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Abstract

Shot peening is a commonly used surface treatment to introduce compressive residual stress in
carbonitrided gears. An effective measurement of stress gradient is an important factor in order
to bring a better comprehension of shot peening mechanisms and to assess fatigue and wear
properties of gears. Electronic Speckle Pattern Interferometry (ESPI or DSPI) is a technique
which allows to determine the displacement field of a deformed object with high resolution.

The aim of this work is to quantify residual stress in carbonitrided and shot peened steel using
an innovative method combining ESPI with incremental groove machining. ESPI is used to
measure, with submicrometer resolution, the displacement field due to local stress relaxation
occurring after machining a groove of a few micrometers depth. To obtain the complete stress
profile, further machining increments are performed with ESPI measurement between each. To
obtain the relation between measured displacements and the residual stress inside the groove,
a finite elements model is developed to calculate the matrix of calibration coefficients for each
depth.

The reliability of this technology is also tested in this work by comparing the residual stresses
determined by ESPI with those measured by X ray diffraction method.

Keywords Residual stress, Electronic speckle pattern interferometry (ESPI, DSPI), Simulation,
Shot peening, carbonitriding.

Introduction

Residual stress is the stress that remains in a body when all external loads have been removed
[1,2]. The performance of the material under thermal, mechanical and other kinds of loading
depends on the state of residual stress induced during the manufacturing process. Therefore,
an excellent knowledge in the magnitude and distribution of residual stress in component is
important in order to assess their effects in mechanical performance. Carbonitriding followed by
shot peening is commonly used in industry to introduce compressive residual stresses to
improve the fatigue life of components such as gears.

Measuring the relieved strains around a hole with strain gauges is a classical method to
determine stress levels [3]. Drilling a hole in the surface of a body with inherent residual
stresses disturbs the equilibrium which results in displacements and strains in the vicinity of the
hole [4]. However, this technique requires a preparation of the surface in order to ensure
appropriate bonding and only the strain in the direction of gauges can be obtained. Moreover, it
gives the stress gradient along the depth only on one specific place, where the hole is drilled.
The procedure proposed in this study is based on Electronic Speckle Pattern Interferometry



(ESPI) [5,6,7], a non contact optical method, to measure the displacement field on the surface
around a groove that relaxes stress not only along the depth but also along its length. The
principal advantage of ESPI method is the measurement full field displacement with high
resolution (= 30 nm within one pixel) without the installation of strain gauges.

Since the 80’s many papers used holography or ESPI with hole drilling to quantify residual
stresses [8,9]. After that, several methods with various perturbation geometry were proposed for
instance by. Plama et al. [10], Bendek et al. [11]. Montay et al. [6] studied the measurement of
two dimension residual stress by combination of incremental groove machining and ESPI on a
shot peened aluminium plate.

In this paper, we present a new numerical technique to determine residual stresses based on
the ESPI method combined with incremental groove machining in carbonitrided and shot
peened steel. Moreover, these stresses are then compared to the stresses measured by X-ray
diffraction to validate the method. The form of groove [6] is chosen here because of its capacity
to perform the machining in specimens with hardness of approximately 850HV. Compared to X-
ray diffraction, the incremental groove machining method is less expensive in terms of
equipment and maintenance. Another main advantage is, as for all mechanical methods, the
capacity to obtain the macro stresses. For instance, in our case, carbonitrided and shot-peened
steels contain two phases, austenite and martensite, and diffraction methods will give pseudo
macro-stresses, i.e. phase stresses. The groove machining can also gives directly the stress
gradient in two directions without the necessity to perform successive electropolishing removals.

