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An Experimental Study on Creep Crack Initiation Behavior in 304
and 316 Stainless Steels
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Abstract

Crack Tip Opening
Ductility (1A =)

Creep crack initiation behavior in 304 and 316 stainless steels at 600°C and 625°C respectively

is studied. Crack initiation time (¢;) is measured as a function of various fracture parameters, and

compared with the time which is theoretically predicted from crack initiation models based on the

critical strain failure criterion. It is shown that ¢, for the stainless steels can be correlated with

C* integral. However the ¢,-C* relation, measured from experiments is not in full agreement with

the relation which is theoretically predicted. It is also shown that the critical value of crack tip

opening displacement at the instant of crack initiation is not constant. In order to explain the

results, a crack initiation model based on the variation of creep ductility with strain rate is

proposed. For the materials we used, the model is shown to be in reasonable agreement with the

experiment.
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B Ct o FAY A (7))
y 8t ZTAY A4(A (6))

wr AT EY (14)o FolA 8 ¥4
1. A &

Ak 2097 279 =A%) #9 Ao A} @
& A7 4950 gk 2P BEEe dFe
28 F49 A (creep crack propagation)el 23t

Hold s =38 Fod 4 A(creep crack
initiation)oll W& AT+ =2 BA et =¥
st3lo] gl F9 dAe]l A FAHA edgd
ot 2 =AML THol HE AR 2
A3}7] e Eoll ¢ LAt 2 e F2E A
o] A A3EA d2d U= 2 Az 2
J Aol AL A, AE Lxu 27 5
2L g5 2o AR Ave 29 9 AA
Gx7t Addoz gt 2¥y 4 Pl T+
259 A ulA e G| AAA Huz F
Q Wl A meisl L7,

2y 2 ¢4 EAAE A, 2y 79 ¢
AL Aujst: 33w ¥ 4 (fracture parameter)
= FAdsh, EA, 2y Fd $A Az(crack
initiation time) 2 o] &Aoo 7 & 4 glEsist
Fd DA Sdel Heh 2Y T wAd AE
AYH A7l o 4 =27 F9 AL A
e g viAHsZE TEAE w4 (CTOD)
@0, SHAREAL (KO, CHAEN Sof g,
=% 23 F9 B4 ADE oAz o3|
& Alakd 2ul g+ Vitek®W3l Ewingt®o]] 2] sj
Ajot®x BCS=dl, Riedelz Rice'¥¢e mdd -7
T Ainsworth®s] =el Eo] glc},

o) =ol o] o]EAoz )53 27 F
d 4 AL A9 As 3 dHFHIE A
Gaio gy A golg Holt ATE ot
g AdelA doldl ‘2 FH LA Az
3} w2 FAIL o|EH oz dEE
Aok zol7b e A+, T wA Ao A
#He A3 dFeR e AE ol xasHg
0wt 28 9 G $3% CTODe
GAFe]l 27] % 2A6 uta) Wl ALE o
2] AY ATl FAY 4+ Yo, o)y A
g Az} o] 84 2o ol&E Al Aol E

(7~10)

9 f-d &g

RolEx o]f24 Diboine®} Pieneau®g ‘A}3}o)
g e d4=e W HAFIE Bz,
Maas®} Pieneau®:= ‘27 3% 93 #49 A=k
o T3y WY E S0 ohE Aao dY=E H
B dEd Aoz 259,

£ =F W“ WAL £AHZ go] 2olm ).
Lt 304 A AR (G2 E 304582 T
31628l 27t (o2 316SSEZ Br|dhel a
3 F9 ¢ AEES 27 600°Ce 625°Coll A 24}
gl o] ¥ WAL w37 (reactor) o] Al
== 3045529k 31658Se] W gxolck, & 304SS
oF 316589 =2y ¥4 LAL AvlshE =t A
Wzt FollAst a8 sl AYE Esfed 244
et A AdE ol Aatso Y= a"d &‘é
WAl 2ol A °ﬂ H Azlet vimgr,
5SSz} 31685 mefiAe] dAEs} HEYE ~=ri0ﬂ\
vle} wWale elA glgims B o4
= g Az d4x59 W
AT T4 ‘M 2e’g Agksln, = =4
AEF I w4 AFE AY Aoe #udo,

