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ABSTRACT. The influence of forging conditions on the  propagation of 
physically small fatigue cracks has been studied for two high strength steels. 
Two surface conditions were produced after the forging process. The 
subsurface microstructure of the  materials has been characterized by EBSD. 
Small samples  extracted from the original specimens were used to perform in 
situ fatigue tests monitored by high resolution synchrotron X-ray 
tomography. Fatigue cracks were initiated from an artificial defect  (100 μm 
wide x 50 μm deep)  introduced in the forging skin by laser machining. 
3D images of the initiation and growth of those physically small fatigue cracks 
have been obtained. It was found that the presence of a shot-blasted skin 
containing a hardness and microstructure gradient influences the 3D crack 
shape during propagation in comparison with the materials without material 
properties gradient. The 3D crack shapes are rationalized in terms of crack 
closure effects induced by the forging processes, close to the surface. 
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INTRODUCTION 
 

ith the enforcement, in the very near future, of new European regulations in terms of fuel consumption, car 
manufacturers have put a large effort in trying to reduce the weight of vehicles in the last ten years. This has 
led to a global increase of the load level experienced by many components in the body, the panels, the wheels 

or the engine of cars. Being able to accurately predict the fatigue life of those components has now become a key issue for 
keeping the same trend and reducing the vehicle weight further. A good example, in the field of metallic components, is 
given by the connecting rods or crankshafts which are submitted to higher service load for a very large number of cycles. 
Although it is well accepted that the methods used to produce such components (mainly hot and cold forging) have a 
strong effect on the material microstructure and, therefore, on their mechanical properties, the thermo-mechanical history 
experienced by the metals during processing is not accurately taken into account at the design stage leading to over 
conservative safety coefficients.  
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In this study, four different industrially relevant forging conditions have been studied for two different pearlitic or ferritic-
pearlitic steels. The effect of the processing route on the materials microstructure and mechanical behavior has been first 
evaluated. The 3D propagation behavior of fatigue cracks growing from shallow artificial defect (i.e. growing  mainly 
within the forged skin of the materials) has been obtained through in situ X-ray synchrotron tomography. The crack 
growth curves have been obtained for all materials and the effect of processing on crack growth behavior assessed. 
 
 
EXPERIMENTAL 
 
Materials 

our different forging condition of industrial relevance were investigated for two different steels. Cold forged 
cylindrical specimens produced with two different cross sectional area reduction  (18 and 75 %) have been 
obtained for a 27MnCr5 ferritic-pearlitic steel [1]. A C70 pearlitic steel was also used to produce connecting rods 

through a four step hot forging process. Samples were extracted from the connecting rods directly in the as-forged 
condition or after a shot-blasted treatment applied in order to remove the scale [2]. 
Tab. 1 details the processes and the mechanical properties of the four different materials/conditions studied (hereafter 
simply called different materials with a greek numbering as shown in the table).  
It can be seen from this table that the cold forging process produces a lower grain size than  hot forging and that the grain 
size decreases with the level of reduction. When shot blasting is used (material IV) a grain size gradient is observed. EBSD 
observations reveal a 10 µm thick layer of extremely fine grains (< 1 µm); below this region a layer of heavily deformed 
grains is observed evolving gradually towards more equiaxed grains with an average size of 25 µm at a distance of 150-200 
µm below the surface, where the unaffected bulk material begins. A gradient of mechanical properties is concomitantly 
observed with hardness values ranging from 350 HV at the surface to 280 HV at 400 µm below the surface. Finally, in the 
bulk material, a residual stresses gradient (measured by X-ray diffraction) with compressive stress values ranging from -
500 MPa  at the surface to 0 MPa at a distance of 400 µm below the surface was measured . More detailed information 
can be found in [2] 
 
Synchrotron tomography experiments 
In order to study the influence of the surface conditions induced by the finishing processes on the propagation of shallow 
fatigue cracks, small samples of 0.8 x 0.8 mm cross-sectional area were extracted at the surface of the forged components. 
The small cross section of the samples is the result of the large X-ray attenuation  of Iron and the small voxel size required 
to detect accurately the small cracks [3]. Fig. 1 (a) and (b) show a schematic  view of the fatigue samples extracted from 
the cold forged round bars (materials I and II) and from hot forged connecting rods (materials III and IV) by means of 
electro discharge machining. 
  

Symbol Material Process 
σ0.2 

(MPa)
Grain size 

(µm) 

I 27MnCrFP Cold Forged (18%) 730 15 

II 27MnCrP Cold Forged (75%) 1072 8 

III C70P Hot Forged 800 25 

IV C70P Hot Forged 
+ shot blasting 

800 1 to 25 
 

Table 1: List of the materials and forging processes investigated with the corresponding mechanical properties and grain sizes. In 
material IV the shot blasting process produces a grain size gradient (see the text for details). 
 
