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Creep-Fatigue Crack Growth in 2 1/4 Cr-IMo Steel (ID)

Isamu Nonaka*

Masaki Kitagawa*®
Abstract

A series of experiments were performed in order to clarify the creep-fatigue
crack progation behaviors in 2 1/4 Cr-1Mo steel and Mod. 9 Cr-1Mo steel. The

following results were obtained:

(1) The creep-fatigue crack propagation rates in the aged 2 1/4 Cr-I1Mo steel and
the previously creep damaged 2 1/4 Cr-1Mo steel were characterized by AJ and
L. And the crack propagation law of these materials was equal fo that of
the virgin material. The creep-fatigue crack propagation rate of the virgin
material at 550 °C was higher than that of the virgin mterial at 500 °C

(2) The creep crack propagation rate in the previously fatigue damaged 2 1/4
Cr-IMo steel was characterized by J'. And the crack propagation law of this

material was equal to that of the the virgin material. The creep crack

Work performed by Ishikawajina-Harima Heavy Industries Co.,Ltd, ﬁnder contract
with Power Reactor and Nuclear Fuel Development Corporation

PNC Liaison: Isao Nihei (Material Development Section)

%: Matallurgy Department, Research Institute, Ishikawa]ima-Harima Heavy

Industries Co,, Ltd.



propagation rate of the virgin material at 550°C was equal to that of the virgin

material at 500 °C.

(3) The creep-fatigue crack propagation rates in the Mod. 9 Cr-IMo base metal
and the weld metal were characterized by AJ and AJc. And the crack

propagation law of the base matal was equal to that of the weld matal.
(4) The creep crack propagation rates in the Mod. 9 Cr-1Mo base metal and the

weld metal were characterized ber’. And the crack propagation law of the base

matal was equal to that of the weld matal,
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Table 2.1 Test program.
. Temp. Hold time
Material Mode . ) Unit
(°C) (min)
Creep-damaged 0 .
Dc=0.2, 0.5
(e ) | 00
Fatigue crack
GESC ] 0, 10 2
propagation
2 ¥Cr-1Mo Virgin 550 0, 10 2
Fatigue-damaged
500 30000 2
(Dr=0.2, 0.5) Creep crack
ropagation
Virgin propag 550 | 18000, 60000 | 2
Rase metal
S _ 0, 1, 10 3
(Virgin) Fatigue crack
Weld metal ropagation
o propag 0, 1, 10 3
Mod. 9Cr-1Mo (Virgin)
500
Base metal 0
(Virgin) Creep crack
d P ) 18000, 60000
Weld metal propagation 5
(Virgin)
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Table 3.1 Chemical composition, heat treatment and certified
test results for 2%Cr-1Mo steel plate.

(@) Chemical composition

(wt%)
C Si Mn P S Cr Mo
L— R34 | =0.15 | =0.50 | 0.30/0.60| =0.085 | =0.,035 | 2 00/2.50| 0.90/1.10
B E
Fry 75| =015 | =0.50 | 0.27/0.63| =0.035 | =0.035 | 1.88/2.62| 0.85/1.15
L— K3tk | 0.15 0. 27 0,55 0, 010 0. 005 2, 39 0.99
HERRER
Feowomth| 0.15 0,28 0.55 0.011 0. 005 2.38 0.98

(b} Results of heat treatment

BEs L BEbLEL

S (&3 #’E O R A BE (C (GSEl! Al ik

PR 920-940 3HRS. 25MIN A. C. 710-730 GHRS. 25MIN A C.

(c) Certified mechanical properties®

B3l E H OB BB
B F
0.2%W7A | SIEEMEx (B | b W L3I F— | BEEE
kg mn®) | (kg /m?) | (%) | (%) (kef - m) {mm)
#H % =32 =18.0| =450 gEhiz L =6.9 =0, 89
&
EX RT 44 63.2 20.5 | 68.6 FhizlL 18.7 —
e
H

* 895—710°C X B HRS. GEMIN. F. C. © S R BMIELREERE

(d) Other certified test results

AR e “HERE | BEREGERS

8.0 Good Good Good




Table 3. 2 Chemical composition, heat treatment and certified test results

for Mod. 8Cr-1Mo steel plaie.