Experimental set-up and results

The ESPI technique is widely used to measure surface displacement [1,4,6,7,10]. Figure 1
shows the schema for ESPI device used in this study with a 35 mW HeNe laser of wavelength
632.8 nm. One beam of the interferometer reflected by a mirror mounted on a piezoelectric
actuator to perform a known phase shifting [12]. After each incremental machining, an image of
the specimen surface is recorded by the camera. The difference of two images generates
fringes which contains the displacement information between the two states [5]. The sensitivity
of measurement is equal to 0.63 um/fringe.

piezo-mirror

an + spatial filter

groove

camera

HeNe laser

mirror

Figure 1: Interferometric set-up. Between the camera and the specimen, a machining device
can be inserted and removed to drill the groove



The investigated specimen is made with 27MnCr5 steel carbonitrided at 907°C and then shot
peened. Specimen dimensions are 9x16x80 mm?® and the shot peened surface is 9x80 mm?>.
Hardness obtained on the peened surface is approximately 850HV. The values of parameters
used for shot peening were given in Table 1.

Table 1.Shot peening parameters

shot size[mm] | shot hardness[HV] | Pressure[bar] | Treatement time[s] | Impact angle[°]

0.7 640 3 6 65

The groove is realized by a 40 tooth carbide circular saw blade with 1mm width. Evolutions of
phase fringes determined as a function of some machined depths are presented in Figure 2.
The sensitivity direction depend the direction of the illumination and specimen position In this
study, displacement field U4(x,y) is measured along x axis presented in Figure 1.
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Figure 2. Phase fringes obtained by ESPI for different groove depths. One fringe represents a
displacement of 0.63 pm in the horizontal direction. The noisy area in the centre is the groove
(1 mm wide). The height of the picture represents the whole width of the specimen (9 mm)

Comparing the images in Figure 2, it can be seen that the depth of the groove is not perfectly
constant along its length. This is particularly clear for small depth increment and it due to
imperfect sample holder orientation with respect to tool translation. This shows the capacity of
the proposed method to detect experimental errors. It can also be seen in Fig. 2 that the number



of fringes, i.e. the displacement, increases with increasing machined depth as the volume on
which stress is relaxed evolves.

Figure 3 shows quantitatively the evolution of the displacement U(x,y) versus the distance x
from the centre of groove for different machining depths.
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Figure 3. Displacement Ux measured by ESPI method versus distance from the centre of the
groove, for various machining depth

Computation of stress from displacement data

Once displacement data as shown in Figure 3 is acquired, the stress gradient along the two
directions y and z can be computed. For that, the material is assumed here isotropic and linearly
elastic. Figure 4 presents the definition of coordinates for analysis. When a surface along plane
(y,z), submitted to a residual stress field, is created through machining a groove of depth Z, the
relaxation of the stress o,(y«,z;) produces a displacement Uy(xm,y,) at point M on the free
surface along plane (x,y).

The total displacement can be expressed as:

Ux(Xm,Yp) = G(Xm; Yo, Y Zj, Z) Oxx(Yk:2) (1)
where G is the matrix of calibration coefficients which depend on the geometry of the
component, on the depth of the groove, on the elasticity constants of the material and on the
indices m, p, k, j relative to the points at which the displacement is measured and the stress is
computed. When the first increment i=1 is machined, the displacement measured Up1 at a given
distance x, on line y, when all the k cells are loaded:

Nk
Ul :ZGli O-Ii 1 11 1
=i or in matrix form [U J_[G ][0 J (2)
When increment i is machined with j the cell number in z direction, we have:
Nk i1 Nk A U ) . i .
U, =23 Gl +3.Glo} (v ]=2[e ]l ] +[ 6" ][]
k=1 j=1 k=1 or in matrix form J=l (3)
Eq. 3 shows the relationship between the measured displacements U; for increment i, the

stresses calculated for the previous increments i-1 and the unknown stress correspond to i



increment ai. The calibration coefficients G”pk are obtained through finite element analysis by
loading a cell (y, z) with a unit stress ox(yx, z;) and calculating the corresponding
displacement. In this study, the number Np=26 of measurement lines is larger than the number
Nk=5 of unknown value, the system can be solved by a least square procedure.

