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Parameters for the Evaluation of Hydrogen Embrittlement of High Strength Steel

Shusaku TAKAGI, Tadanobu INOUE, Toru HARA, Masao HAYAKAWA,
Kaneaki Tsuzakl and Toshihiko TAKAHASHI

Synopsis : The influences of the applied stress and the stress concentration factor (Kt) on hydrogen embrittlement were investigated in the commercial

JIS SCM440 steel with the tensile strength of 1403 MPa. The applied stress was changed from 0.33 times to 0.72 times the tensile strength of
the notched specimen, while the Kt was altered from 2.1 to 6.9. The hydrogen embrittlement property was evaluated with the resistance to the
diffusible hydrogen in the steel. The diffusible hydrogen concentrations were analyzed by thermal desorption analysis. The results are as fol-
lows.

(1) The hydrogen embrittlement occurs under the lower diffusible hydrogen concentrations with increasing Kt. However, the H,,—¢ (dif-
fusible hydrogen concentration - time to failure) curves become almost the same when the Kt and the applied stress are high.

(2) The criterion of the hydrogen embrittlement cannot be determined by the combination of the maximum local axial stress in the

specimen and the maximum diffusible hydrogen concentration locally accumulated in the specimen.

In the discussion part, it was proposed that it is very important to consider the stress distribution in the specimen for the evaluation of hy-

drogen embrittlement.

Key words : dclayed fracture; martensitic steel; critical diffusible hydrogen concentration; local hydrogen concentration; local tensile stress; probability of

failure.
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Table 1. Chemical composition of steel used (mass%).

C Si | Mn P S Cr | Mo | Fe
0.40}0.24} 0.81]0.02010.007{1.03{0.16 | bal.

Fig. 1. Light microstructure of test specimen.
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Fig. 2. Nominal stress-nominal strain curve of steel used.
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Fig. 3. Specimen used for hydrogen embrittlement tests.
(unit: mm)
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Table 2. Conditions of hydrogen embrittlement tests and
maximum diffusible hydrogen concentration in
unfailured specimens (Hc; mass ppm).

Stress concentration factor Kt
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Fig. 4. A typical example of hydrogen evolution rate
curve.
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Fig. 5. Effect of stress concentration factor (=Kt) on H —
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Fig. 7. Effect of applied stress on H,,—f curves for Kt=4.9.
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Table A. List of the results of the hydrogen embrittlement tests.
|
; t(H) t(F) Failure(F) or . t(H) | t(F) Failure(F) or
File name /h | Kt olonB | i | HO/ZPPM | e (U) File name /b | Kt | O/OnB |, i | HO/PPM | ciiure(U)

_Diameter=10mm Diameter=10mm | N o _ o
990316 6| 6.9 0.60 19.6 0.328 F 981202 12| 4.9 0.40 5.7 0.468 F
990402 12 6.9 0.60 0.3 0.572 F 981210 12 4.9 0.40 22.1 0.404 F
990604 2 6.9 0.60 99.1 0.200 F 981217 24| 4.9 0.40 3.6 0.845 F
A990610 4 6.9 0.60 22.2 0.288 F 9812162 8 49 0.40| 5775. 0.440 F
A9906152 3 6.9 0.60 20.5 0.260 F A990623 7] 4.9 0.40 24 0.333 F
A990708 0.5 6.9 0.60 6634 0.116 1] A990705 5 4.9 0.40 7 0.628 F
A991019 0.83 6.9 0.60 5985 0.093 U A9907052 3 4.9 0.40 5756 0.197 u
AS991026 1 6.9 0.60 239.7 0.107 F A990908 4/ 4.9 0.40 17.6 0.342 F |
| Diameter=10mm i A990920 3| 4.9 0.40 7357 0.215 u ;
990311 13 6.9 0.47 9.2 0.333 F A991012 3.5 4.9 0.40 6050 0.202 U
990310 S 6.9 0.47 35.8 0.213 F A991022 4| 4.9 0.40 84.7 0.268 F o]
990318 24 6.9 0.47 0.2 0.820 F Diameter=10mm

9903192 1 6.9 0.47 339.9 0.155 F 981113 48| 4.9 0.33 12.4 0.831 F !
990312 7 6.9 0.47 6.7 0.402 F 981201 40| 4.9 0.33 1.7 0.760 F |
990407 18 6.9 0.47 0.4 0.571 F 981111 24| 4.9 0.33 7164 0.524 u
9905112 0.5 6.9 0.47 6049 0.068 u 981102 6| 4.9 0.33 8208 0.170 u
990527 16 6.9 0.47 2.5 0.582 F 981110 ) 60| 4.9 0.33 1.4 0.919 F
9905272 3| 6.9 0.47 9 0.387 F Diameter=10mm

990603 14 6.9 0.47 3.8 0.678 F data3 6| 3.3 0.60 23.6 0.290 F
A991021 0.58| 6.9 0.47 541.5 0.110 F 980803 1 3.3 0.60 8976 0.110 U
A991027 0.42| 6.9 0.47 6147 0.087 u 980721 6| 3.3 0.60 23.6 0.300 F
A000113 0.5|] 6.9 0.47 6123 0.091 u 980727 6| 3.3 0.60 10.5 0.280 F

