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The paper deals with the strains of removed chip and the root of the chip occurring in hard turning as finish manufacturing 
procedure, in case of orthogonal cutting. It examines the connections of thermal occurrence and plastic strains by the 
means of Finite Element Method simulation. For the simulation the data of experiments done previously were used. In 
the paper the change of the morphology of chip formation is compared depending on the cutting speed. 
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Introduction 

Nowadays, because of the increased loads, engineering 
industrial products require better and better accuracy, 
quality (e.g. wear resistance, etc.). One fulfilment method 
of this requirement can be solved by the increase of the 
number of hard, hardened surfaces (>45 HRC) on the 
components. As conventional finish machining, grinding 
has a tested, well established technology, although it can 
be noted that the material removal rate and the possibility 
of concentration of operations are relatively low. The 
appearance and spread of super hard tool materials (e.g. 
PCBN) opened way to finish machining (e.g. hard 
turning) of hardened steels by cutting tools having 
single point cutting edges. Because of the physical and 
mechanical characteristic of hardened steels and the 
PCBN tool material and also the needed edge formation 
and the applied cutting conditions, the process of chip 
removal differs from the traditional turning. By the 
Finite Element (FEM) simulation we wish to prove, on 
the base of scientific literature [1, 2, 3], the special shape 
of the chip and the mechanism of chip removal.  

Chip removal in case hard turning 

In the case of hard turning the removed chip leaves with 
special mechanism usually [3]. The shape of the chip 
removed, according to the scientific literature, can be 
seen in Fig. 1 [2]. The negative tool rake angle creates 
high compressive stresses both on the cutting edge and 
in the material. As a result, the material is parted by 
cracking and plasticisation and chips are formed (Fig. 2). 
It removes from the chip root as a chip segment. 
 

 
Figure 1: Shape of chip can be removed 

at hard turning [2] 
 
Owing to the brittleness of the material, the high 

compressive stress initially leads not to a material flow 
but to formation of a crack. This crack releases the 
stored energy and thus acts as a sliding surface for the 
material segment, allowing the segment to be forced out 
between the parting surfaces [4]. 

 

Tool

Workpiece
B' A

B

E
F

d

D'
d'

ap

D
C

? ? 'Y ’
Y

 
Figure 2: A supposed mechanism of chip formation 

in hard turning [3] 
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While the tool reaches point A from B’, there is a 
thermal tempering for a while in interval BD, later this 
interval gets back to its original strength and along the 
BE interval it bonds into the direction of the flank of the 
tool. The extent of the bulge of the tooth shape depends 
on the values of Ψ [3]. As the Ψ changes periodically, 
according to the designation in Fig. 2, in case of Ψ < Ψ’ 
point C is situated on interval DD’, while in case of 
Ψ > Ψ’ it remains on BD interval Once the chip segment 
has slid away, renewed cutting pressure results in 
formation of a fresh crack and chip segment. The heat 
created in the cutting process supplies the temperature 
increase needed for plastification of a small section of 
the chip material [3].  

Modelling of chip formation with FEM-simulation in 
case of hard turning 

Nowadays one of the most effective analysing, simulation 
procedures of physical processes is the Finite Element 
Method (FEM). For investigation of plastic strain rates 
at the root of the chip we have the 2D version of the 
Third Wave AdvantEdgeTM 5.3 program package, which 
is optimised for cutting processes. By this program 
package we can examine the process characteristics in 
orthogonal cutting, that is why the input data have to 
satisfy these requirements. That is, the geometrical data 
of the cutting tool need to be defined in the tool-
orthogonal plane. The program starts from the Johnson-
Cook equation for calculation of the strain and strain 
rate [5, 6, 7, 10]. 
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Where σred is the reduced, ε is the plastic strain, ε&  is the 
plastic strain rate, 0ε&  is the reference plastic strain rate, 
T is the temperature of workpiece, Tm is the melting 
temperature of workpiece material, Troom is the room 
temperature, coefficient A is the yield strength, B is the 
hardening modulus, and C is the strain rate sensitivity 
coefficient, n is the hardening coefficient, and m is the 
thermal softening coefficient. For the definitions of 
designations showed above, and their interpretation we 
cannot give more details because of lack of space, they 
can be found in the quoted literature [5]. The Johnson-
Cook parameters of the material quality of the workpiece 
are the following: σred = 400 MPa; A = 588 MPa; 
B = 680 MPa; C = 0.057; n = 0,4; m = 0.7 [6]. During  

the Finite Element Simulation we intended to prove chip 
formation mechanism described in paragraph 2, for steels 
with hardened inserts. It was examined how the change 
of the vc cutting conditions affects the frequency chip 
segment to be forced out. Besides the segment formation 
and the characteristic of the emerging force components 
(passive force and main cutting force) were compared.  

Experimental condition 

The input parameters (for the simulation) of the 
machining operation can be found in Table 1. 
 