(@) Chemical composition
(wt?%)
C |Si|Mn| P S |Cr|Ni|Mo| V| Al | N | Nb
L— K 0.10]0,39|0.42| 0.014| 0.001|8.7510.06|0.97|0.21| 0,012 0.0505| 0,089
Fzw#  |0.10]0.39|0.41| 0.013| 0.001|877|0.06(0.96|0.20| 0.011|0.0502| 0.087
(b} Results of heat treatment
1050°C x1.08h, A. C. (X755 L)
780°C X 1. 42h, A. C. (BEd & L)
T40°CX8.4h, F.C.(PWHT)
(¢) Certified mechanical properties
HBREE 0.2%MAH 5 | AR X o gsigna s
(kgt/mm®) Ckef/mn®) ) (%)
48.8, 49.9 67.7, 68.2 28.6, 26.0 69.8, 69,0
RT
52,0, 52.2 69.2, 69.5 96.8, 27.7 68.6, 68.6
(b} Other certified test results
EEBNED (%)
HaEhiRE SERE TiktEs
AYA47|BEA4T | CraT
7.0 B B 0. 008 0




Table 8.3 Welding procedure.

Mod. 9Cr-1MosH
HFEME [RIFFHEE
(ASTM A387 GR.91CLASS2)

B % 2 K HRE2ET 5T &,
EERSE _ MFiEE
TR Tk T 1 GE#hisE
R WHTGS—9cd (74Y)
B E (mw ®1.2
B/ it (A 150~250 (E—2) . 100~180 (N—2)
g E V) §~13 (K—%7) | 8~13 (X"—=2%)
# B (an/min) T0~130
ABE (K]/em)
¥ # (0 150 CElE

S 2ERE (O

B o 3 E#dE ; 200 ~ 250°C, 1hr

PWHT ; T740°C x8. 4hr
i # T |
BB E M 1
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WA SNMIT S,

(8) BEHEEXLDS0CEH 550CTD Y Y — T HEF W RITHEEEBS
MMZLT, S00COEREHET S,

4. 2 ABRFE

B DILFERS, BAEE X OREMERBERIC SO TIEEEC, Table
3. 1IZ Lize BRIMIZDWTI, BAMIKGERTF v 77—V v/ E%
T-oTHRIEL, T/, 7V —-THEMIIODWHTIE, FRICHEDKRHEZ
Ty ) —TEMAEEZ BRI HGITRBR 28R L,

AREBOBEAFIg 4 1IIRT, SEEIRERRAT V¥ v VETH
Ell. RBFOENS, BERWAZEKEL, IROETH lmDE I AIC
EEEULRY - FRICKDEEARIE L, BEASSHEXZEHTS
FBIcTa v vOREA NV, £, SRRITEELAEHTEHD0D/
S A =y R BT, TIROETH 5 mD SZBHOEMANE Ui,

ByRBEORRAEFie 4. 21, 7V —7TEZRBRFOER AT ig. 4. 3
RS Iy, CCTT, #MIMUREBKENLL/, BEHABRR DA
HUIREE 2m, 7)) —-7TEFERFOMHAVURERI 4mTH S, k72,
70— TERRBRIITIE, PR Y U IHIEESBRENDEREOE D EE
2T, ¥4 RZ—TEMI Ui,

RBRIIAKP, 500CHELT 550°CTiThbhi, AMIIFHESMET, &
HEURZOBARTEATRIUHZAR, 7V - TEFIRCEOEE
LBIRRAWMEFRFOEBEFETH 5, RiIFFHEIIL 1ninTh 5,

EHSHUCITHEELZRBETA-DDONF5A—4 L TH, RATTRT L
512, ROEBLIMAEREATEZR,

ANJ=AK:/E+Sp/Bb
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ZIT, AK IS HIERBEEH, E: Y 7%E, B :#WE, b:UbA

Y hEE, Sp:  HE-SRITREOEMLOBEMENINSRDSNBZ LR

W¥EF— Fig. 4 4 28RO &, )

