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ABSTRACT 
 
This research is part of the Department of Mechanical Engineering's 

continuing research. A basic orthogonal cutting process was simulated 
under a variety of cutting circumstances, including changing the tool 
shape and cutting speed. Fracture criteria were utilized 

 
 to model ductile material fracture. The work on predicting ductile 

fracture onset and propagation in orthogonal cutting procedures is 
summarized in this article. The FEM program's findings demonstrate the 
modified FEM software's ability to forecast cutting variables and serrated 
chip production. 

 
Key words: Finite-element method; Cutting; Damage; Chip formation 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



Page | 6  

 

CONTENTS 

 
CANDIDATE’S DECLARATION .................................................................. 2 

CERTIFICATE ................................................................................................. 3 

ACKNOWLEDGEMENT ................................................................................ 4 

ABSTRACT ..................................................................................................... 5 

LIST OF FIGURES ......................................................................................... 7 

LIST OF TABLES ......................................... Error! Bookmark not defined. 

1. INTRODUCTION ........................................................................................ 8 

2. ORTHOGONAL TURNING PROCESS .................................................. 9 

3. CUTTING FORCES DURING TURNING ............................................. 10 

3.1 Tool Geometry .................................................................................... 14 

3.1.1. Side cutting edge angle ........................................................... 16 

3.1.2. End cutting edge angle ............................................................ 16 

3.1.3. Cutting edge inclination (Rake angle) .................................. 17 

3.1.4. Nose radius .................................................................................. 18 

4. CHIP FORMATION IN TURNING PROCESS ..................................... 20 

5. EXPERIMENTAL PROCEDURE ........................................................... 26 

5.1 The customized FEM model ........................................................... 26 

5.2 Damage criteria .................................................................................. 27 

5.3 Orthogonal cutting simulation....................................................... 28 

5.4 Simulation set-up .............................................................................. 30 

5.5 Simulation results: chip formation ............................................... 30 

5.5.1 Simulation ret A ........................................................................... 30 

6. DEFORM 2D ............................................................................................. 32 

7. FEM ............................................................................................................. 33 

8. CONCLUSION .......................................................................................... 37 

9. iFUTURE iREFERENCE ......................................................................... 38 

REFERENCES  ............................................................................................. 39 

 



Page | 7  

 

 

LIST OF FIGURES 
 

Figure 1 Three-dimensional orthogonal cutting representation..... 9 
Figure 2 Orthogonal cutting zones ................................................. 10 
Figure 3 Mechanics of orthogonal cutting ..................................... 11 
Figure 4 Mechanics of Merchant Circle .......................................... 12 
Figura 5 Forces acting in the chip .................................................. 13 
Figure 6 Geometry of a turning tool ............................................... 15 
Figure 7 Force relation with depth of cut ....................................... 19 
Figure 8 Discontinuous Chip .......................................................... 21 
Figure 9 Continuous Chip ............................................................... 22 
Figura 10 Sheared Chips ................................................................. 24 
Figure 11 Flow Chart ....................................................................... 26 
Figure 12 Machining process .......................................................... 29 
Figure 13 finite element discretization’s of a turbine blade profile
 .......................................................................................................... 34 

 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Page | 8  

 

1. iINTRODUCTION 

The iuse iof ithe ifinite-element imethod i(FEM) ihas iproven ito ibe ian ieffective 

itechnique ito iinvestigate iand ioptimize iforming iprocesses. iSimulation iof 

icutting iprocesses iwill ibe ieffective ifor iimproving icutting itool idesign iand 

iselecting ioptimum iworking iconditions, iespecially iin iadvanced iapplications 

isuch ias iin ithe imachining iof idies iand imoulds. iThis itechnique iwill ireduce 

itime iconsumption iand iexpensive iexperimental itesting. 

In iplastic ideformation iprocesses, isuch ias icutting, iextrusion iand ishearing, 

ithe iprediction iand ithe icontrol iof ifracture iare ia icritical iissue ifor iproducing 

idefect-free iparts. iPrediction iof idamage iand ifracture iis inecessary ito 

iinvestigate ithe isur- iface ifinish iand ithe iintegrity iof ithe iparts iproduced. 

A icommercial, igeneral ipurpose iFE icode, iDEFORM i2D, ihas ibeen imodified 

ito istudy ithe imaterial idamage iand ithe ifracture ipropagation iin iorthogonal 

icutting i[1,2]. iIn ithe inumerical imodel, imaterial ifracture iis isimulated iby 

ideleting ithe imesh ielements ithat ihave ibeen isubjected ito ihigh ideformation 

iand istress. iFracture ioccurs iwhen ithe icritical idamage ivalue, icalculated 

iusing ia iductile ifracture icriterion, iis isatisfied. iThe idefinition iof ithe iproper 

idamage ivalue ifor ithe iseparation icriterion iis ia icrucial ipoint ibecause iit iis inot 

ieasily imeasurable iby iexperiment. iThis istudy iis iintroductory iand ia imore 

idetailed istudy ion ithe ibreakage imechanism iand ion ithe icritical idamage 

ivalues iis irequired. 
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2. iORTHOGONAL iTURNING iPROCESS 

 iA icutting iprocess iis icalled iorthogonal iif ithe icutting iedge iof ithe itool iis 

iperpendicular ito ithe idirection iof ithe icutting ivelocity. 

