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Fatigue properties of Mod. 9Cr-1Mo steel

—Result of low-cycle fatigue fest in air—

Tomohiro Furukawa®* , Ryuji Komine®*

Eiichi Yoshida*®* , Yusaku Wada*

Abstract

Mod. 9Cr-1Mo steel is a candidate material of once-through type steam
generators for the Fast Breeder Reacfors, and it is required to clarify low-
cvele fatigue properties in air at high temperature on this material for
structural design. So the tests were carried out for three heats (12mmt plate,
25mmt plate and 250mmt forged) on conditions that temparature is 450~650°C
and strain range is 0.4~1.2%.

Results obfained are summaraized as follows.

(1) For cyclic stress-strain behavior of Mod.9Cr-1Mo steel cyclic hardening
was, observed in the early stage, and after that changed to softening to
failure. The behavior was similar to normalized and tempered 2.25Cr-1Mo
steel.

(2) Low-cycle fatigue strength of Mod. 9Cr-1Mo stee! in air was remarkably higher
than that of 2.25Cr-1Mo steel, and almost same as much as that of SUS304
steel. Moreover, fatigue life of Mod. 9Cr-1Mo steel was longer than that of
9Cr-2Mo or Low C-9Cr-IMo-Nb-V steel under low strain conditions.

(3) In the case of Mod.9Cr-1Mo forged steel, the influence of the sampling
position and direction of specimens was nof effective.

These results were reflected to prepare of tentative material strength
standardin 1992.

% Materials Development Section, Systems and Components Division, OEC/PNC
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Table 4 Specification of fatigue testing machine

Low-cycle Fatigue Testing Machine

Type of Lading

Uniaxial-Push+Pull

Capacity of Loading

=+ 5ton

Stroke Renge

Max. 50mm

Control Mode

Load, Strain, Stroke

Loading Weveform

Sine, Triangular, Ramp & Hold ete.

Strain Rate

1. 0%, sec~0. 0001%,~sec

Extensometer

LVDT £0.5mn GL=20mm

Load Cell

max. =10ton

Heating Method

Furnace Heating

Temperature

max. 800°C

Table 5

Low cycle fatigue test conditions for Mod. 9Cr-1Mo Steel

F2 Heat(12mmt)

F4 Heat(250mmt)

F6 Heat(25mmt)

Type of loading

Uniaxial push-pull — —

Control Constant strain control — -

Loading waveform | Traiangular waveform —> -

Strain rate{sec-1) 1 x1678 — —
Strain range(%) 0.5,0.7,1.0,1.2 0.4,0.50.7,1.0 | 0.50.7,1.0, L

Temperature(°C)

450, 500, 550, 600

200, 550

450, 500, 550, 600, 650
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Table 6 Low cycle fatigue data on Mod. 9Cr-1Mo steel (F2)

Hear | Temp { TP No. £ Aet |Aep | Aee | omax | omin gR Nf |Failuer
T %/sec % % % | kg/mm?® | kg/mm? | kg/mm® | cycles | position
HUH6BS { 0.1 | 0.50 | 0.13 { 0.37 | 29.2 | 32.0 | 61.2 | 92178 B
HUH6B7 | 0.1 | 0.70 | 0.30 | 0.40 | 31.6 | 34.6 | 66.2 | 10200 A
0 HUHGA4 | 0.1 | 1.00 | 0.60 | 0.40 | 34.4 | 37.3 | 7.7 | 22874 B
HUHGBO | 0.1 | 1.20 | 0.79 | 0.41 | 36.5 | 35.7 | 76.2 2349 A
HURGBG ¢ 0.1 | 0.50 | 0.16 | 0.34 | 27.9 | 30.7 | 58.6 | 25806 B
HUHGBL{ 0.1 | 0.70 | 0.35 | 0.35 | 29.3 | 32.1 | 6l.4 7432 B
0 HUH6AS | 0.1 | L.00 | 0.62 | 0.38 | 3.7 { 34.8 | 66.5 2546 B
HUHEBZ | 0.1 | 0.20 | 0.79 | 0.4f | 324 | 356 | 68.0 1902 B
i HUHGBS | 0.1 | 0.50 | 0.20 | 0.30 | 24.2 | 26.8 | 5L0 | 15996 B
HUHBA9 | 0.1 0.70 | 0.40 | 0.30 | 26.6 | 29.5 | 56.1 4938 | A
0 HUMGAB | 0.1 | L00 | 0.67 | 0.33 | 27.8 | 30.7 | 58.5 2294 A
HUHGB3 | 0.1 | 0.20 | 0.84 | 0.36 | 26.9 | 29.9 | 56.8 1515 A
HUHGAO | 0.1 | 0.50 { 0.425) 0.25 | 20.6 | 22.5 | 43.1 | 11392 B
HUHGAZ | 0.1 | 0.70 | 0.41 | 0.29 | 21.9 | 228 | 44.7 4272 B
0 HUHGAT| 0.1 | 1L.00 | 0.72 | 0.28 | 21.9 | 24.8 | 46.7 1826 A
HUHGB4 | 0.1 | 1.20 | 0.91 | 0.29 | 22.5 | 25.4 | 4.9 994 B
e (%/sec) : strain rate
Aet(¥) : total strain range
A ep(X) : plastic strain range
Acee(k) : elastic strain range

