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1.  Introduction 
Safety is one of the most important issues in hydrogen economy. Earthquake 
sometimes gives damages to steel structures and machineries[1,2]. The 
components which had not been seriously damaged would still be used after the 
earthquake. The residual fatigue strength of those components, however, might 
have been decreased. The objective of this work is to clarify the effect of 
relatively small number of overloads and hydrogen on the residual fatigue 
strength of a notched component. 
 
2.  Test method 
2.1  Test material and test specimen 
Low alloy steel designated as SCM435H in Japanese Industrial Standard was used. 
The chemical composition and mechanical properties are shown in Table 1 and 2, 
respectively. The configuration of test specimen is shown in Fig.1. It has a 
through-thickness single edge notch. The notch depth was 0.5mm and the root 
radius was 0.2mm. Test specimen was used as machined. 
 

Table 1   Chemical composition of test material  (mass %) 
 

 
 
 
 

Table 2   Mechanical properties of test material 
 
 
 
 
 
 

           
 

Fig.1  Test specimen 

Yield stress 
(MPa) 

Tensile strength 
(MPa) Elongation (%) HV 

955 1048 19 344 

Detail of notch

C Si Mn P S Ni Cr Mo Cu 

0.38 0.18 0.78 0.15 0.19 0.08 1.04 0.15 0.12 
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2.2  Fatigue test 
Cyclic bending moment was applied to the specimen. Tests were done in air at 
ambient temperature. Constant amplitude test and multiple overload tests were 
done. The loading history of multiple overloads is shown in Fig.2. The multiple 
overloads simulating earthquake were applied for n1 cycles at stress ratio R=-1 
prior to high cycle fatigue. The frequency of the overload cycle was 1Hz. The 
overload was unloaded from compressive stress side to generate tensile residual 
stress at the notch root. The number of overload cycles was changed as 
10,20,50,100, 200 and 600. After the application of overloads, high cycle fatigue 
stress was applied until specimen failure. The test frequency of high cycle loading 
was 28Hz. 
 

        
 

Fig.2  Multiple overloads history 
 
3.  Effect of multiple overloads on residual fatigue strength  
3.1  Constant stress amplitude fatigue test 
Constant stress amplitude fatigue test was done at various mean stress conditions 
to obtain reference S-N curves. Based on the S-N curves, the fatigue limit diagram 
was drawn as shown in Fig.3. 
 

 
                   

        Fig.3  Fatigue limit diagram of constant stress amplitude test 
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3.2  Overload test results 
3.2.1  Effect of overload stress level 
The effect of overload stress level on the reduction of fatigue strength was 
examined. The critical overload that causes a reduction in residual fatigue strength 
was surveyed. In this test, the overload stress σOL was chosen as 510,400,300and 
250MPa. In this test, the mean stress of high cycle fatigue σm was set equal to 
each overload σOL, i.e. σm=σOL, in order to simulate the severest condition. This 
corresponds to a condition that the displacement of component is constrained at 
the maximum displacement in earthquake.  
The fatigue limit diagram of overload test is shown in Fig.4. Fatigue limits of 
constant stress amplitude without overloads are plotted using solid symbols. The 
residual strength after overloads are plotted by open symbols. The residual 
strength after overloads was substantially reduced by overloads. Higher overload 
stress and larger number of cycles of overloads resulted in more reduction. When 
the number of overloads were less than 200cycles, overload stress amplitude less 
than 250MPa would not be detrimental to residual fatigue strength. The major 
cause of fatigue stength reduction is the formation of short crack by overloads. 
Examples of short cracks observed in fatigue limit specimens are shown in Fig.5. 
Short  cracks were observed. Larger number of overload cycles generated deeper 
crack which acted as a trigger for high cycle fatigue crack propagation, which 
resulted in more reduction of fatigue limit. 
The linear accumulation fatigue damage is shown in Fig.6. Fatigue damage as 
small as 0.002 caused the reduction of residual fatigue strength. 
 
 
 

 
 

 Fig.4   Effect of overload level on the reduction of fatigue strength  
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(a)100 cycles               (b)200 cycles 
Fig.5  Non-propagating crack in fatigue limit specimen 

after overload σOL=510MPa 
 
 

 

Fatigue 
limit 

      Fig.6  Linear accumulation fatigue damage that caused reduction 
 

 
3.2.2  Effect of mean stress σm on the reduction of fatigue strength after overload  
After an earthquake, the displacement of a component is not necessarily 
completely recovered but often some incomplete constraint remains. Tensile 
residual stresses caused by incomplete constraint was simulated by adding 
external mean stress. In these tests, the overload condition was as follows; the 
overload stress amplitude σOL was 510MPa and the number of overloads n1 was 
200. Fatigue tests were done under three kinds of external mean stresses of 0, 70, 
150MPa. S-N curves for each mean stress are shown in Figs.7,8 and 9, 
respectively.  
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Const. amp.

Fig.7   Fatigue strength after overload at external mean stress σm=0MPa 
 

 

 
Fig.8   Fatigue strength after overload at external mean stress σm=70MPa 

 
 

 
Fig.9   Fatigue strength after overload at external mean stress σm=150MPa 
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Fatigue limits of these tests are shown in fatigue limit diagram as shown in Fig.10. 
Residual fatigue strength shown by open symbol was substantially reduced 
compared with the constant amplitude test result shown by solid symbol. 
Moreover, addition of a little tensile mean stress was quite detrimental to fatigue 
strength reduction. Application of only 70MPa resulted in a reduction down to 
about 30% of constant amplitude data in the case of n1=200. 
 
 

 

Const. amp.