Diameter=10mm — | |980724 6/ 3.3 0.60 4.1 0.380 F
A000112 6| 6.9 0.40 6128 70.277 u 980722 3 3.3 0.60 15.8 0.280 F
A000121 14, 6.9 0.40 4.2 0.611 F 980729 0| 33 0.60 9379 0.030 U
A000131 9 6.9 0.40 1.1 0.755 F 990205 6/ 33 0.60 3.6 0.553 F
A000201 6 6.9 0.40 6.5 0.518 F 980723 12 3.3 0.60 2.6 0.380 F
A000204 4 6.9 0.40 38.7 0.283 F 980804 0.5 3.3 0.60 8679 0.070 U
A000211 3 6.9 0.40 - 43 0.309 F 980812 2| 33 0.60 155 0.180 F
A000308 1.5 6.9 0.40 6165 0.141 u 9903022 12 3.3 0.60 29.5 0.349 F
A000317 2.5 6.9 0.40| 70.5 0.309 F 990304 4, 3.3 0.60 171 0.339 F
A000324 1.5 6.9 0.40| 1606.9 0.220 F 9903222 24, 3.3 0.60 0.6 0.714 F
A000519 1.5/ 6.9 0.40/ 222.5 0.238 F 990405 121 3.3 0.60 6.2 0.398 F
Diameter=10mm i 990408 24| 3.3 0.60 0.7 0.649 F
A991104 6| 6.9 0.337 1077.3 0.117 U 990427 18, 3.3 0.60 1.7 0.411 F
A991111 6| 6.9 0.33| 6809.4 0.328 u A000309 6, 3.3 0.60 2.6 0.477 F
A991116 13 6.9 0.33| 6981.8 0.336 u A0003102 31 3.3 0.60 38.9 0.239 F
A991118 24.5 6.9 0.33 1‘3i 0.859 F A000321 2/ 3.3 0.60 45.7 0.230 F
A991129 18 6.9 0.33 6.2] 0.650 F A000502 1.5 3.3 0.60 388.6 0.210 F
A991202 14.5 6.9 0.33 3.5 0.729 F A000509 1 3.3 0.60 6541 0.144 U
A000124 7.5| 6.9 0.33 104 0.462 F Diameter=10mm ]
A000302 7.5 6.9 0.33 3.4 0.767 F 981028 16 3.3 0.47 11.6 0.486 F

Diameter=10mm 981218 15 3.3 0.47 11.8 0.668 F
A990713 6, 4.9 0.72 2.3 0.348 F 981116 15 3.3 0.47 7387 0.394 U
A9907132 0.5 4.9 0.72 928! 0.127 F 981009 24| 3.3 0.47 6.1 0.636 F
A990715 4 4.9 0.72] 69.9 0.187 F 981029 36| 3.3 0.47 4.1 0.566 F
A9990719 5 4.9 0.72 0.8 0.419 F 981014 18 3.3 0.47 211 0.505 F
A990722 3 4.9 0.72 47.1 1 0.248 F 981012 9 3.3 0.47 5453 0.305 U
A990727 3 4.9 0.72 298.5| 0.205 F 981026 14) 3.3 0.47, 7187.1 0.357 U
A990730 S 4.9 0.72 10.53 0.325 F 981022 30, 3.3 0.47 6.8 0.801 F
A9907302 0.2 4.9 0.72| 61 4Gi 0.081 u Diameter=10mm

A990809 0.33 4.9 0.72 1194| 0.112 F 3981007 24| 24 0.60] 288 0.704 F

Diameter=10mm | 981019 14 2. 0.60 7651 0.436 U
990217 3 4.9 0.60 22.8 0.352 F 981027 200 2.1 0.60 6793 0.296 U
990203 6/ 4.9 0.60 21.3 0.277 F 980925 6 2.1 0.60 3600 0.250 U
9809182 31 49 0.60 57.1 0.194 F Digmeter=15mm -

9810072 2| 4.9 0.60| 128.2 0.189 F A990921 6| 6.1 0.40 1 0.317 F
980917 4| 4.9 0.60| 7.7 0.324 F A990929 4, 6.1 0.40 34.5 0.209 F
980813 6| 4.9 0.60] 1.1 0.470 F A991013 2.5 6.1 0.40| 61175 0.132 U
990320 14 4.9 0.60 0.6 0.631 F A991020 31 6.1 0.40 62 0.166 F
990429 6| 4.9 0.60 3 0.415 F A991108 8 6.1 0.40 2.1 0.598 F
9905182 4.5 4.9 0.60 10.8 0.289 F A991201 2| 6.1 0.40 302.9 0.230 F
A990906 1 4.9 0.60 102 0.191 F A991208 { 1 6.1 0.40 6000 0.095 U
A990914 0.5 4.9 0.60, 6867.5| 0.077 u A9912202 | 1 6.1 0.40] 6151.4 0.163 3]
A990928 0.75 4.9 0.60 6245/ 0.073 U

A991004 | 0.75 4.9 0.60 6907 0.112 V]

A991015 [ 1| 49 0.60 225.6 0.136 F

AQ00207 4, 49 0.60 59.1 0.220 F

Diameter=10mm

9810162 2! 4.9 0.47 90.1 0.197 F

981223 24 4.9 0.47 3.8 0.666 F |

981020 4| 4.9 0.47 64.2 0.208 F |

981008 24, 4.9 0.47 2.2 0.690 F ‘

981015 12 4.9 0.47 3.2 0.452 F

981018 6! 4.9 0.47 8.2 0.326 F |

981010 18| 4.9 0.47 4.6 0.484 F |

990430 36f 4.9 0.47 1 0.709 F |

A990609 2 4.9 0.47 6047 0.100 u

A990917 11 4.9 0.47 6115 0.098 u ‘

A990924 1.5 4.9 0.47 2379 0.145 F i

AQ00114 1 4.9 0.47 6120,  0.128 U i

Current density for hydrogenation: 0.1~0.2 mA/cm>.
#(H): Time for hydrogenation, Kt: Stress concentration factor, o/0,5: Applied stress ratio, #(F): Time to failure, H;,: Diffusible hydrogen concentration.
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