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Abstract 
Macroscopic and microscopic residual stresses can be determined by the X-Ray diffraction 
technique. The macroscopic residual stresses can be deduced from the shift of the diffraction 
peak position. The diffraction peak widths are a measure of the microscopic residual stresses 
and are often directly correlated with the cold work of a material. Aspects such as the strain 
rate or the stress state by which the cold work was induced aren’t normally taken into account 
in the correlation. The induced dislocation structure depends on these parameters. For 
example there are different dislocation structures after shot peening and deep burnishing. So 
the strain rate during a deformation process affects the dislocation structure and hence also 
has an effect on the diffraction peak width. 

In order to find out the influence of the strain rate on the diffraction peak width compressive 
deformations with different strain rates were performed on Inconel 718 specimens. After 
mechanical loading the specimens were cut in the middle. The new surfaces were electro 
polished and afterwards the X-ray diffraction peaks of the {311}-planes were measured. The 
full widths at half maximum (FWHM) of the Kα1-interference lines were determined. These 
FWHM values were correlated with the plastic strains and the different strain rates. The 
correlations found will be shown and discussed in this paper. 
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Introduction 

Macroscopic residual stresses can be deduced from the shift of the diffraction peak position 
by the X-Ray diffraction technique. The diffraction peak widths of the interference lines are 
also a measure of the microscopic residual stresses. Prevéy [1] proposed an equation to link 
the cold work and the full width at half maximum (FWHM) of the interference line directly. 
Prevéy used this equation for different processes such as shot peening, gravity peening, 
laser shock peening and low plasticity burnishing [2]. Factors such as the strain rate or the 
stress state, which could also influence the induced dislocation structure, could be assumed 
to be negligible. In this paper the influence of the strain rate on the development of the 
FWHM is investigated. 

Methods 

The investigations were carried out on age hardened IN718 cylinders. The diameter of the 
cylinders was 4 mm and the length 10 mm. 

In order to find out the influence of the strain on the full width at half maximum (FHWM) 
these cylinders were loaded with different interrupted compression tests. Different 
specimens were isothermally (RT) loaded for different total strains between 0 % and 25 %. 
Two different strain rates tε were applied (10-4 1/s and 1000 1/s).  

The experiments with the low strain rates ( tε  = 10-4 1/s) were performed strain rate 
controlled in a tensile testing machine. 



 
 

The tests with the high strain rates ( tε  = 1000 1/s) were performed in a high-speed testing 
machine (Zwick HTM 5020). This machine allows to load a specimen with maximum piston 
speed 20 m/s both in tension and compression. For this machine a special device was built 
to test the specimen up to a specified total strain. Figure 1 shows a schematic diagram.  

The device is accelerated from the piston of the machine. The piston of the device impacts 
on the cylindrical specimen. This specimen is deformed until the piston of the device impacts 
on the stop ring. Then the force escalates and the shear pin is cut. Afterwards the piston of 
the device can move free in the cylinder while the piston of the machine is decelerated by 
the end-of-stroke damper. During this process the force is measured by a piezoelectric load 
cell.  
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Figure 1: Schematic diagram of the testing device of the high strain rates 

 
The lengths of the specimens before (lbefore) and after (lafter) the experiment were measured 
and the plastic strain was identified: 
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afterbefore
p l

ll −
=ε  (1) 

Before the X-ray measurement of the mechanical treated specimens the specimens were cut 
in the middle and the new surface was electro polished to remove the introduce hardening. 
Afterwards the full width at half maximum (FWHM) were measured in the middle of the 
specimens by the X-ray diffraction at the {311}-interference using Cu-Kα-radiation with three 
different inclinations ψ = -5°, 0° ,5°. The Kα-doublet was separated to determine the width of 
the stronger Kα1 peak using the Rachinger correction. Three FWHM made for every 
specimen were averaged. 