> X (Sensitivity direction)

Figure 4. Groove machined in the component for the first increment (i=1). The displacement at
point M is due to the stress applied on one cell defined on the lateral surface of the groove

Comparison with measurements by X-ray diffraction

In order to determine residual stress, the calibration coefficients G were computed for measured
line x,=2 mm. They were then used to calculate the residual stress by using Eq 3 with the
displacements results of ESPI measurement. The calculated stress corresponds to the stress
level located in the middle of each increment. In Figure 5, the stress obtained with groove
machining method is compared with stress obtained by XRD method performed in martensite
phase. It can be noted that these two methods give a similar stress level. The macro stresses in
this case is very similar compared to the stress in martensite phase. It can be concluded that
stresses are due to layer incompatibilities rather than phase incompatibilities.
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Figure 5. Comparison of residual stress determined by XRD and incremental groove
machining method combined with ESPI



This comparison showed the capacity of the incremental groove machining coupled with ESPI
method to determine the residual stress in carbonitrided and shot peened steel.

Conclusion

In this study, Electronic Speckle Pattern Interferometry (ESPI) and groove machining is
employed to measure the residual stress field in 27MnCr5 steel carbonitrided and shot peened.
The residual stress is quantified by using the displacement measured by ESPI and the matrix of
calibration coefficient determined by finite element model. The calculated values are compared
with the stress performed with XRD and a good correlation is obtained to validate this innovative
method. This study also shows that displacements in very hard materials can be measured
successfully by a mechanical method such as groove machining.

Acknowledgement
The authors are grateful to ANRT (French Agency for Research and Technology) for the CIFRE
grant supporting this work.

Reference

[1]1 M. Steinzig, E. Ponslet, Residual stress measurement using the hole drilling method and
laser speckle interferometry, part |, Part I, Experimental Techniques, (2003)

[2] M.Hertwig, T.Flemming, T.Floureux, H.A.Aebischer, Speckle interferometric damage
investigation of fibre reinforced composites, Optics and lasers in Engineering 24(1996)485-504
[3] G.S.Schajer, G.Roy, M.T. Flaman, J.Lu, Hole drilling and ring core methods, Handbook of
measurement of residual stresses, Society for experimental mechanics, 1996

[4] G. Focht, K. Schiffner, Determination of residual stresses by an optical correlative hole
drilling method, Experimental mechanics, (2003)

[5] R. Jones, C. Wykes, Holographic and Speckle interferometry, Cambridge studies in modern
optics, Cambridge university presss, (1989)

[6] G. Montay, O.Sicot, A. Maras, E. Rouhaud, M. Francois, Two dimensions residual stresses
analysis through incremental groove machining combined with electronic speckle pattern
interferometry, Experimental Mechanics, (2008)

[71 G.S.Schajer, M.Steinzig, Full Field calculation of hold drilling residual stresses from
electronic speckle pattern interferometry data, Experimental mechanics, Vol. 45,No.6,December
2005, (2005)

[8] A. Antonov, Al. Bobrik, VK. Morozov , G. Chernyshev. Residual stress determination by
making a hole and holography interferometry. Proc AN SSSR, Mekh Tverd Tela (1980);2:182-9.
[9] DV.Nelson, JT. McCrickerd. Residual stresses determination through combined use of
holographic interferometry and blind hole drilling. Exp Mech (1986);26:371-8.

[10] J. Palma., R. Rivero., I. Lira., M. Francois., Measurement of the residual stress tensor on
the surface of a specimen by layer removal and interferometry, Measurement Science and
Technology, 20, (2009) 1-10

[11] E. Bendek., I. Lira, M. Francois.,Uncertainty of residual stresses measurement by layer
removal, International Journal of Mechanical Science, 48 (2006) 1429-1438

[12] G. Cloud, Optical methods of engineering analysis, Cambridge university presss, (1998)




<<

  /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 1.7

  /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

    /Arial-Black

    /Arial-BoldMT

    /ArialMT

  ]

  /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 0.40

    /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 (None)

  /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