omax(kg/mm?) : max. stress
omnin{kg/mm?) : min. stress
oR(kg/mm®) : stress range -
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Table 7 Low cycle fatigue data on Mod. 9Cr-1Mo steel (F4)

Hear | Temp [ TP Mo Sampling £ Aet|Aep|Aee | orax | onin R Nf |Failuer
C position %/sec % % % | kg/mn® | kg/mm® | kg/mn® | cycles | position
HMHBIS t/2.1 0.1 | 0.388 | 0.10 | 0.28 | 25.8 | 26.4 | 52.2 | 53876 B
HMHBK2 t/2,1 0.1 | 0.40 | 0.10 | 0.30 | 255 | 25.6 | 51.1 | 79070 C
500 | HMHEK] t/2, 1 0.1 | 0.49 | 0.15 { 0.34 | 25.8 | 26,9 | 52.7 | 35054 B
HMHBJO /2,1 0.1 | 0.70 | 0.36 | 0.34 | 28.6 | 29.8 | 58.4 7528 B
HMHGI6 t/2. 1 0.1 | 1.0O | 0.64 | 0.36 | 30.2 | 3L9 | 62.1 2266 B
HMHGKO t/2. 2 0.1 ’0. 36 | 0.19 | 0.20 | 20.5 | 21.5 | 42.0 | 72230 A
HMHGJ4 t/2, 1 0.1 | 0.48 | 0.17 | 0.32 | 23.8 | 25.3 | 48.1 13779 B
0 HMHE S t/2,2 0.1 [ 0.70 | 0.40 | 0.30 | 24.1 | 25.2 | 49.3 5934 A
i HMHEJ1 t/2,2 0.1 | .00 | 0.66 | 0.34 | 26.3 | 27.9 | 542 1389 B

HMHGAZ | 0/4t, L. outside | 0.1 | 0.50 | 0.18 | 0.32 | 25.1 | 23.3 | 48.4 | 16489

HMHEDS | 0/4t, L, middle 0.1 | 0.44 | 0.16 | 0.28 | 26.0 | 22.9 | 48.9 | 10480

HMHEF6 | 1/4t, C, middle 0.1 [ 0.50 } 0.21 | 0.20 | 24.2 | 247 | 48.9 | 10217

c
B
HMHBES | 1/4t, L, middle 0.1 | 0.46 § 0.17 | 0.29 | 21.9 | 24.0 | 45.9 | 21014 B
B
B

550 | HMHBG3 | 1/2t, L, middle 0.1 | 0.50 | 0.19 | 0.31 | 24.5 | 22.4 | 46.9 | 18606

HMHGC4 | 1/41. Z. outside | 0.1 | 0.48 | 0.19 | 0.29 | 23.5 | 25.0 | 48.5 | 10294 B

HMH6HS | 3/4t, L, middle 0.1 | 0.48 | 0.18 | 0.30 | 22.1 | 23.6 | 45.7 | 17772 A

MMH613 | 3/4t, C, niddle 0.1 | 0.48 | 0.18 | 0.30 | 22.7 | 24.1 | 46.8 | 18018 B

HMHEB3 | 1/2t, L, outside | 0.1 | 0.47 | 0.20 | 0.27 | 28.9 | 25.5 | 49.4 7486 B

e (%/sec) : strain rate

Aet() : total strain range
Aep®) : plastic strain range
Aeel® : elastic strain range

omax(kg/mm®) : max. stress
onin(kg/m?) : min. stress
oR(kg/mm?®) : stress range
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Table 8 Low cycle fatigue data on Mod. 9Cr-1Mo steel (F&)