_.4
O
=

4}} >1 r

21 A @ H

AgHe] AAL 04SS9} 3165Selth, AH 2=
£ 304552] 7 600°Ce]x, 316SSe 7% 625°C
oich, MEE I AEa, AFY 2z &
A% 7} Table 15 Table 20 Z+2 F A= o] 9z},

Table 1 Chemical compositions of 304 and 316
stainless steels(wt %)

Element) C Si Mn P S§ Ni Cr Mo

304 SS |.06 .38 1.48 .03 .022 8.3818.48 .44
316 SS |.05 .46 1.46 .03 .024 10.3716.54 2.13

Table 2 Material properties of 304 stainless steel
at 600°C and 316 stainless steel at 625°C

304 SS 316 SS
Yield stress(MPa) 108 167
Tensile strength(MPa) 374 427
Young’s modulus (MPa) 151900 151900
Creep coefficient (1/sec) 7X107° [1.7x107¢
Creep exponent 6 8
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Fig. 1 Geometry and dimensions of the compact
tension specimen

AgA-E 268 A7 vl(stainless steel bar,
100X 100X 3000mm)ofl 4] LTHlaro 2 ) stgich,
AlgHe P4 ZAYE JAY (compact tension
type, CTAI g d)e 2 Al FdHx, 4-&(room
temperature) ol 4] ¥ 2 (fatigue)ol| ol8] oju|gAd
(pre-crack) € HAAZ ', Fig. 1€ AgAHY
Y43 2715 Jebd 2ol

Age #uy AHslEs =28 A¥ 7] (lever-type
dead-load creep test machine) & A}&3lod oA
3% A¥ (constant load test) o 2 st A1y
9 354 ¥4 (load line displacement) = <] A&l
4| H (extensometer) & Al2-3le 2A3 A1, 3}
Z2 AYrlel 23x 2 Al(load cell) = &3}
doth. 79 "Ade A 73hH (potential drop
method)®@o.2 &35t Algde] AHsjzrs
AR+ 304SS9 7+ 1099 o] (ampere) G2,
316559 A%+ 5¢vloigch, AF+ DC A" ¢
#71(DC power supply) & AH&3ted dAsA 4
ool FFHAS, AFY T3 Ak ey =
e SAste] AdHY QA e AL 2wql
B2 Al (stainless wire) & Al "ol &35t AL
stk 714 AFE Fig 19 Ides TFsig
3, AgHe] AQl W= Fig 19 0AolA &4
et 79 AAo) 93 AYge Frslake DVM
(digital volt meter, Model : Hewlett Packard
3455A)¢] 2% GPIB = (GPIB port) & %4
16¥]= 91§ = F ¢ (16 bit personal computer,
AT)el AAsIdct, & AgolA A&d A} 7
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Table 3 Specimen thickness (B,), initial loading
conditions (P;, K,), and some data at the
instant of crack initiation (g, (C*),,
(6:):;). The symbols of C4 and Cé6
represent 304 stainless steel and 316
stainless steel respectively

Specimen B, P; K; Lo(CY)] (80

number  |(mm)| (N) [vm')| (hr) (N/m/sec) (mm)
C4-1 9.79{ 7922|36.42| 57.8/0.050( 0.15
C4-2 9.99| 8545/38.85| 31.4/0.110{ 0.16
C4-3 10.04| 8431/38.25| 39.2/0.115| 0.22
C4-4 9.98| 8957/39.83| 22.2(0.179] 0.18
C4-5 10.05] 9192(42.44( 23.8{0.184| 0.20
C4-6 10.00] 9320{42.87| 26.3]0.156} 0.19
C4-7 10.09] 7117{27.12|153.0{0.014] 0.12