In iorder ito iachieve ithe ibasic iknowledge iof ithe imechanics iin imetal 

iremoval, ithe iorthogonal itwo-dimensional icutting iis igoing ito ibe iexplained iin 

ithis isection. iThe imaterial iis iremoved iby ithe icutting itool iedge iprecisely 

ilocated iperpendicular ito ithe iworkpiece isurface. iTherefore, iin ithis ishaping 

iprocess ithe itool’s icutting iedge iis ialso iperpendicular ito ithe idirection iof ithe 

icutting ivelocity i(Vc). 

To iunderstand ithe icutting iprocess, isome iparameters ihave ito ibe idefined. 

iAs ian iintroduction, iwidth iof icut i(w) iand idepth iof icut i(Ap, ior iUncut ichip 

ithickness irepresented iby ito iin iFig.) iare itwo iproperties ithat iare igoing ito 

idescribe ithe idimension iof ithe imetal ichip iremoved. 

i i i i i i i i i i i i i i i i i i i i i i i i  

Figure 1 Three-dimensional orthogonal cutting representation 

 

In icutting ioperations iit iis iknown ithat ithe ichip iformed iflow ioff ias iseries iof 

iparallel iplates isliding irelative ito ieach iother i(Groover, i2011). iAs ithe ichip iis 

iformed ialong ithe ishear iplane, ithe iuncut ichip ithickness iincreases ito ithe 

ideformed ichip ithickness i(tc), ithe irelation ibetween ithem iis icalled ithe ichip 

icompression iratio(rc). iRelated ias ifollows i(Altintas, i2012). 
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3. iCUTTING iFORCES iDURING iTURNING 

The icutting iis iassumed ito ibe iuniform iand ithe icutting iforces iare igoing ito ibe 

ifound iin ithe idirections iof ithe ivelocity iand ithe ifeed irate i(f). iThese itwo iforces 

iare icalled iTangential iForce i(Ft) iand iFeed iforce i(Ff). iOnly iorthogonal itwo-

dimensional icut iis ibeing iexplained iby inow, iin ioblique icutting ia ithird iforce 

iappears idue ito ithe iinclination iangle i(i) iof ithe icutting iedge. iThis iforce iacts iin 

ithe iradial idirection, iRadial iForce i(Fr). 

In ithe ifigures ibelow ithe ideformation igeometry icaused iby ithe iremoval 

ioperation iand ithe iforces igenerated iin iit iare ishown. iIn ithis isimple 

iexplanation, iit iis iassumed ithat ithe icutting iedge iis isharped iand iwithout inose 

iradius, iso ithe ideformation iproduced iin ithe ishear izone iis ithin ienough. 

i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i  

Figure 2 Orthogonal cutting zones 

  

To idescribe iin ia ibetter iway ithe igeometry, isome iparameters iare iexplained. 

iThe ishear iangle iφc iis idefined ias ithe ideviation ibetween ithe ishare iplane iand 

ithe idirection iof ithe icutting ispeed. iAlso ithe irake iangle i(αr) iof ithe itool iis 
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ishown. iIt iis ialso iknown ithat ithe inormal istress i(σs) iand ithe ishear istress i(τs) 

iare iconsidered iconstant. i(Altintas, i2012). 

Force iequilibrium iis ifound ias ithe irelation ibetween iforces. iThe iresultant 

icutting iforce iis ithe iformed ifrom ithe itangential icutting iforce i(Ft) iand ithe 

iFeed iforce i(Ff), ias ipresented iby i(Altintas, i2012). 

 

 i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i iFc i= i√ iFt
2

 i+ iFf
2

 i i i i i i i i i  

 

Feed iforce i(Ff) iis ifound iin ithe idirection iof ithe iuncut ichip ithickness iand 

iTangential iforce i(Ft) ion ithe idirection iof ithe iCutting iVelocity i(Vc). iAs ithe 

iequilibrium itheory iproves, ithe itool ireceives ithe isame iforces iin iequal 

iamplitude ibut iopposite idirection i(Altintas, i2012). i 

 

Figure 3 Mechanics of orthogonal cutting 
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The ivelocity idiagram i(see iFig.) ialso icalled ishear istrain itriangle, iis iused ito 

iderive istrain iequation. i 

However, iit ihas ito ibe ihighlighted ithat inot iall iforces ican ibe imeasured 

idirectly. iIn ifact, ionly ithe iforces iacting ion ithe itool ican ibe imeasured idirectly. 

iTangential icutting iforce i(Ft) iand iFeed iforce i(Ff)(also icalled iThrust iforce). 