Hear | Temp [ TP No. £ Aet|Aep|Aee | omax | omin ocR N f |Failuer
°C %/sec % % % | kg/mn® | kg/mm® | kg/mn® § cycles | position
HTHGB2 0.1 0.50 0.18 0.32 30.2 30.6 60. 8 42639 B
HTHGAS 0.1 0.69 0.32 0. 37 32. 3 33.2 65.5 8173 A
450
HTH6B1 0.1 1.00 0.61 0. 39 3.1 34.4 69.5 3596 A
HTH6CA 0.1 0. 20 0.80 0. 40 36. 4 7.7 4.1 1710 A
HTHBAQ 0.1 0.50 Q.17 0,33 28.5 28. 3 56. 8 16615 B
HTHGAL 0.1 0. 70 0. 36 0.34 L5 31.6 63.1 4908 A
500
HTHGA4 0.1 1.00 0.59 0.41 29.5 32.9 62,4 2904 A
HTHBGAT 0.1 1.20 0. 80 0.40 3.2 33.4 64.6 1597 B
HTHGBG 0.1 0.50 0.20 0.30 24,2 25.0 49, 2 13016 A
HTHGB3 0.1 0.70 0.39 0.31 25.1 25.9 5.0 5087 A
F 2| 550
HTHGBS 0.1 1. 00 {1 68 0. 32 27.0 27.5 54.5 2323 A
HTHGC6 0.1 1.20 0. 84 0. 36 28.8 30.1 h8. 9 1706 B
HTHGBO 0.1 0.49 0.23 | 0.26 18. 8 20. 7 39.5 89853 B
HTHBA5 | 0.1 | .71 | 0.42 | 0.29 | 2.2 | 2.5 | 427 | 46%4| B
600
"HTHGC1 0.1 1. 00 0.71 0.29 22.6 23. 7 46. 3 2062 B
HTHBA2 0.1 1. 20 0. 96 0,24 23.3 23.5 46. 8 1307 A
HTHECO 0.1 0.50 0. 28 0. 22 16. 4 17.1 33.5 8857 B
HTHGBO 0.1 0.70 0. 47 0.23 16.5 17.2 33.7 3334 B
650
HTHEBT 0.1 0.96 0.78 0.18 17..0 ¢ 17.9 34.9 1883 B
HTHGCT 0.1 1. 20 0. 94 0. 26 17.8 18. 1 36.5 1065 B
e (%/sec) : strain rate
Aet(¥) : total strain range
Aep(¥) : plastic strain range
A ee(¥) : elastic strain range
omax{kg/mm®) : max.stress
omin(kg/mn®) : min. stress
oR(kg/mm®) : stress range




PNC TN9410 93-042

25
GL =20

226

R335
20 20

160

Fig. 1 Fatigue fest specimen in air

15¢

EB welding

O Bond of EB weid
EB weld metal @ End of cylindrical section

& End of gauge section

Fig. 2 Method of electron beam welding



\
........... N PR NG
! & <. .
%'% " 1000mm
. AN fo middle
N “\\ S E ™. ' outsicle \\\
‘\\\q RN N ' )
\‘"s ‘\\ E ‘\\ "'_0/4 t
L TR el
\d A 250mnt
forging direction N —lrszt
: 1 <3/41¢
A
C
0/41 1/4¢ 1./21¢ 34t
middle jartside| middle | artside middle | artside middle | artside
L L ([L.C| - |L Z|L Z|L C| -

