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Abstract

Fatigue behavior and life prediction method were presented for thermal-mechanical and iso-

thermal low cycle fatigue of 12Cr forged steel used for high temperature applications. In-phase
and out-of-phase thermal-mechanical fatigue test at 350 to 600°C and isothermal low cycle fatigue
test at 600°C were conducted using smooth cylindrical hollow specimen under strain-control with

total strain ranges from 0.006 to 0.015. Cyclic softening behavior was observed regardless of

thermal-mechanical and isothermal fatigue tests. The phase difference between temperature and

strain in thermal-mechanical fatigue resulted in significantly shorter fatigue life for out-of-phase

than for in-phase. The difference in fatigue lives was dependent upon the magnitudes of inelastic

strain ranges and mean stresses. Increase in inelastic strain range showed a tendency of inter-

granular cracking and decrease in fatigue life, especially for out-of-phase thermal-mechanical

fatigue. Thermal-mechanical fatigue life prediction was made by partitioning the strain
ranges of the hysteresis loops and the results of isothermal low cycle fatigue tests which
were performed under the combination of slow and fast strain rates. Predicted fatigue lives for
out-of-phase using the strain range partitioning method showed an excellent agreement with the

actual out-of-phase thermal-mechanical fatigue lives within a factor of 1.5. Conventional strain
range partitioning method exhibited a poor accuracy in the prediction of in-phase thermal-
mechanical fatigue lives, which was quite improved conservatively by a proposed strain range

partitioning method.
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Fig. 1 Isothermal and thermal fatigue test specimen

Table 1 Chemical composition of 12Cr forged
rotor steel

C|Si|{Mn| S|P |N |Cr|Mo| V |ND
0.16 | 0.24 | 0.67 | 0.003{0.005| 0.58 |11.01| 0.92 | 0.23 | 0.05

Table 2 Tensile properties of 12Cr forged roter

steel
Tensile property 25°C | 350°C | 600°C
Elastic modulus, E(GPa) 226.1 | 1989 | 126.6

0.29 offset yield strength, oys(MPa) | 777.6 | 660.1 | 370.7

Strain hardening exponent, n 0.045 { 0.062 | 0.032

Strain hardening coefficient, K(MPa) [1022.7 | 969.7 | 448.6
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Table 4 Coefficients and exponents of plastic
strain-life equations

Type n’ K'(MPa) Type C m

Isothermal 0.140 603.7 Isothermal 2.729 —0.93é
In-phase 0.180 1164.8 In-phase 0.727 —0.668
Out-of-phase 0.196 1365.7 QOut-of-phase 0.914 ~0.803
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Table 5 Partitioned inelastic strain ranges and calculated failure lives of isothermal fatigue tests

Partitioned strain range Calculated failure life
TP e | den | dew | dem Jew | N | Nee | Neo | Ne
0.015 0.0108 | 0.0108 251
0.010 | 0.0060 | 0.0060 689
FP 0.008 | 0.0043 | 0.0043 1231
0.006 0.0027 | 0.0027 2682
0.015 | 0.1200 | 0.0019 | 0.0101 196
0.010 "1 0.0074 | 00015 | 0.0059 324
Fe 0.008 | 0.0053 | 0.0013 | 0.0040 622
0.006 | 0.0033 | 0.0009 | 0.0024 1157
0.015 | 0.0121 ; 0.0017 0.0104 161
0.010 | 0.0069 | 0.0016 0.0053 325
® 0.008 | 0.0046 | 0.0014 0.0032 591
0.006 0.0033 | 0.0011 0.0022 967
0.015 0.0123 | 0.0027 0.0096 220
CcC 0.010 | 0.0072 | 0.0028 0.0044 352
0.008 | 0.0054 | 0.0023 0.0032 487
Fig. 12¢] g &3 97 BAA dece-NeeH stode B AFy| H2e ol TR duiAe
2 i Aol uldled 7j&7ivF WS E HYgE B 2 B Ao IR oy 3_°1M4 B &4
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wol ofE wW¥E HYolMe 4wrcd FLE Az olHFAA Y HHE &S -“'F%Lo}ﬂ 3l Fig.
oujE e 2 AeL ol HF &4l BB deppy, Jepe, 133 722 o)8 A x 34 (loop inversion method)
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Fig. 12 Relationship between partitioned strain
ranges and estimated fatigue lives
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Fig. 13 Procedure of loop inversion method for evalu
ation creep strain component in thermal
mechanical fatigue
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Table 6 Partitioned strain ranges and predicted failure failure lives of thermal-mechanical gatigue tests

Partitioned strain range Predicted failure life

Type N

dex Aen depp | depe | dew Aece Npp Npc Ncp Nec Npre Nimoa

.015 | .0088 |.00054 .00826 44116 203 216 | 241 | 680

012 | .0063 |.00042 .00586 66400 297 318 | 382 | 1382
In-phase

.010 | .0038 |.00040 |.00344 | 72207| 537 599 929 | 2586

.008 | .0017 |.00020 .00148 237581 1369 1533 | 3994 | 8566

.015 | .0109 |.00182 (.00912 ’ 5345| 209 249 | 223 | 252
Out-of- | .010 | .0066 |.00112.00546 12310] 404 484 421 428
phase | .008 | .0049 |.00092|.00400 17260 603 736 | 620 | 738

006 | .0034 |.00064 |.00276 32200( 971 1188 | 983 | 1026
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Table 7 Net, thermal and mechanical strains in
thermal-mechanical fatigue

Aénet Adewn Aémecn a

0.015 | 0.0033 | 0.0117 | 2.70

0.012 | 0.0033 | 0.0087 | 3.62
In-phase

0.010 | 0.0033 | 0.0067 | 4.96

0.008 | 0.0033 | 0.0047 | 8.39

0.015 | 0.0033 | 0.0183 | 045

0.010 | 0.0033 | 0.0133 | 0.32
Qut-of-phase

0.008 | 0.0033 | 0.0113 | 0.25

0.006 | 0.0033 { 0.0093 | 0.17
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Fig. 15 Relationship between modified life and experi-
mental life of thermal-mechanical fatigue
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