T, 7V —TEFESBEEEEZEHETLIHDONITA -7 E LTI,

RAXTHRT LIS, 7V-FIJEABEHEAT . RV
AJe=[Ca—1) /(a+1)] 6a.. AS

ZIT, a:NortonRliZE I BICNEE, 6...  ERETEIEH, AS :

MERFFTOSIRANERMLOKES (Fig. 4 42RO &, )
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SREILBVELHOBBEEFIg 4517 T, SREEEER, 7V
—7#8%E 0.5>7 ) —THEE (.2>0KHDOETH -72, Fig. 4. 612,
SHCETEELEHEIOHERETRT, A—DSHEIIINT S E8EIE
BES, 7)V—7HE 0.5>7 ) —-THEBE .2>0LHDETH -7, &
72, Fig. 4710, AJESEEIOHBRETRTY, A—SHEIIHTS
AJORZXD, REOWETh 7o, SBEEEELATJOUEFLAE
Fig. 4. 8 IZRT, Fig. 4. 6 LPig. 4 THSFREINB LS, 2V —7#H
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RIF—B Lo —F, 7V —7HREHMOBEEPhoto. 4. 1 ~4. 3127,
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ETH B, | |
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Table 4. 1 Results of fatigue or creep-fatigue crack propagation test
for 2 Y%Cr-1Mo steel.

. Temp., NG tu N a,*? a*? side
Material R _ Sp. No.
) (kef/mm?) (min) (eycles) (mom) (mm) groove
-damaged
Lreep-danage 4450 0. 960 1,623 FCC606
Dc = 0. 2
Creep-damaged
prdamed 38 2768 0. 970 5.533 | with out | FCCBOT
De. =005
500 {
8390 0. 965 5. 559 FCC601
GESC
36 10 2035 1. 965 5, 495 with FCC604
12620 0. 478 5,095 FCC536
24 with out
Virgin 550 —1, 267 15744 0,472 6. 162 FCC537
32 -1 10 685 1. 960 3. 778 with FCC569

(Remarks) 1

B without SG sk 2 Initail crack length, # 3 Final erack length
/A6 =P/(BeW)

Bn
with S§G

A 6=P/(ByeW)
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Fig. 4.1 Testing apparatus.
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Fig.4.2 Specimen configurations for fatigue crack propagation test.
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Fig. 4. 5 Relationship between crack length and number of cycles.
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Crack propagation rate, da/dN (mm/cycle)
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Cyclic J-integral range, AJ (kgf/mm)
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Photo. 4. 3 Observation of fracture surface by SEM (3).
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Photo. 4. 5 Observation of fracture surface by SEM (2).



. Photo.4. 6 Observation of fracture surface by’ SEM (3}, SR
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Photo. 4.8 Qbservation of fracture surface by SEM (2}. -



Photo. 4.9 Observation of fracture surface by SEM (3).
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Photo. 4. 11 QObservation of fracture surface by SEM (2).
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Table. 5.1 Results of creep crack propagation test for 2 ¥Cr-1Mo steel.

. Temp. Tnet, 0 te iy adr

Material C) (kgf/mn?) (h) (am) Cmn) sp. No.

Fat ig“f;}dg‘"aged 95.65 | 502.59 | 1.894 | 5.425 | FCC608
F—J.

500

F“‘g“?édg“‘aged 96.0 | 379.73 | 1.984 | 4.841 | FCCB09
r=U.

19.0 388.3 | 1.9935| 5.332 | FCC5T1

Virgin 550 92. 0 140.7 | 1.9945| 4.926 | PCC570

24. 0 75.5 | 1.9605| 4.703 | FCC535
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Fig. 5.1 Testing apparatus for creep crack growth.
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Photo. 5. 2 Observation of fracture surface by SEM (2).
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Table 6.1 Results of fatigue or creep-tatigue crack propagation test for Mod. 9Cr-iMo steel.

