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Abstract

A fatigue life prediction method for a specimen subjected to axial low cycle loading is proposed assuming
that the internal heating during cycling is the result of the conversion of plastic strain hysteresis energy to
heat. Smooth cylindrical specimens of a Cr-Mo quenched and tempered steel were subjected to a fully
reversed strain control loading for five strain amplitudes, determining the stress-strain response, the
mechanical properties and the fatigue life. During testing, the surface temperature evaluation of the
specimen was continuously measured using the infrared thermographic technique. The number of cycles
to failure is determined by equaling the plastic strain hysteresis energy per cycle, represented by the area
enclosed by the loop, analytically related to fatigue life, and the thermal energy calculated based on the
temperature increment. A good agreement between experimental and predicted fatigue lives was
observed.
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Introduction

Extensive investigations regarding the estimation of the fatigue behavior of a material provided
by thermographic methods have documented a close correlation between the surface
temperature increment and the plastic strain energy released per cycle [3, 5, 7, 8, 9].

The plastic strain hysteresis energy per cycle is a fatigue damage indicator, correlated with the
fatigue life/number of cycles to failure. Assuming that the internal heating during cycling is the
result of the conversion of the plastic strain hysteresis energy to heat, is possible to calculate the
number of cycles to failure, by equaling the thermal energy based on temperature measurement
with the plastic strain hysteresis energy.

The model for fatigue life estimation was verified by testing smooth cylindrical specimens of a
Cr-Mo quenched and tempered steel subjected to a fully reversed strain control loading, to
determine the area enclosed by the hysteresis loop and the number of cycles to failure. The
surface temperature of specimens was continuously measured using a FLIR infrared camera,
offering the thermal energy corresponding to the mechanical energy dissipated during plastic
deformation.
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The fatigue life values calculated based on the proposed model are in good agreement with the
experimental results.

Theoretical Models Relating Stress, Strain, Energy and Fatigue Life

The cyclic stress-strain curve widely used in the analysis of low cycle fatigue problems, has
proved to be a modern strain-based approach to long life fatigue behavior of smooth or notched
parts. During cyclic loading, the stress-strain relation takes the form of a hysteresis loop,
presented in Figure 1 [2, 4].
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Fig. 1. Stress-strain hysteresis loop defining the main characteristics

The cyclic stress-strain curve is the locus of tips of the stable hysteresis loops obtained for
different fully reversed strain amplitudes, Ag¢, presented in Figure 2. Usually a power function is
assumed to relate the cyclic stress and strain, with the cyclic strain hardening exponent 7.
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Fig. 2. Cyclic stress-strain curve defining the main characteristics

The total strain range is the sum of the elastic and plastic components, described by the
following equation [1,2].
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where 8} is the fatigue ductility coefficient; ¢ — the fatigue ductility exponent; N — the number

of cycles to failure; G}- — the fatigue strength coefficient; b — the fatigue strength exponent.

The plastic strain hysteresis energy required for fatigue failure is the sum of the hysteresis
energy dissipated in each cycle. The stable value of the hysteresis energy dissipated on each
cycle, AW, can be calculated from the experimental recorded hysteresis loop. The plastic strain
hysteresis energy per cycle can also be analytically expressed as [1]:

1-n

AW =" AoAe, . )
1+n

The stress amplitude, o, can be expressed as:

“a:ATGZG}Nb, 3

and the plastic strain amplitude, &,,, can be expressed as:

Agp Co
£ =5 =& N 4

where N is the number of cycles to failure.

Introducing equation (3) and equation (4) into equation (2), the dissipated plastic strain energy
per cycle is related to the number of cycles to failure:
1-n

. b+c
AW=4l+n, o,&,N"". (5)

The total plastic strain energy required for fatigue failure, ,, is obtained as the sum of the N
hysteresis energies dissipated on each cycle:

W, = 4:—};@}3}.N1*”+" : (6)
The equation (6) can be rewritten as:
W, =40, :Z N )
or
L g} 1+In'
Wp=4N1+n,TO'a” . ®)
o,

The internal heating during cycling is the result of the conversion of the plastic strain hysteresis
energy to heat. The thermal energy measured during cycling based on temperature increment of
the specimen is:

O =mc,At 9)

where Q is the thermal energy, J; m — mass of the sample, kg; ¢, — specific heat capacity,
J/kg-°C; At — temperature increment, °C;

By equaling the plastic strain hysteresis energy for fatigue failure, eq. (7), and the thermal
energy based on temperature increment, eq. (9), the number of cycles to failure can be
estimated.
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Experimental Program

Material and samples

Smooth cylindrical specimens are shown in Figure 3.
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Fig. 3. Specimen geometry
The specimen have been prepared from a Cr-Mo quenched and tempered steel. The chemical
composition of the steel is presented in Table 1, and the material properties are presented in
Table 2.