Fig. 3

Sampling method of fatigue test specimen of Mod.9Cr-1Mo steel forging

¢V0-€6 OTV6NL ONd



PNC TN9410 93-042

Hold Arm

Fig. 4 Details of fatigue test section in air
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Fig. 5 Schematic diagram of fatigue testing machine in air
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Fig. 9 Cyclic stress range response of Mod. 9Cr-1Mo steel{(F2) at 500°C in air
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Fig. 10 Cyclic stress range response of Mod. 9Cr-1Mo steel(F2) at 550°C in air
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Fig.14 Cyclic stress range response of Mod. 9Cr-iMo steel{F4) at 550°C in air
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Photo. 1° Appearance of fractured fatigue specimens (1)
Heat | Temp | TP No. £ Aet | Nf Appearance of specimen
c %7sect % |cyeles
HUHGBS | 0.1 [0,497 92178
RHUHBBT | 0.1 0.897 {10200
450
HUHBA4 | 0.1 0.899 | 2874
HUHGBG | 0.1 1.198 2349
HUHBBE | C.1 0.498 | 25806
HumsB1 | 0.1 0.699 7432
F2 500
HUHGAG | 0.1 0.999 2548
HUHGB2 | 0.1 1.200 1902
HUHEBS | ¢.1 0.497 | 15988
HUHBA9 | 0.1 0.698 4938
550
HUHGAS | G.1 |1.000 | 2294
‘ HUHGB3 | 0.1 1,199 1616
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Photo. 2 Appearance of fractured fatigue specimens (2)

Heat | Temp | TP No. £ Ast | Nf Appearance of specimen
C $7sec| % loycles
HUHBAG | 0.1 ]0.495 |11382
HUHBAZ | 0,1 0.899 4272
F2 {800
HUHBAT | 0.1 1.000 1826
HUH#BB4 | 0.1 1.201 994
HMHGJS | 0.1 0.384 |53876
HHHEK2 | 0.1 0.401 |79G70
50_0 HMHBKI | 0.1 0.488 | 35054
HMHBJO | .1 0.703 | 7528
F4
HMHBJ6 | 0.1 1,003 { 2266
HMHBKO | 0.1. |0.394 |72230
550 | HMHBJ4 | 0.1 0.489 {13779
HMeJ5 | 0.1 0.693 5934




PNC TN9410 93-042

Photo. 3 Appearance of fractured fatigue specimens (3)

Heat | Temp | TP No. 3 Aegt | Nf Appearance of specimen
C ¥/ sec| % |cycles
BB0 [ HMHBEI | ©0.1 |1.007 | 1389
HMHBAZ | 0.1 |0.496 {16489
HMHEDG | 0.1 [0.437 |10480-
HMHBES | 0.1 0.458 |210i4
HMHeF8 | 0.1 |0.501 | 10217
F4
B0 | HMHBG3 | 0.1 0.497 {18608
HMHBCA | 0.1 }0.477 {10294
HMHBHD | 0.1 0.479 117772
HMHEIS | 0.1 |0.475 18018
HMHEB3 | 0.1 10.474 | 7486
HiH6B2 | 0.1 )0.495 42639
F 6 | 450
HTHBA8 | 0.1 |[0.689 | 8173
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Photo. 4 Appearance of fractured fatigue specimens (4)

Heat | Temp { TP No. F3 Aegt | Nf Appearance of specimen
T $7/sec| % |cyeles
HTHBB1 | 0.1 {1.003 | 3596
450
HTHEC4 | 0.1 |1.204 [ 1710
HTHGAO | 0.1 ]0.499 | 18615
HTHGAL | 0.1 |0.683 | 4908
500
HTHBA4 | 0.1 0.995 | 2904
HTHBA7 | 0.1 |1.199 | 1697
F6
HTHEBE | 0.1 0.504 | 13016
HTHBB3 | 0.1 0.702 5087
550
HTHGBS | 0.1 |1.002 | 2323
HTHECB | 0.1 1.197 1706
HTHGBO | 0.1 [0.485 | 9853
600
HIGAS | 0.1 |0.708 | 4694
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Photo. 5 Appearance of fractured fatigue specimens (5)

Heat | Temp | TP No. £ Aet Nf Appearande of specimen
C ¥/sec| % |cycles

HTHBCI | 0.1 |0.938 | 2062

600
HTHEAZ | 0.1 |1.189 | 1307
HTHECO | 0.1 [0.501 | 9857
F6
HINGB | 0.1 |0.701 | 3334
660

HTHGB7 | 0.1 0,955 | 1883

HIHBC7 | 0.1 ]1.188 | 1065
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0.5mm form origin I0gm 3.0mm form origin 10 m
L (IR

Photo. 6 Observation on the fracture surface of Mod. 9Cr-1Mo steel by SEM (HTHBB2)
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A e t=0.5%
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Photo. 7 Observation om the fracture surface of Mod. 9Cr-1Mo steel by SEM (HTH6AD)