To correlate the measured results with the technically relevant FWHM different samples 
were shot peened with the Almen intensities of 0.1 mmA and 0.25 mmA. Afterwards the 
FWHM of the shot peened surfaces were measured. 

 

 
Experimental Results 
A typical measured compressive stress strain curve for the two different strain rates  
( tε  = 10-4 1/s and 1000 1/s) is shown in Figure 2. The experiments were interrupted at a 
total strain εt = 25 %.  



 
 

Comparing the two stress strain curves it can be seen that the stress strain curve with the 
high strain rate shows oscillations. This is due to the impact and the measurement setup. It 
can also been seen that the stress curve ( tε  = 1000 1/s) shows, generally, a higher stress 
level than the other stress curve ( tε  = 10-4 1/s ). 
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Figure 2: Typical measured compressive stress strain curve for the two different strain rates 
( tε  = 10-4 1/s and 1000 1/s) for IN718 

The measured FWHM after the different loadings are shown in Figure 3. The FWHM 
increase with the applied plastic strain εp. It can also be seen that the FHWM of the 
experiments with the higher strain rate ( tε  = 1000 1/s) are on a slightly higher level than the 
one with the low strain rate ( tε  = 10-4 1/s). 
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Figure 3: FWHM measured after different loadings for IN718 

 



 
 

Discussion 

Prevéy suggested an equation to correlate the cold work (plastic strain εp) with the FWHM 
[1]: 

( ) DC)Bexp(1AFWHM pp +ε⋅+ε⋅−−=  (2) 

Where A, B, C and D are fitting parameters. With this equation the results which are shown 
in Figure 3 are fitted with a least-square algorithm. For the different strain rates different 
fitting parameters are used. This result is shown in Figure 4.  
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Figure 4: FWHM measured after shot peening and different loadings and for the different 

strain rates fitted with equation (2) for IN718 

The fits show the same tendency as already implied: FHWM of the experiments with the high 
strain rate are higher than those of the experiments with the low strain rate. This can be 
explained by the strain rate effects. At the low strain rates the dislocations have a lot of time 
to annihilate and to order in new arrangements like subgrain boundaries. At high strain rates 
the dislocation movements are handicapped because of obstruction of the cross slip of 
screw dislocations which leads to more planer dislocation structures. On the one hand this 
causes hardening of the material (cf. Figure 2) on the other hand the developed dislocation 
structures are different. The dislocations have less time to arrange and to annihilate because 
of the shorter time of the cold work and therefore more dislocations are left in the material 
[3]. This phenomenon has been observed by a transmission electron micrograph of 
untreated, shot peened and ball burnished AISI4140 specimens (cf. Figure 5). It can be seen 
that the microstructure of a shot peened and a ball burnished specimen is completely 
different. It should be noted, however, that AISI14140 has a b.c.c. structure so that it is not 
directly comparable with IN718 which has a f.c.c. structure.The specimen after shot peening 
(high strain rates during the impact of the shots) shows in comparison with the untreated 
specimen a lot of unsystematic dislocations. This dislocation structure is typical for 
deformation with high strain rates. The ball burnished specimen is also work hardened but 
with lower strain rates. In contrast to the shot peened specimen there are few dislocations 
and this dislocation are ordered in subgrain boundaries.  
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Figure 5: Transmission electron micrograph at surface distance of 0.08 mm in a untreated (a), 

a shotpeened (b) and a ball burnished (c) normalized AISI4140 specimen [4] 

 

Because the dislocations have little time to arrange and annihilate there are more 
dislocations after deformation at high than at low strain rates. So the measured FWHM at 
same cold work and higher strain rate are higher.  