Residual stress measurements performed on the tomography samples showed values ranging from 0 to 20 MPa in samples 
of materials I, II and III. In the particular case of material IV, after spark machining the samples exhibited a curvature 
radius of 170 mm due to the presence of residual stress gradient. However, this curvature  disappeared  in the unloaded 
state after a few hundred fatigue cycles. Thus it can be concluded that the samples tested were free of residual stresses. 
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Figure 1: Miniature dog bone fatigue samples (cross section 0.8x0.8 mm2)  extracted at the surface of the forged materials from the 
cold forged bars (materials I and II) (a) or from the hot forged connecting rods (materials II and IV) (b). 
 
Artificial defects that act as the initiation point of the fatigue cracks were introduced at the sample surface by laser 
machining  as described elsewhere in the case of cast iron [4]. In this study the notch obtained has the shape of a narrow 
wedge of dimensions (depth/width/opening): 50x100-150x5 µm3. It is shown schematically on Fig. 2. 
In-situ fatigue tests were performed on ID19 beamline at the European Synchrotron Radiation Facility (ESRF). A ”pink” 
X ray beam [5] with a photon energy of 60 keV is used with a Pco Edge CCD camera (2160 x 2560 pixels). The samples 
were cycled in situ using a dedicated fatigue machine mounted onto the rotation stage of the beamline [6]. Once crack 
initiation was detected (by inspection of the radiographs of the sample under load) tomographic scans (2000 projections, 
exposure time of 0.07s duration 3.68 min) were recorded regularly after a given number of cycles. The samples were 
scanned under maximum load in order to improve crack visibility. Uniaxial fatigue tests were carried out in pull-pull 
loading conditions with R=0.1. Reconstruction of the tomographic data was performed with a standard filtered back-
projection algorithm. A 0.65 µm voxel size was obtained. Fiji and ParaView open softwares were used for post-processing 
the 3D images. 
 
 

 

Figure 2: Left: Projected view (along the loading direction) of the crack shape for material IV (hot forged + shot blasted) after 

66kcycles fatigue cycles at σmax = 450 MPa R=0.1. The blue rectangle highlights the shape of the laser notch. Right: reconstructed slice 
showing the crack shape a few micrometers below the surface (loading direction horizontal). 
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RESULTS AND DISCUSSION 
 

ab. 2 summarizes the fatigue tests performed at the ESRF. Two tests were carried out in each material in order to 
have failures above and below 100.000 cycles. For material IV, five specimens were tested since in some cases the 
crack nucleated from a corner of the sample instead of the artificial defect. 

The ability of tomography to detect accurately the size/shape of the cracks was assessed by comparing the surface crack 
size measured on the reconstructed images (e.g. right image on Fig. 2) with optical images obtained on the unbroken 
samples. In all cases a very good correspondence was observed (less than a few percent error). It was therefore possible to 
monitor accurately the 3D shape of the crack steadily propagating out of the artificial defect.  
 

Material Test σmax/ σ0.2 Cycles (x103) Failure origin 
I 1 0.62 61 notch 
I 2 0.57 160 notch 
II 3 0.52 71 notch 
II 4 0.48 125 notch 
III 5 0.52 30 sample corner 
III 6 0.47 121 notch 
IV 7 0.58 31 notch 
IV 8 0.59 60 sample corner 
IV 9 0.56 71.5 notch 
IV 10 0.63 95 sample corner 
IV 11 0.45 340 sample corner 

 

Table 2: Summary of the fatigue tests carried out at the synchrotron. 
 
Regarding the initiation stages, for the cold forged materials, a larger number of cycles was required to initiate a crack 
from the notch for the material with the largest strain level (material II). Regarding propagation, for all materials, both the 
crack surfaces and crack fronts were relatively flat/smooth showing no indication of strong interactions with the local 
microstructure (see for example Fig. 3 for an example of the crack fronts observed in material IV). 
 

Figure 3: Crack front shapes for Material IV σmax = 450 MPa, R=0.1. The shape of the crack fronts is relatively smooth indicating the 
absence of strong interaction with the local microstructure (e.g. grains). 
 
Despite their small physical sizes, the cracks behave as ”microstructurally long” fatigue cracks with continuously 
increasing growth rates. Fig. 4 shows a comparison of the crack growth rates as a function of ∆K for materials III and IV. 
In this figure the stress intensity factor values are based on the (area)1/2 parameter proposed by Murakami [7].  
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It can be seen from this figure that the shot blasting effect has nearly no effect on the crack resistance of the two 
materials. The same results have been obtained when comparing materials I and II. A more sophisticated analysis taking 
into account the 3D shape of the cracks for the calculation of the Stress Intensity Factors (SIF) with the Raju & Newman 
analytical formulas [8] shows again no difference between the four materials in terms of crack growth rates. 
 

 
Figure 4: da/dN curves for materials III and IV. The SIF values are based on Murakami’s (area)1/2parameter. 