PNC TN9410 93-042

F6Heat 550°C, A & t=0.5% , A

0.5mm form origin 10gm 3. 0mm form origin
L 1

Photo. 8 Observation on the fracture surface of Mod. 9Cr-1Mo steel by SEM (HTH6BS)
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Photo. 9 Observation on the fracture surface of Mod. 9Cr-1Mo steel by SEM (HTH 6B0)
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Photo. 10 Observation on the fracture surface of Mod. 9Cr-1Mo steel by SEM (HTHG C0)
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Photo. 11 Microstructure of vertical sectioned fatigue specimen after test
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Table Al Low cycle fatigue data for Low-C 9Cr-1Mo-Nb-V sieel

Heat | Temp | TP No. Sampling ) Aet |Aep |Ace |omax | owin | OR Nf | Failure

'C position [%/sec|! % % % | ke/mn® | ke/mm® | kg/mm® | cycles | position
HiHBJ8 1/2t,2 0.1 0.399 §0.076 |0.323 {25.459 | 24.184 } 49.643 | 18538 A
HNHBJ 1 1/2t,2 0.1 10.497 [0.162 |0.335 |24.930]27.013 |51.943( 8574 A
0 HNHBJ3 1/2t,2 0.1 [0.703 10.346 |0.307 |26.547}27.976 | 54.523 | 3955 A
HNHBJ5 1/2t,2 - 0.1 |1.050 (0.630 |0.,420 |28.257 |29.779 [58.036 | 1831 B
HNHBJ7 1/2t,2 0.1 }0.381 |0.094 |0.287 |20.982 |22.319 |43.301 | 13677 A
HNHBJO 1/2t,2 0.1 ]0.432 10.196 3}0.296 |22.661 | 23,935 | 46,586 5012 B
. HNHBJ2 1/2t,2 0.1 0.886 j0.394 (0.282 §23.085}24.246 | 47.311| 3096 A
HNHG.J4 1/2t,2 0.1 |1.008 {0.870 ;0.336 |24.744 |25.924 [ 50.668 | - 1093 A
= HiNHGAO | 0/4t,L, outside | 0.1 [0.50 .|0.25 |0.25 |[22.6 |[22.9 [45.5 6730 A
HNHBB2Z | 1/2t,L,outside [ 0.1 |0.50 |0.25 [0.25 |22.9 |23.1 |[46.0 4117 A
HNHBCA | 1/2t,Z,0utside | 0.1 |0.50 |0.25 [0.25 |22.4 |22.5 |44.9 4195 A
-HNHBDS | 0/4¢t,L,uiddle | 0.1 [0.49 [0.24 [0.25 |23.0 |23.2 |[48.2 5368 A
550 | HNHGES | 1/4t,L,middle { 0.1 |0.48 0.24 0.24 |22.9 |23.1 |[48.0 5851 A
HNHBFG | 1/4t,C,middle | 0.1 0.50 0.26 10.24 22,7 |22.8 |45.5 5514 A
HNHBG3 | 1/2t,L,middle | 0.1 [0.50 |0.25 |0.25 |[22.6 |[22.9 {45.5 5062 A
HNHGHS | 3/4t,L,middle | 0.1 {0.50 |0.25 [0.25 ([23.0 |23.3 |46.3 4648 A
HNHGI3 | 3/4t,C,middle | 0.1 10.50 |[0.25 [0.25 [23.0 |23.1 |}46.1 5504 A

& (%/sec) ! gtrain rate

Ast(®) ! total strain range

Aep(®) : plastic strein range

Acge®) : elastic strain range

omax{ke/mn®) . max.stress
onin(ke/mm®) @ min.stress
oRCke/mm®) : stress range
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Table A2 Low Cycle fatigue data for 9Cr-2Mo steel