 

 

Figure 4 Mechanics of Merchant Circle 

 

The irest iof iforces iare ithe iones iacting iin ithe ichip iand ifor icalculating ithem, 

ithe irelationship ibetween ithem imust ibe iknown. 

The iShear iforce i(Fs) iis ithe iforce iacting iin ithe ishear i iplane iand iit ican ibe 

icalculated ias i(Altintas, i2012): 
 

 i i i i i i i i i i i i i i i i i i i i i i𝐹𝑠=𝐹𝑐cos(𝜙𝑐+𝛽−𝛼𝑟) i i i i i i  

 

Also, ithere iis ia iNormal iforce i(Fn) iacting ion ithe ishear iplane iand iit iis 

isimilarly idescribed iby ithe i iequation i(Altintas, i2012), 
 i i i i i 

 i i i i i i i i i i i i i i i i i i i i i i i i i i i iFn i= iFc isin i( i𝜙 i+𝛽 i-𝛼 i) i i i i i i i i i i i i i i i i i i i i  
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Two icomponents iof ithe icutting iforce ibelonging ito ithe isecondary ishear 

izone iare iacting idirectly ion ithe irake iface iof ithe itool. iThe inormal iforce i(N) 

iand ithe iFriction iforce i(Fu) ion ithe irake iface iare ipresented ias ifollows 

 

𝑁=𝐹𝑡cosαr−𝐹𝑓sinαr i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i  

 

𝐹𝑢=Ftsin𝛼𝑟−𝐹𝑓cos𝛼𝑟 i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i 

 

Shear istress i(τs) iis ithe icomponent iof istress ithat iis icoplanar iwith ithe ishear 

iplane isurface. iAs iit iis 

 

 

Figura 5 Forces acting in the chip 

 

𝜏𝑠=𝐹𝑠/𝐴𝑠 i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i  

 

Where i𝐴𝑠 iis ithe iArea iof ithe ishear iplane iand iit iis idetermined iby 

 

𝐴𝑠=𝑤ℎ/sin𝜙 i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i  

 

Where iw iis ithe iwidth iof icut iand ih ithe iuncut ichip ithickness i(depth iof icut iin 

iturning). 
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In ithe imoment iwhen ithe ishear iangle iis ineeded ithe i(rc) iratio imust ibe 

icalculated. iThe ishear iangle iis ifound ifrom ithe igeometry ias ia ifunction iof ithe 

irake iangle iand ithe ichip icompression iratio ias i(Altintas, i2012), 

 

𝜙=tan−1( i𝑟𝑐cos𝛼/1−sin𝛼 i) 

 

As iit iis iknown, iorthogonal icutting icannot ibe idirectly iapplied ito ipractical 

icutting icalculations idue ito inumerous ifacts isuch ias itool igeometry, 

iworkpiece imaterial ior ichip ibreaking igrooves. iIt iis irecommended ito icarry ion 

isome iexperiments ito idetermine ithe iconstant iparameters iof ithe icutting 

ioperations. Moreover, ioblique icutting imechanics iand iplasticity ianalysis 

iare ineeded ito iestablish ithe ireal ibehaviour iof ia iparticular icutting iprocess. 

 

 

3.1 Tool Geometry 
 

In imachining, itool igeometry iis ian iimportant iaspect ito iconsider idue ito iits 

iinfluence iin icutting iforces idimensions iand ichip iformation ibehaviour. 

iMoreover, ithese ifactors iwill idirectly iaffect ito iother iissues isuch ias itool 

ideflection, ivibration, ietc. 

 

The imost iimportant igeometrical iparameters iare iincluded iin ithe ifigure 

ibelow. iThese iparameters iare ithe iside icutting iedge iangle, iend icutting iedge 

iangle, icutting iedge iinclination iand ithe inose iradius. 
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Figure 6 Geometry of a turning tool 
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3.1.1. Side cutting edge angle 

 

Side icutting iedge iangle i(ψ) iis ithe iangle ibetween ithe iside icutting iedge iand 

ithe iaxis iof ithe itool. iIt iis iused ito ireduce iimpact iload iand iis ialso iuseful ifor ia 

ibetter idistribution iof ithe iforces ialong ithe icutting itool. iChip ithickness, ifeed 

iand iradial iforces ican ibe icontrolled iby ithe icorrection iof ithis iparameter. 