C4-8 9.95{ 7327)31.93|106.7(0.021| 0.13

C4-9 12.25(10264)|34.79| 83.4(0.032| 0.15
C4-10 24.9124879145.21} 15.2(0.332 0.22
Cs-11 6.08| 5709143.53| 21.9(0.208| 0.21
C6-1 10.00| 7350|36.64(203.3(0.028| 0.20
C6-2 9.98] 7920{42.70; 97.9{0.112} 0.30
C6-3 9.96| 7120135.06|350.2(0.014| 0.15
C6-4 10.02] 7691(38.77|117.7/0.060| 0.25
C6-5 9.92| 7720]38.45/180.4(0.040| 0.21

el o8 24" £ e HAx F9 AR
20pm3Act, APe = W 50mmolm, >
TArlE 304589 A& oF 0.5, 316559 Aox
o 0.622 A, AgH 54 B.E 304559
¥+ 25, 12, 10, 6mme] vl 7R 2 sgon,
316559] A%+ 10mm= 3}gich, Table 3= %
A B, 7| 3% Pio} 27 $Y¥REA4E Ko}
F Ao g},

£ dFeAE Ay zAsed FA vy
Tdol 100pum AAHRL Wiz Ao, o 2
ol & AyolA A& AHze YA =27 (grain
size)oll 3|3l oz A Aado] oa) 22
8 A" 5 gle okolr),

22 i3 ofsfe 4
T WA A7 desHE o3 dspwssy
SHAEAS K, JAE, CHE, net stress one

reference stress grer, 22| CTODEL =alstgd
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Ot B b (—a/ WP w
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CTOD 8, b FAL22 Asighetes,

2)
Fla/W)
AR

aed
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74 g &8 &3, ¢+ A3 dn® Shih®e
s FoiA agx Be ad A4
(creep coefficient) o]}, 4] (3} oo 4 4
Aog ZAHE H g4 27| Aldue] Ao
o #Alsle] gl iR 27 (extensive creep)ol
el fx Aol

éij:% % [g_:]n 1‘0';;' {4)
o7l éut W¥E £=, oy HAEH, Ex
Young A4, a3 #ne& 27 A F(creep
exponent) o}tk Al (3)9_ A4sl CTODS =7)
€ o F kA 98 gHez e CTODY
dob wama, A4 Pde w9 99 99
{crack opening displacement, COD)2] &3 o =2
CTOD2 z7& AAsE ‘&4 IA 44

(plastic hinge mothod)®222olx} o] ulwlol] o3l
CTOD(Zo 2 ¥ 8.2 F71)E I8 Aoz 4
AFS £fe9,

_[ro(W—=a)+(a—a)

6“"[ . re(W—a)+a J
X (3= 6o (5)
A714 & COD, rpv A A4, gt 27
4 o], ie A¥d 49 FHoivt, CT AY

Hell Nl rv 0.45, A¥ 2.58 AT, E4
uale a2y AgFe Aol CTODY =75
A 2A3= ‘Fe ") A o“‘"(optlcal micros-
copy method) o]}, #98 Ae o] £
= Fheletol] ol AfRl %%51"%, o] whel wl-g-2

9 & &

50 ek, EAHR F CTOD(S,) rol A 271315l
213 CTOD(80) o5 Wl FE 8e-n(=(8)r—(84) 0]
Lz Agdd, 4 37 4 5= A CTOD
St Sipollw 27 tFo 2d 27 CTOD §,7F
wpA ol Sivketsd 27 el oAs) Aol W
A olFol FA" dojyE A& CTODE
AR wFolt,

T4 AA dFA WY &=V,
CTOD%= 8.5 #A74 % AAY Ja—A7 F
A, dFA 9 VA% F4, =28z CTOD-
A7} FAlA 74wk (seven point method)©@VE:

Argstel Aakssle,

4
S a,

3. Z o

Fig. 2= 304589 C4-5 g9
AY AZkel ds] 2@ aFlelr
AZRMA WY A ez Fo F,
nAe A A¥Hez Frstm, BH olFd=
FAS Frhshe A%e wdd ARARY A
Aol A WY Frke 27 5 o w
A |4 E—‘i%«] A3 14 2y dde B4
of AR, AN BHARAE 228 27 o
ojo] iks o] Al" ddez, BE AP A3y
o] ol FU WAl AFHe] ALY}, T
o A A ol sinl A7k (failure time) ¢y
i WE (/L) 304859 AF o 40% A,
31655 7% °F 30% et
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Fig. 2 Variation of load line displacement with test
time for C4-5 specimen. Here ¢, represents
initiation time for C4-5 specimen, 23.8hr
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Fig. 3 Three kinds of CTODs, namely, §0), 8:-»
(¢), and 8, {m) vs. the amount of crack
growth da for C4-6 specimen. Here §, is the
CTOD given by eq.(3), 8.-, given by eq.(5), and
O¢-m directly measured from experiments.
(da)umax is the maximum amount of crack
growth.