Heat | Temp | TP No. Sampling £ Aet |Aep |Ase | omax | onin ok Nt Failure
C position [%/sec| % % % | ke/mn® | ke/mn® | ke/mn® | cycles | position
HPHBJT 1/2t,2 0.1 0.386 |0.130 [0.2568 {23.085|24.122 | 47.187| 56883 B
HPHEJS 1/2t,2 0.1 0.501 |0.199 (0.302 |24.029|25.459 | 49.488 | 15881
500
HPHBJS 1/2t,2 0.1 0.704 0,369 ]0.236 |25.490 ] 26.981 | 52.471 6093 A
HPHBJ4 1/2t,2 0.1 1.009 {0.658 ;0.351 |27.79029.251 | 57.041 2291 A
HPHBKO 1/2t,2 0.1 0.4083 [0.139 |0.284 |21.511|21.01842.524| 31770 A
HPHBJI 1/2t,2 0.1 0.492 10.214 |0.278 |21.542 | 22.830 44.. 1721 11734 A
550
HPHBJ2 1/28,2 0.1 0.698 |0.339 [0.299 |22.909 | 24.060 | 46.969 4318 A
HPHEBJ3 1/2t,2 0.1 1.007 §10.679 |0.328 }23.998 | 25.552 | 48, 550 2023 A
250t
HPHBAD | 0/4t,L,cutside | 0.1 0.50 0,26 0.24 22.7 22.9 45.6 7084 A
HPHEBZ | 1/2t,L, cutside | 0.1 0.50 0.27 0.23 21.8 21.8 43.7 7220 A
HPHBC4 | 1/2t,Z,0utside | 0.1 0.50 0.26 0.24 22.2 22.5 4.7 6080 A
| HPHEDS |} 0/4t,L, middle 0.1 0.48 0.2 ]0.2¢4 |[22.4 22.7 45.1 6484 A
b0 | HPHBES | 1/4t,L,middle 0.1 0.50 0.25 0.2b 22.4 22.8 45.0 1222 A
HPHEFE | 1/4t,C, middle 0.1 0.49 0.26 0.23 22.2 22.4 44.8 6014 A
HPHBG3 { 1/2t,L,middle 0.1 0.49 0.25 0.24 22,4 22.5 44.9 6147 A
HPHEHS | 3/4¢t,L, middle 0.1 0.49 0.25 0.24 22.4 22.5 44.9 7087 A
HPHBI3 | 3/4t,C,middle 0.1 0.49 0.26 0.23 21.9 22.3 44.2 8658 A
£ (¥/sec) : strain rate
Ast(®) . total strain range
Aep(®) : plastic strain range
Asel® . elastic strain range
ouax(ke/m®) : max.stress
ogain(ke/mr®) . min.stress
oRke/m®) : stress range
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Table A3 Low cycle fatigue data for 9Cr-2Mo steel

.{ Heat | Temp { TP No. g Aet [Aep |Acge | omax | omin oR Nf |Failure
C %/sec| % % % | ke/mo® | keg/wn® | kg/mn® | cycles | position
HYHBAS | 0.1 1.189 [0.851 |0.348 |30.992|33.199 {64.191 1428 A
HVHBAS | 0.1 1. 0007 0.657 0.343 |[30.121;31.862 | 61.983 2148 B
500
HYHBAB | 0.1 0,701 |[0.380 [0.321 ]28.033|29.748 | 57.787 5643 B
HYHBAT | 0.1 0.498 10.187 10.311 |28.536|26.484 | 55.0201 11256 B
HYHGAL | 0.1 1.200 [0.879 |0.321 |27.293 28.809 | 56.202 1303 B
HYHBA3 | 0.1 1.000 {0.664 |0.336 |28.318129.873|58.191 1968 B
12t {5060
RVEBAL | 0.1 0.700 [{0.394 |0.308 §25.645|27.199 |52.844 4308 B
HYABAZ | 0.1 0.501 [0.212 |0.289. |23.220 | 24.681 .47. 901 | 10334 B
HVYHBB3 | 0.1 1,187 10.940 |[0.257 |23.220 {23,034 | 48,204 882 A
HYHBB2 | 0.1 0.980 |0.679 |0.281 |22.101121.791 | 43.892 1535 A
800
HYHEBL | 0.1 0.703 [0.444 [0.258 |21.728 |21.948 | 43.674 2458 A
HYHBBO | 0.1 0.428 10.247 [0.251 | 19.988 | 20.392 | 40.380 8849 B
e (%/sec) : strain rate
Aet(®) . total strain range
A ep(®) : plastic strain range
Acee(® : elastic strain range

omax(ke/mm=) : mex.stress
oninlkg/me®) : min.stress
oR(ks/mn®) . stress range
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