 

 
 

Figure 5: Crack aspect ratio for the four materials studied (several samples per materials). 
 
One difference between the materials is observed when the crack shape is being considered. In case of material I, II and III 
the crack fronts acquire a semi-circular (penny) shape from a very early stage of propagation, conserving this geometry 
until final failure. In the case of material IV, however, the crack front acquires a semi-elliptical shape, a geometry which is 
maintained until final fracture. For materials I, II and III the crack intersects the surface with a 90 degree angle; this is not 
the case for material IV as observed on Fig. 3. Those differences are shown on Fig. 5 which gives a summary of the crack 
aspect ratio (depth/half surface length) for all materials: material IV is the only one which has a ratio below 1. A 
Raju & Newman analysis of the SIF values suggests that a penny shape correspond to a crack growing with an out of 
equilibrium shape  that is to say  a crack front along which K is not constant but higher at the surface. One explanation 
for this might be the “tunneling” effect of the crack which is well known for through cracks in CT samples (see for 
example [9]): a larger level of crack closure at the sample due to the larger plastic zone size “holds back” the crack front. 
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Although this has rarely been reported for 3D part-through cracks [10], this is consistent with the experimental 
observation of a grain size gradient at the surface of material IV. A smaller grain size restricts the plastic zone size (Hall 
Petch effect) and therefore the tunneling effect is reduced or even suppressed. Experiments at larger R ratio on materials 
III and IV (not shown here) tend to support this interpretation.  
 
 
CONCLUSION 
 

n situ fatigue tests monitored by synchrotron X-ray tomography have been carried out on four different forged 
materials (two different steels + two different forging processes). The residual stresses which have been measured in 
some of the bulk materials have been released in the fatigue samples because of their small size. For the experimental 

conditions investigated, it was found that there is no influence of the  forging process on crack growth curves. Differences 
in crack front shapes have been observed for the material which has been shot blasted. Those differences are interpreted 
in terms of the modifications induced in the sub-surface microstructure by the forging processes: a reduction of sub-
surface crack closure due to a local increase of the yield stress.  
 
 
ACKNOWLEDGEMENTS  
 

his project has been funded by the French Agence Nationale de la Recherche (Defisurf project). The authors want 
to thank Prof F.Morel and Dr. E.Pessard for fruitful discussions. 
 
 

 
REFERENCES 
 
[1] Gerin, B., Pessard, E., Morel, F., Verdu, C.,Mary, A., Beneficial effect of prestrain due to cold extrusion on the 

multiaxial fatigue strength of a 27MnCr5 steel International Journal of Fatigue 92 (2016) 345–359.  
DOI: 10.1016/j.ijfatigue.2016.07.012 

[2] Gerin, B., Pessard, E., Morel, F., Verdu, C., Influence of surface integrity on the fatigue behaviour of a hot-forged 
and shot-peened C70 steel component Materials Science & Engineering A 686 (2017) 121–133.  
DOI: 10.1016/j.msea.2017.01.041. 

[3] Buffiere, J.-Y., Maire, E., Adrien, J., ·Masse, J.-P., Boller, E., In Situ Experiments with X ray Tomography: An 
Attractive Tool for Experimental Mechanics Experimental Mechanics 50 (2010) 289–305.  
DOI: 10.1007/s11340-010-9333-7. 

[4] Lachambre, J.,Réthoré, J.,Weck, A., Buffiere, J.-Y., Extraction of stress intensity factors for 3D small fatigue cracks 
using digital volume correlation and X-ray tomography International Journal of Fatigue 71 (2015) 3–10.  
DOI: 10.1016/j.ijfatigue.2014.03.022. 

[5] P. Willmott, P., An Introduction to Synchrotron Radiation: Techniques and Applications, John Wiley & Sons, (2011). 
[6] Buffiere, J.-Y., Ferrie, E., Proudhon, H., Ludwig, W.,  Three dimensional visualisation of fatigue cracks in metals 

using high resolution synchrotron X-ray micro-tomography. Mater. Sc. Technol., 22(9)(2006) 1019–1024. 
[7] Murakami Y., Metal fatigue: effect of small defects and non-metallic inclusions. Elsevier, (2002). 
[8] Newman, J.C., Raju, I.S., An empirical stress-intensity factor equation for the surface crack Eng. Frac. Mech., 15 

(1981) 185–192. 
[9] Dawicke, D.S., Grandt, A.F., Newman, J.C., Three-dimensional crack closure behavior Engineering Fracture 

Mechanics, 36(1) (1990) 111-121. 
[10] Ferrié, E., Buffiere, J.-Y., Ludwig, W., Gravouil, A., Edwards, L., Fatigue crack propagation: In situ visualization using 

X-ray microtomography and 3D simulation using the extended finite element method Acta Materialia, 54(4) (2006) 
1111-1122. DOI: 10.1016/j.actamat.2005.10.053. 

I 

T 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /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 /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /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 true
  /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

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  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 /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