a7 o2 A3 F, SEMe| & giie] zAH
ok, ZE Al Al FArkd-e gA ] &
Ae vgxm, 9 A $2olA 27 &4 (creep
damage)o] 938 w4 <L (micro-crack)e] H#HAE
Holoh, =g 27 35 o9 ¢ A< £3
st 23 Ho o FaHel FF A F3el
g3 FAH ®my & 2r)e 2EHA 99
(stretched zone)o] §F4 AukofA JA =l

2 dFoAE 4 3% AEstd CTODS =z27]
£ AAsAr o Aoz 73 CTOD(S) = ‘&
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3% de)7d woz 245 CTOD(8i-n) ot M
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o moigkel % 2s] el ¥ e a:,
EG 5ol YU TN FAHJS AT
ez gAde, 2@, 9 A8% golxd
Sk Sumih MET FE ZAT Syt S0l W
0% AE FHEAoRch olAe A (5ol e
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Fig. 4 Relation between initiation time ¢, andthe C*
integral at the instant of crack initiation (C*);
for 304 stainless steel at 600°C(c) and 316
stainless steel at 625°C(A).

4 (322 A" CTODE el

4 28 A L& K, ], C* G, 282
gret &3 A2 o8 g oipdEore Ao 27
b 2A8 9, 2 A3}, 304SS3 31688 mFo A
A ok CrHEY Fo A WA Jebget
Fig. 4% 304SS3} 316SSell ®i# #,—C*9] AL
vtebdl a#elth, oA (C*) e T wAAY
C* A4 9] gholtk Table 30l #:9 (CY.8 %t
o] ZA|=lo] gith, Fig. 40) uebd 44— (C*). 9
FAE chgd o] AYF 4 gl

(C*): » t]=constant

A7A yv Y AFEA, 3048S9 ALE vy
1.380] 3, 316SSe] 7$+E y=1.559) #e %
o}, 304553} 3168Se wHEt yof & =2y g9
Td 2AE A o Agdle 44 Aol X, &
100pm S Alel 50pmit 2004mz 3l = ZA W

—
[=)
=

4
o e 1t

fru

= okgkch, =3 304859 A$ 4—(C*): A
oA AlgH FAle &I (6mm~25mm)E 543
RESIPIIII L

304SS3  316SSel g Fd LAAlel QA

CTODZ (8¢):°1 Fig. 5ol viepd Qled, =@ v
Ebt whep Fo] Fd @A Ae oA CTOD L
dA g 2A Ln 27 sFe Fted wg
Zstste AL Bolm Yok, Fig 59 t— (80

o BAE o3 Zeo] HHE + Yl
(84) s+ t#=constant (7)
71A gL Ay A4= 304589 ALE £=0.25
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Fig. 5 Relation between initiation time ¢; and crack
tip opening displacement at the instant of
crack initiation (8,); for 304 stainless steel at
600°C(0) and 316 stainless steel at 625°C(A).
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Creep crack growth rate vs. C* integral for
304 stainless steel at 600°C.

Fig. 6

=3 ol S Lol wlE (L/H)-E 304589 7A¢
(n=6, »p=0.550)% & 46% =, 316SSe 7¢
= of 48% ATt °lRL 304SS3 316589 zF F
o gAY §FE Awel $£HAE Avfde T
WAE4s C* AEUYL HeoFE Ao} o
Ade sIFA WYrt Azl s AdgH ez W
e doelA T Aol Aot AW A
(Fig. 2)9} dxgeh, 79 L4E Auste =74
Wyl C* ARejuz ¥4 AA AssE C* FE
o o3l Aed 4 Jx sHsAel U 304557
316559 2% #9 AR £x9 oz 35 s
gote] A #AE =AY A, £ Ag =F
C* A4 CTOD 459 £2 Ad a4E 89
o}, Fig. 62 304580 )¢ 27 #49 AA 49
C* HEzto] UAE eld 2Folth, C4-73
C4-8 APl F AAFo] v ol 2N
Azra gk, dlolgzke <fzte AEXE Relue
A=k, Fig. 62 304SSe] 2¥ #o AHd AFE
C* Ao 93 71T 5 Y5 BAgFET,

