, pp. 528
~534, 1963

Tanaka, K., Matsuoka, S., Schmidt, V. and
Kuna, M., "Influence of Specimen (reometry
on Delayed Retardation Phenom of
Fatigue Crack Growth in HT-80 Steel and
AB0B3
Fracture Research, Prints of the International
Conference on Fracture(ICFS),
France, Vol. 4, pp. 17891798, 1981
WEFEOL, A5 B, RIS, okl Tk
PO R 55 S B B IE B S SR T
O EFUEIRGUY & B ANED, BB Vol 33,
No. 368, pp. b60~565, 1984

18)

19)
ena
Aluminum  Alloy”, Advance in

Cannes

20)

- 72 —