. Temp. Aag?! ty N: a, ¥2 ar ¥4 Side
Meterial cH (Kgf/mm?) R (min) | (cycles) (mm) (mm) groove sp. No.
50 3504 0.978 4,231 9CR114
-1
10355 0. 982 4, 481 with out 9CR116
Base metal 44
(Virgin) ' — 1,316 15475 0.973 5.818 9CR117
40 1 4447 1.971 5. 650 9CR101
with
44 10 2404 1. 978 5. 034 9CR102
500 -

48 15436 0.975 5.246 | with out | 9CRi32
—1 26857 2.186 5,798 with 9CR144

Veld metal 1
(Vergin) . 1059 2.310 4.827 | with out | 9CR133

44

' 532 2. 310 5. 001 with 9CR145

i0
1175 1. 756 5.123 | with out | 9CR134

{Remarks) %1 2 Initial crack length, %3 Final crack length
B without SG
A o =P/(B=W)

}-BL‘( without SG




Extensometer

4

(Messurement of F.M.P.)

AMP. Digital
. voltmeter
X-T
Recorder
—— \)
- —
Stabilized
DC current
. supply
P

(Measurément of crack length)

Fig. 6.1 Testing apparatus for fatigue crack growth.
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Fig. 6. 2 Specimen configurations for fatigue crack propagation test (1).
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Fig. 6. 3 Specimen configurations for fatigue crack propagation test (2).
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Fig. 6.11 Relationship between AJdp/AJ, AJe/AJ and crack length.
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Fig. 6.13 Relationship between crack propagation rate and creep J-integral range.
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Fig. 6.14 Relationship between crack propagation rate and creep J-integral range.
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Mod. 8Cr-1Mo steel, 500°C
Ao;=44kgf/mmz R=—1

SEM Fractographs

Initial notch- =|= Fatigue failure r—I’: Rapid failure

Photo. 8.1 Observation of fracture surface by SEM (1).
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Photo. 6. 3 Observation of fracture surface by SEM (3).



Fracture surface

Mod. 9Cr-iMo Weld metal, 500°C
Aoy=48kgf/mm2 R=—1

Initial notch ‘:E= S - Fatigue failure

. Photo: 6. 4-Observation-of fracture surface by SEM):—— =




Photo. 6. 5 Observation of fracture surface by SEM (2).






Fracture surface

SEM Fractographs

Mod. 9Cr-tMo steel, 500°C
Aog=40kgf/mm?2 R=—1
ty=1min

Initial notch =|l= Creep-fatigue failure

Photo. 6. 7 Observation of fracture surface by SEM (1).






Photo. 6. 9 Observation of fracture surface by SEM (3).
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Photo. 6.11 Observation of fracture surface by SEM (2). :



Photo. 6.12 Observation of fracture surface hv SEM (2



Mod. 9Cr-iMo Weld metal, 500°C
Aoy=44kgf/mmz R=—1
ty=1min

Initial notch ,f: creep-Fatigue failure o Rapid failure

Photo. 6. 13 Observation of fracture surface by SEM (1).
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Photo. 6.15 Observation of fracture surface by SEM (3).
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Photo 6.16 Effect of the side groove on the shape of crack front.
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Table 7.1

Results of creep crack propagation fest for Mod. 9Cr-1Mo steel.

Meterial Temp. Oner. 0 t ap a; sp. No.
) (kgf/mm?) (h) (mm) (mm)
38.0 474 2.020 4,553 aCR104
Base metal 40, 2 272 2,609 4, 959 9CR105
500 36, 83 082, 1 #2675 5. 230 9CR106
39.9 262 $#:1. 375 3. 864 9CR146
Weld metal
39. 45 516. 8 1. 802 4, 635 gCR147

MTEHREA




AMP. Digital
voltmeter _Tl“
X-T
-| Recorder 1
> .
Extensometer —— )
Stabilized
current
supply
P
(Measurement of F.M.P.) (Measurement of crack length)

Fig. 7.1 Testing apparatus for creep crack growth.
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Fig. 7.2 Specimen configurations for creep crack propagation test.



Crack length, a(mm)
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Fig. 7. 3 Relation between crack length and time.



Crack propagation rate, da/dt(mm/h)
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Fig.7. 4 Relation between da/dt and J'.
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