qA HBE srzZled o 2y 4 ¢4 A
el Aul"ddn sbgsld, 4 (pleE FEAEE
E—(C"; BAL A5 y& (n+1)/ne] FY,
ulebA] 304SS(n=6) A¥ y+ 1.17¢]3, 31658
(n=8)9 7% y& 1.13o|=h =2y} Fig 40 b
ehuk wlel o], Algelx EHAH yo FL 30488
o 73¢ 1.38, 316559 7% 1.55%, YA #HIE
gtz A6l ola] o &= 3 o] Bo|z gt
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Ay Aztol oA HPE FAdzAel 3 «5H

Azpstel ol fi—(8): BAANE vhehtm
ek, AA WYE SzAL AAoz U

CTOD stgt zA% 4AFoa® Fd 449
oA CTOD & &7 8% 27| FdsiA o4
AMG g shAol &t AL A (D= 4™
E— (80 BAY A4 BY ol noll AAgle] 0°]
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o W3, & 27| 3% =79 wgel dis Wx
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£+ A HEE skzAel =2 wdepde a¥
staje) AL 4 givte AE A FEH,

oA o] el & vt A WA 23|
2z, A HEE Skzde 2dg g $49
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AA % (ductility) 7} A F FE sHAF dek, o
AL dAEr} Wate AE 246 e o
A d¥E gdzAE 48 4 gcke A& 9n)
god, 2W 2AGAN AEEE Ay AMEE
HYPE S50 w2} HY 5= Yot Ao A
grpuriessie) W g Lxo wel AR AAE
7t Mgt R 9 A4S JYebe A 24
o] Wy E ub oje} HWYE $E9 JF= U=

£ AL dn|@gr}, gk 2] HPYE L9
dgg Wwe 45 dcte AL Riedel®™ ¥ oj3)
AE 2usE Fo) gith, Riedel®#® il A#
7] (diffusive growth mechanism)ol] 2|3} =&
o] LAT AL, P& Y FFEAAE dA
WY E sdzAel g8 2y F9 DAl e
Ant, L 8 £FAME o 4=9AHY A b
o] dojtg HATh o] AFAE L TH FF
Ae gt 270 WP E $xb ol $H (=&
HYE £5)9 JFE YietE AE RAFEL

2 AYelA algstE Bl 304SS= 3165S9
A%, 54 H4¥E $= W10 ~107°(1/sec) ]
ol E 459 F7lo we dA=s )
ShE Aol RS, z8] T LdAo] e
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3 316 2saleazdel 29 F9 A A5l BY 49H AT

1199
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Dol d X. Bola R eée) ol AARE 7
A o) o wAol Yot BUE A2 Y
a4 x 9 3 = (creep ductility variation
model)), o] 2ol os 23 Fd Aol AW
ok, 4 ()9 4—(C*): FALY Ag ysk A
N8 t;—(8:): BAY A+ pE BEH} #28 &
et

___ntl
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A= n(1—a) 1

B AfAE vlad & 35 £ToA 2¥ I
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HRR S# Aol ZAHez AT X =100pm
Ao HYE £xE oS Be 235 E HAe
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so megt AX=rt wWie {9 (107~107°(1/
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¥E 4EF g & %=constante] ¥ g3,
304SS(600°C) 2l agh-& <k 0.18°] =i, 316SS
625°C)8) ez oF 0.257F AT, o] #HE A
0= A anol oiedsbd 3048Sel AL y=1.42,
£=0.26°]3, 316589 7L y=1.50, £=0.380]
o, o] H%EL AYAA oA g (30455 y=
1.38, £=0.25, 31655 :y=1.55 £=0.41)3% A
73] vl%d gE BodFm Qi

old] Zt rulzie {EsE T LA A7k

< =zAksted 2xl, Riedel® Riced =m0,
Ainsworthe] 2wl09 =gl3 28 dAx HI »
o o9& d&d Fd w4 Azt AL 9w
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