In Figure 4 the two FHWM-values of the shot peened specimens (Almen intensity of 0.1 
mmA and 0.25 mmA) are also shown. For the two specimens there is a slight difference 
between the correlated cold work according equation (2) for the high and the low strain 
rates. For the specimen with the Almen intensity of 0.1 mmA the equation for the low strain 
rate predicts a cold work εp = 28.5 %, for the high strain rates 24.5 %. This corresponds to a 
difference of 16 %. For the specimen with the higher Almen intensity (0.25 mmA) the fits of 
the equation (2) for different strain rates must be extrapolated strongly. There the equation 
for the low strain rates predict a cold work εp = 51 %, for the high strain rates 44.5 %. This 
corresponds to a discrepancy of 14 %.  

 
Conclusion 

It has been shown that the strain influences the full width at half maximum (FWHM) of the 
interference line. So the FWHM can not directly be correlated simply with the amount of cold 
work. At the example of two shot peened specimen the emerging failure was estimated. The 
discrepancy to the predicate equation of Prevéy [1] for the two estimated strain rates ( tε  = 
10-4 1/s and 103 1/s) was about 15 %. So the equation according Prevéy can be used to 
predict a range of cold work as function of FWHM. Nevertheless the exact value of cold work 
as function of FHWM is dependent on the process which produces the cold work and 
respectively the strain rate. 

 
References 

 [1]  Prevéy P.S. Lambda Research, Inc.: The measurement of subsurface residual stress 
and cold work distributions in nickel base alloys, Residual Stress in Design, Process 
and Materials Selection, ed.W.B.Yound, ASM, Metals Park, OH, (1987), pp.11-19 
(1987) pp.11-19 

1 µm 1 µm 1 µm 



 
 

 [2]  Prevey, P. S.: The Effect of Cold Work on the Thermal Stability of Residual 
Compression in Surface Enhanced IN718, In: Funatani K. Totten G.E. (eds.), 
Proceeding of the 20th Conference, St.Louis, 2000, pp. 426-434 

 [3]  Schulze, V.: Modern Mechanical Surface Treatment, Wiley VCH, Weinheim, 2006 

 [4]  Lu, H., Scholtes, B., Macherauch, E.: Randschichtzustände von normalisiertem und 
vergütetem 42 CrMo 4 nach konsekutiven Kugelstrahl- und Festwalzbehandlungen, 
Materialwissenschaft und Werkstofftechnik 23 (21992) 11, pp. 388-34 

 
 


	Abstract
	Macroscopic and microscopic residual stresses can be determined by the X-Ray diffraction technique. The macroscopic residual stresses can be deduced from the shift of the diffraction peak position. The diffraction peak widths are a measure of the micr...
	In order to find out the influence of the strain rate on the diffraction peak width compressive deformations with different strain rates were performed on Inconel 718 specimens. After mechanical loading the specimens were cut in the middle. The new su...
	Keywords: Inconel 718, nickel base alloy, cold work, FWHM, micro residual stresses
	Introduction
	Macroscopic residual stresses can be deduced from the shift of the diffraction peak position by the X-Ray diffraction technique. The diffraction peak widths of the interference lines are also a measure of the microscopic residual stresses. Prevéy [1] ...
	Methods
	Experimental Results
	A typical measured compressive stress strain curve for the two different strain rates  (  = 10P-4P 1/s and 1000 1/s) is shown in Figure 2. The experiments were interrupted at a total strain RtR = 25 %.
	Comparing the two stress strain curves it can be seen that the stress strain curve with the high strain rate shows oscillations. This is due to the impact and the measurement setup. It can also been seen that the stress curve (  = 1000 1/s) shows, gen...
	The measured FWHM after the different loadings are shown in Figure 3. The FWHM increase with the applied plastic strain RpR. It can also be seen that the FHWM of the experiments with the higher strain rate (  = 1000 1/s) are on a slightly higher leve...
	Discussion
	Prevéy suggested an equation to correlate the cold work (plastic strain RpR) with the FWHM [1]:
	It has been shown that the strain influences the full width at half maximum (FWHM) of the interference line. So the FWHM can not directly be correlated simply with the amount of cold work. At the example of two shot peened specimen the emerging failur...


<<
  /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


