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Report: 
 
Introduction - The residual stresses that develop due to the welding process are the result of the non-
uniform temperature cycle of heating and cooling. It is commonly known that welding produces high tensile 
stresses near the weld zone, and compressive stresses further away. When welding thin plate structures, the 
compressive stresses are the source for buckling distortion to appear. A method to eliminate the buckling 
distortion is by applying a heat sink at a short distance behind the welding heat source, a process also known 
as Dynamically Controlled Low Stress No Distortion (DC-LSND) welding.[1] The results obtained by this 
method are promising: plates that show severe buckling due to conventional welding remain nearly flat when 
a heat sink is applied. The elimination of the buckling distortions can be correlated to changes of the 
compressive residual welding stress when an active cooling source is applied. Unfortunately, there is still a 
lack of experimental data to show in what way the cooling source affects the residual stress distribution.  
To increase the insight, finite element (FE) models were developed at Delft University of Technology and 
the Netherlands Institute of Metals Research. They predict both a reduction, and a redistribution of the 
welding stresses when a cooling source is applied. In addition, analytical models were derived to predict 
under what residual stress conditions the welded plates will buckle, and how buckling could be avoided. By 
combining these models, information can be obtained on how the active cooling source should be applied to 
prevent buckling distortion. 
The aim of this experiment is to measure the longitudinal and transverse residual stress distributions on 
samples that were welded with and without a trailing heat sink, and with various welding parameters. The 
purpose is twofold. Firstly, the results should provide insight into the influence of the welding and cooling 
parameters on the residual stress distribution. It will lead to a better understanding of how the cooling source 
should be applied, to obtain a maximum reduction in the buckling distortion. Secondly, the results will be 
used for FE model validation. Once validated, the models are a powerful tool to further study the effect of the 
cooling source on the residual stress distribution. 
 



Experimental method - Welded samples were prepared in advance at Delft University of Technology. The 
samples consist of AISI 316L austenitic stainless steel plates, with three different sample sizes, i.e. 
(thickness, width, length) = (1.5×100×200), (2×100×200), and (2×120×100) mm. In addition, two dual phase 
steel (DP600) plates of (1.5×100×200) mm were investigated. Welds were made along the whole plate 
length, in full penetration mode. Several sets of welding parameters were investigated, by varying the 
welding current and welding speed in such way that the weld geometry remained the same for all welds. For 
every set of welding parameters, one sample is conventionally welded (CONV), and one is welded with a 
trailing heat sink (DC-LSND). The residual stresses in the plates are assumed to be bi-axial, with zero stress 
in the thickness direction. The stresses were determined along a line perpendicular to the welding direction, 
at the centre of the plate. Duplicate samples were welded to measure the temperature histories during 
welding, and for microstructural analysis. 
Synchrotron X-ray diffraction experiments were conducted at beam line ID31 to study the longitudinal and 
transverse residual stress state of the welded samples, using traditional 2θ-scanning in transmission mode. 
The stresses were determined by performing a strain scan in two perpendicular directions.[2] A 60 keV beam 
was used. Diffraction measurements were performed at the Fe <311> planes, which for a wavelength of 
0.2068 Å, results in (stress free) diffraction angles of around 2θ = 10.946°. The receiving (vertical) slit size 
was set to 2 mm. The incoming beam slits were set to (horizontal×vertical) = (1×2) mm for the longitudinal 
measurements, and to (horizontal×vertical) = (2×1) mm for the transverse measurements. This resulted in a 
gauge length of 8 mm for the transverse measurements, and 10.5 mm for the longitudinal measurements, 
which is larger than the plate thickness, so that measurements over the whole plate thickness were obtained. 
The plates were clamped with help of clamping devices provided by the FaMe38 lab. Clamping resulted in 
good fixture of the plates, while applying minimum clamping forces, so that the stress state of the plates was 
not affected. 
 
Results – The measurements have resulted in valuable data that served as FE model validation[3] and that 
increased the insight into the process of welding with a trailing heat sink. These data contribute to a PhD 
Thesis on the DC-LSND process.[4] A summary of the measurement results is given here. 
Figure 1(a) shows the large difference in buckling deformation between a conventional weld (CONV) and an 
actively cooled weld (DC-LSND). The buckling inevitably affects the residual stress state of the samples. To 
investigate what the stresses in the welded samples must have been before buckling, one of the 
conventionally welded sample was pressed flat again. Figure 1(b) clearly shows that the residual stress in a 
buckled sample is lower then the stress in the same sample when it is pressed flat. Important to note is that 
the stress measured in the flat sample is the stress that causes the buckling deformation. Figure 1(c) shows 
that the transverse stress in the 200 mm long samples is low. 
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Figure 1.(a) Difference in buckling deformation for a conventional and an actively cooled sample. (b) 
Residual welding stresses for a conventionally welded sample in a buckled state (CONV) and when pressed 
flat (CONV_Flat); (c) Transverse residual stress in a 1.5×100×200 mm sample. 
 
The longitudinal residual stress measurement results for the 200 mm long 316L steel samples are plotted in 
Figures 2(a) to (d), for varying welding parameters. It can be seen that the welding parameters do not 
significantly affect the residual stress state of the conventional welds (Figs 2(a) and (c)). When the active 
cooling is applied (Figs 2(b) and (d)), the longitudinal stress is reduced. The amount of stress reduction 
largely depends on the welding speed: at higher speeds, the effect of the active cooling source deceases. The 



reduction in buckling deformation for the actively cooled samples can be explained by the reduction of the 
compressive residual stress near the plate edges. 
Figures 2(e) and (f) show the results for the 2×120×100 mm 316L steel samples. Due to their relatively thick 
and wide geometry, these samples show little deformation, even after conventional welding. However, the 
stresses in these samples are higher than for the 200 mm long samples. The conventional weld in Fig. 2(f) 
shows a high transverse stress. For these samples, the active cooling source does not only effectively reduce 
the longitudinal stress, but also the transverse stress. 
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Figure 2. Residual stress results for the 316L stainless steel samples with dimensions: (a,b) 1.5×100×200 
mm, (c,d) 2×100×200 mm, and (e,f) 2×120×100 mm. 
 
The measurements on the DP600 steel plates show similar results as those on the 316L steel plates. However, 
due to the solid state phase transformations that took place during welding, the stress results in the heat 
affected zone could not be determined with high accuracy. 
 
Conclusions – The results obtained with this experiment are very valuable for both the insight into the DC-
LSND welding process, and for validation of the FE models. The influence of the active cooling during 
welding under various conditions was clearly shown. The active cooling is most effective at lower speeds 
and its influence decreases for increasing speeds. The effect of buckling on the residual stress distribution 
was also shown. The buckling deformation that appears in the conventionally welded plates after releasing 
the plates from the clamp after welding causes a relaxation of the stresses, which was quantified 
experimentally. 
 
References 
1. J. Li et al. - Journal of Materials Processing Technology 2004 (147) 328-335  
2. M.N. James et al. - Fatigue and Fracture of Engineering Materials and Structures 2004 (27) 187-202 
3. E.M. van der Aa et al. – Mathematical Modelling of Weld Phenomena (expected in 2007) 
4. E.M. van der Aa – PhD Thesis, Dept. of Materials Science and Technology, Delft University of 

Technology (expected in 2007) 



<<
  /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 false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 1200
  /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 false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /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 false
  /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