Fig.10   Reduction of residual fatigue strength after overloads  
shown in fatigue limit diagram 

 
 
4. Effect of absorbed hydrogen on the reduction of residual fatigue strength after 
overloads 
It is known that absorbed hydrogen in metal is detrimental also in fatigue. The 
effect of hydrogen should be carefully considered in the integrity assessment of 
hydrogen utilization machine. The effect of absorbed hydrogen on the reduction 
of residual fatigue strength after overloads was investigated.  
 
4.1  Hydrogen absorption method 
Cathodic polarization method was used for hydrogen absorption. Usually, pre-
charge by cathodic polarization is done before fatigue test and cathodic charge is 
not done during fatigue test. In ferritic metal, however, the diffusivity of hydrogen 
is quite high and hydrogen in the specimen quickly dissipates. The hydrogen 
concentration becomes lower in 10h. Since fatigue test needs about 100h for 
fatigue limit test, a method which enables continuous polarization is desirable. In 
addition to this, the isolation of crack from the solution is important to avoid 
additional damage. A continuous charging method was tried as shown in Fig.11. 
The notched portion of the test specimen was coated using water resistant 
adhesive. A solution chamber was attached to the specimen in which  counter 
electrode made of platinum plate was arranged. The specimen and the counter 
electrode were connected to a galvanostat. The solution was dilute sulfuric acid 
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whose pH was 2.0. The temperature was ambient and the cathodic current was 
130A/m2. Material surface 2mm away from the notch was continuously polarized 
during fatigue test. The absorbed hydrogen was diffused in the specimen and 
hydrogen reached the notch. Fatigue tests were started after 48hours pre-charging. 
By this method, the continuous hydrogen supply to the crack without touching the 
solution was realized. 
Test results are shown in Figs.12 and 13. Fig.12 shows S-N curves. Open symbols 
show data for uncharged specimens and solid symbols show those of hydrogen- 
charged specimens. The absorbed hydrogen gave additional reduction of fatigue 
strength. 
  
 

 
 

Fig.11  Continuous cathodic polarization method 
 
 
  

 
Fig.12  Effect of absorbed hydrogen on the reduction of  

fatigue strength after overloads 
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The relation between the number of overload cycles and the fatigue limit is shown 
in Fig.14. Overloads n1 more than 50cycles gave significant reduction of residual 
fatigue strength after overloads. 
 
 

 
Fig.13  Effect of absorbed hydrogen on the reduction of fatigue limit 

 after overloads shown in fatigue limit diagram 
 
 

 
Fig.14  Effect of overload cycle and hydrogen on the reduction of fatigue limit 

 
The cause of larger reduction in hydrogen charged material was examined. Two 
possible causes could be considered. The first possibility is the acceleration of 
crack growth in low cycle fatigue in overloads. The test specimens which ran out 
at fatigue limits were opened after fatigue tests. The depth of non-propagating 
crack was measured on the crack surface. Crack depth is shown in Fig.15. Non- 
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Fig.15   Depth of non-propagating crack in fatigue limit specimen after overload 

 
propagating crack of hydrogen charged specimen shown by solid symbol was 
substantially deeper than those of uncharged specimen. It was about four times 
longer. This seems to be the primary cause of the reduction. 
The second possibility is the reduction of ΔKth of short crack for high cycle 
fatigue propagation in hydrogen charged material. The relation between the crack 
depth formed by overloads and the residual fatigue strength is shown in Fig.16. 
The slope of the diagram was not 0.5 as in the Kitagawa-Takahashi diagram[3]. 
This is because the tensile residual stress formed by overloads was released as 
crack grew deeper. The effective stress ration became lower for deeper crack. The 
reduction of fatigue limit of material by hydrogen absorption was about 20%, 
which is a similar result to the previous result[4]. 
 
 

 
Fig.16  Effect of crack depth  on the reduction of residual fatigue limit 
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Considering these two possible causes, the acceleration of low cycle fatigue crack 
growth by overloads plays a major role and the reduction of Δ Kth gives 
secondary contribution. 
 
5. Conclusion 
The reduction of residual fatigue strength after overloads of low alloy steel 
SCM435H was investigated. The effect of absorbed hydrogen was also 
investigated.   
(1) The formation of small crack and the residual tensile stress introduced by  
overloads caused substantial decrease of residual fatigue limit. 
(2) The crack depth formed by overloads was about four times deeper in hydrogen 
charged material. The acceleration of low cycle fatigue crack growth by overloads 
played a major role. The reduction of ΔKth also occurred. It gave secondary 
contribution for the reduction of residual fatigue limit. 
(3) This phenomenon should be considered in the design, maintenance program 
and failure analysis of hydrogen utilization machineries. 
 
Reference 
[1] K.Okuya and Y.Kondo,The Effect of Large Strain Cycling on the Fatigue 

Strength of Welded Joint, Journal of ASTM International, Vol.3, No.4, Paper 
ID JAI 13232, 2006,1-11. 

[2] Y.Kondo and K.Okuya, The Effect of Seismic Loading on the Fatigue 
Strength of Welded Joint, Materials Science and Engineering A, 468-470 
2007, 223-229. 

[3] H.Kitagawa and S.Takahashi, Applicability of fracture mechanics to very 
small cracks or the cracks in the early stage, Proc. of 2nd ICM, Cleveland, 
1976, 627-631. 

[4] K.Shishime, M.Kubota and Y.Kondo, Effect of absorbed hydrogen on the near 
threshold fatigue crack growth behavior of short crack, Materials Science 
Forum, Vol.567-568, 2008, 409-412. 

 

 10



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