Table 1: Research input parameters 

Workpiece 
Workpiece length 5 mm 
Workpiece height 3 mm 
Workpiece material Cubic Boron Nitrid 

Tool 
Rake angle -6° 
Rake face length 3.0 mm 
Relief angle 6° 
Relief face length 3.0 mm 
Cutting edge radius 0.01 mm 
Material 20MnCr5 

Simulation 
Max. number of nodes 24 000 
Max. element size 0.1 mm 
Min. element size 0.01 mm 

Process 
Depth of cut (ap) 0.1…0.2 mm 
Length of cut 3 mm 
Feed 0.05…0.2 mm/rev 
Cutting speed 90…240 m/min 
Friction coefficient 0.35 
Coolant Not used 

Results of the FEM-simulation 

Having completed FEM runs the size of plastic 
deformation connected to different cutting conditions 
(Figs. 3, 4, 5) and the morphology of the related cutting 
force (Fc) as well as passive force (Fp) were examined. 
(Because of the simpler demonstration, the change of 
the cutting forces will be presented only after the 
temperatures that become stable, therefore the initial 
stages cannot be seen). 
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Figure 3: The size of plastic strain, the morphology of chip formation and cutting force components in the case of 
vc = 120 m/min. a, ap = 0.10 mm, f = 0.1mm/ford; b, ap = 0.15 mm, f = 0.1 mm/ford; c, ap = 0.2 mm, f = 0.1 mm/ford 
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Figure 4: The size of plastic strain, the morphology of chip formation and cutting force components in the case of 
vc = 150 m/min. a, ap = 0.10 mm, f = 0.1mm/ford; b, ap = 0.15 mm, f = 0.1 mm/ford; c, ap = 0.2 mm, f = 0.1 mm/ford 
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Figure 5: The size of plastic strain, the morphology of chip formation and cutting force components in the case of 
vc = 240 m/min. a, ap = 0.10 mm, f = 0.1mm/ford; b, ap = 0.15 mm, f = 0.1 mm/ford; c, ap = 0.2 mm, f = 0.1 mm/ford 

 
 

The chip shapes seen in Figs. 3, 4, 5 are shown 
under different cutting speeds. One speed goes with 
three combinations of the cutting parameters. It can be 
observed that with the increase of the cutting speed the 
number of bulges of the removed chip also increases. 
However, with the increase of the depth of cut, the size 
of the bulges increases. The effect of the cutting 
parameters on the bulges of the chip can be examined 
by the spacing length of the bulges. The frequencies of 
the bulge of chip segments are characterized by the length 

of spacing belonging to the different adjusted parameters. 
Their values can be approximately calculated from the 
coordinates of the rectangular triangles, expressed in 
mm-s, being in Fig. 6. The changing of shape of the chip 
having almost regular periodicity and the chip formation 
mechanism allow to conclude that cutting forces have to 
emerge with similar periodicity during chip removal 
(Figs. 3, 4, and 5.) The connections between cutting 
speed and the spacing length of bulge originating from 
the shear can be seen in Fig. 7. 
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Figure 6: The calculation of the length of spacing between the originating „saw-teeth” of the developing chip 
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Figure 7: Connection between chip bulge and cutting speed 

 
 

Conclusion 

FEM simulation for case hardened steel was carried out 
to examine the mechanism of chip formation. As a 
consequence of the simulation it can be stated that the 
„saw-tooth” structure forming in chip removal depends 
on the cutting parameters. In the case of high enough 
cutting speed (vc = 240 m/min), however, it decreases to 
its minimum, or even disappears. This morphology of 
formation can be related to the heat formation 
characteristic of removal process, thus may affect the 
state of the surface layer of the workpiece. The research 
of these relationship needs furtherexperiments. 

ACKNOWLEDGEMENT 

The work was presented by the support of the Hungarian 
Scientific Research Fund (Number of Agreement: 
OTKA K 78482), which the authors greatly appreciate. 
 

REFERENCES 

1. Z. PÁLMAI: Fémek forgácsolhatósága, Műszaki 
Könyvkiadó, Budapest, 1980, 61–69. 

2. I. AL-ZKERI: Finite Element Modeling of Hard 
Turning. VDM Verlag Dr. Müller. Saarbrücken, 
2008, ISBN: 978-3-639-110340. 

3. M. A. DAVIES, C. J. EVANS, Y. CHOU: On Chip 
Morphology, Tool Wear and Cutting Mechanics in 
Finish Hard turning. Annals of the CIRP Vol. 45/1, 
1996, 77–82. 

4. W. KÖNIG, R. KLINGER, R. LINK: Machining Hard 
Materials with Geometrically Defined Cutting 
Edges- Field of Applications and Limitations. 
Annals of the CIRP Vol. 39/1/1990, 61–65. 

5. Third Wave AdvantEdgeTM User’s Manual, Version 
5.1. 

6. ČSN 41 4220/ISO 683/11-70. 
7. A. G. MAMALIS, J. KUNDRAK, A. MARKOPOULOS et 

al.: On the finite element modelling of high speed 
hard turning, International Journal of Advanced 
Manufactoring Technology, 38/5-6, 2008, 441–446.  

8. W. ZEBALA: Simulation of Cutting with the Defined 
Tool Geometry, Journal of Machine Engineering 
(ISSN 1642-6568), 5/3-4, 2005, 109–119. 

9. J. KUNDRAK, A. G. MAMALIS, A. MARKOPOULOS: 
Finishing of hardened boreholes: Grinding or hard 
cutting? Materials and Manufactoring Processes, 19 
(6), 2004, 979–993.  

10. J. KUNDRAK, W. ZEBALA, V. BANA: Examination of 
cutting zone deformation occurring in hard turning 
by FEM simulation. Manufacturing Technology, 
Journal for Science, Research and Production, 3, 
2003, 3–7. 

 



<<
  /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