Table 1. Chemical composition of the tested steels in percentage weight

No. C Si Mn P S Cr Mo Ni Al Cu Ti
1 0.3052 | 0.2718 | 1.179 | 0.0171 | 0.0106 | 1.190 | 0.2561 0.0502 0.0233 0.101 0.00072
2 0.3096 | 0.2651 | 1.182 | 0.0119 | 0.0078 | 1.180 | 0.2847 0.0512 0.0225 0.0974 0.00143
3 03111 | 0.2687 | 1.142 | 0.011 | 0.00706 | 1.156 | 0.2549 0.0503 0.0215 0.0934 0.00113
Average | 0.3086 | 0.2685 | 1.167 | 0.0133 | 0.0084 | 1.175 | 0.2652 | 0.050567 | 0.0224 | 0.097267 | 0.00109

Table 2. Mechanical properties of the tested steels

Spec1me:1n section L, L y R, Ry
[m:n] [mm] [mm] [mm] [N/mm’| [N/mm’]
8 40 46.8 17.0 1150 855

Quantitative thermographic method

During testing the surface temperature evaluation of the specimen was continuously recorded by
an infrared high resolution thermographic camera FLIR E50. A specialized software (FLIR
Tools) was used to convert the FLIR camera readings into surface temperature values. The
samples were black printed in order to increase the diffusivity of the sample surface.

Fatigue test procedure

The fully reversed tension-compression low cycle fatigue test were conducted under strain
control at a frequency of 1 Hz at five different strain amplitudes, until failure.

The fatigue tests were carried out at room temperature using a fully computerized
servohydraulic testing machine, INSTRON 8801, with £ 50 N (maximum loading) and an
extensometer for strain measurement. The experimental setup is presented in Figure 4.
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Fig. 4. Experimental setup

Results and discussion

The experimental tests led to the following results: stable hysteresis loops, cyclic o -& curve,
low cycle material characteristics (ot, &, ¢, b, n’), &N curve, number of cycles to failure and
sample temperature increments. Figure 5 present the stable hysteresis loops for &, = 0,67%.
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Fig. 5. Stable hysteresis loops for &, = 0,67%.

The total strain amplitude, the elastic strain amplitude, the plastic strain amplitude are presented
in Figure 6 and the material low cycle characteristic are the following: o;" = 1271; &’ = 0.071;
¢=-0.459; b=-0.078; n’ = 0.170. The experimental test results are presented in Table 3.

Figure 7 shows the temperature evolution of the specimen during cycling for three total strain
amplitudes. A relative low temperature increment can be observed.
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In order to verify the applicability of the proposed model, the numbers of cycles to failure were
calculated for two values of temperature increment: 2°C and 3°C (Table 4). The thermal energy

and the plastic strain hysteresis energy are calculated

as specific energy per unit volume, J/mm’.

The volume of the sample in the calibrated area is 800 mm®, ¢, =730 J/kg-°C and p= 7850 kg/m’.
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Table 3. Experimental test results
Nr. ert. &= (45/2),% o, = Ac/2, MPa Eger Y0 Eap X1 0 N  Loop area, Nm
1 0.40 620 0.302439024  0.097560976 4203 1.158
2 0.55 675 0.329268293  0.220731707 2117 2.398
3 0.62 684 0.333658537  0.286341463 1217 3.473
4 0.67 785 0.382926829  0.287073171 800 3.903
5 1.1 804 0.392195122  0.707804878 200 10.613
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g i | a &gt — 0-6T%
8 - L
8 —
7 i s 5 = 0.55%. )
g a2 Sl hd
(%) - - L] .
T L
5..¢ ______M
L LI e - —naror |
N i b [= 8= 0.40%,
1

Time, min.

Fig. 7. Temperature evolution during test

Table 4. Calculated number of cycles to failure

Temperature increment: 2 °C

Temperature increment: 3 °C

0=11,46-10" J/ mm’

0=17,19-10" J / mm’

0.32- N =11.46-107; N "7 =0.0358

0.32- N =17.19-107; N =0.0537

~0.537-1g(N) = —1.446; 1g(N) = 2,692

~0.537-1g(N) =—1.27; 1g(N)=2,36

N =493 cycles

N =231 cycles

Conclusions

The paper propose a fatigue life estimation model based on low-cycle material properties, which
are experimentally determined or available in the literature, and the temperature evolution of the
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specimen during cycling, measured by using infrared thermography. A good agreement between
experimental and estimated fatigue lives was observed, within a factor of two.

The results proved the suitability of thermographic techniques as an acceptable engineering
means for fatigue life estimation of a particular material, saving much effort in experiment and
computation.
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Estimarea duratei de viata la oboseald pe baza corelarii
energiel de deformare plastica pe ciclu de incercare si cresterea
temperaturii epruvetelor incercate la oboseala

Rezumat

In lucrare se prezinta o metoda de estimare a duratei de viata la oboseald a unei epruvete supusa la
oboseala in domeniul durabilitatilor mici pe baza ipotezei ca incalzirea internd in timpul incercarii este
rezultatul conversiei energiei de deformare plastica pe ciclu. Cinci epruvete cilindrice, realizate dintr-un
otel calit si revenit Cr-Mo, au fost supuse unor cicluri de incarcare cu amplitudinea deformatiei
constantd, determindndu-se dependenta tensiune — deformatie, caracteristicile mecanice §i
caracteristicile de material specifice oboselii in domeniul durabilitatilor mici. In timpul incercarilor,
evaluarea temperaturii suprafetei epruvetelor a fost masurata folosind tehnica termografica in infrarosu.
Numarul de cicluri pana la cedare prin oboseala este stabilit prin egalarea energiei de deformare plastica
pe ciclu si energia termica calculata pe baza cresterii temperaturii epruvetelor.




<<
  /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