 

Increasing ithe iside icutting iangle iproduce ian ienlargement iof ithe ichip 

icontact ilength iand idecreases ichip ithickness. iTherefore, icutting iforces iare 

idispersed iacting iin ia ilonger icutting isurface iand iin idifferent idirections. 

iDepending ion ithe idirection iof ithis iangle, iit ican imake ireduce ior iincrease ithe 

iradial iforces 

 

Therefore, ithin iand islender itools/workpieces ican isuffer ifrom ibending 

iproblems. iModification iof ithe iside icutting iangle iis ia iuseful imeasure ito iavoid 

iundesired iradial iforces iand iprolong itool’s ilife. iThus, irigidity iof ithe imachine 

iis ialso iimportant iwhen iconsidering ichanging ithis iangle. iSide icutting iangle 

iproducing ibig iforces iin iradial idirection iis inot irecommended iin ilow irigidity 

imachines. 

 

3.1.2. End cutting edge angle 

 

End icutting iedge iangle i(Ϗ) iis ithe iangle, ithe iend icutting iedge imakes iwith ithe 

iwidth iof ithe itool. iIt iis inormally iused ito iavoid iinterference ibetween ithe 

imachined isurface, ioften iwith idifficult iand iirregular ishapes, iand ithe itool. 

iUsually ithe iend icutting iangle igoes ifrom i5° ito i15°. 

 

Decreasing ithe iend icutting iedge iangle iincreases icutting iedge istrength ibut 

ialso iincreases iforces iin ithe iback ipart iof ithe itool, ithat ican icause ichattering 
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iand ivibrations iduring ithe icutting ioperation. iEdge itemperature iis ialso 

iincreased iby idecreasing ithis iangle. 

 

3.1.3. Cutting edge inclination (Rake iangle) 

 

The irake iangle iindicates ithe iinclination iof ithe irake iface, iinclination itowards 

ithe iedge iof ithe itool, iwhich iis iperpendicular ito ithe isurface iof ithe iworkpiece 

iin iturning. i 

The icutting iedge ireceives ia iheavy iimpact iat ithe ibeginning iof ieach icut, ithis 

iinclination iprotects ithe itool’s icutting iedge ifrom ireceiving ithe iwhole iimpact 

iand iavoids ifracturing. i 

Cutting iedge iinclination iis ialso iimportant ifor ichip iformation iand ithe 

idisengagement iof iit. i 

A ilarge irake iangle ireduces ithe itool’s icross isection, iarea iof ithe itool ithat 

iabsorbs ithe iheat. iThis ican imake ithe itool ibecome iweak iand ireduce iits ilife. 

 

This iangle iis icomposed iby itwo idifferent iangles: i 

• iBack irake iangle: iis ithe islope igiven ito ithe iface ior ithe isurface iof ithe itool. 

iThis islope iis igiven ifrom ithe inose ialong ithe ilength iof ithe itool. i 

• iSide irake iangle: iThis islope iis igiven ifrom ithe inose ialong ithe iwidth iof ithe 

itool. i 

 

A inegative icutting iedge iinclination imakes ithe ichip iflow iin ithe iworkpiece 

idirection. iOtherwise, ia ipositive icutting iedge iinclination idisposes ithe ichips 

iin ithe iopposite idirection, iflowing iout iof ithe ioperation. 

 

Positive irake iangle igeometry iis isuitable ifor imachining isoft, iductile 

imaterials i(Ex: ialuminum) iand inegative iis ifor icutting ihard imaterials, iwhere 

ithe icutting iforces iare ihigh i(Hard imaterial, ihigh ispeed iand ifeed). iIt ican ialso 
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iaffect iin imatters iof ichattering iand ivibrations ias ia iresult iof ithe iincrement iof 

iback iforces idue ito ia inegative icutting iinclination. iBy ithe iway, ithis iproperty 

ican ialso iincrease ithe icutting iedge istrength. 

 

3.1.4. Nose radius 

 

Nose iradius iis iprobably ithe imost iimportant icharacteristic iabout ithe itool 

igeometry. iIt iis ithe iangle ibetween ithe iside icutting iedge iand ithe iend icutting 

iedge. iThe iselection iof iit idepends ion ithe idepth iof icut i(Ap) iand ithe ifeed irate 

i(f), iand iinfluences iin ithe isurface ifinish, ithe iinsert istrength iand ithe ichip 

ibreaking. iNose iradius ialso iaffects iin ithe ichip iformation, iat ithe isame ifeed 

irate, ia ismaller inose iradius igenerates ia ibetter ichip ibreaking. iA ismall inose 

iradius iis irecommended ifor ismall idepths iof icut. iThe iinsert istrength iis 

ireduced ibut ialso iundesired iradial iforces ithat ican iproduce ivibrations iare 

iavoided. iHowever, iwhile ia ilarge icorner iradius iand ismall ifederate icreate 

igood isurface, ismall icorner iradius iand ilarge ifeed irates ileave imore imaterial 

ibehind icausing ia irougher ifinish. i 

In ithe iother ihand, ia ibig inose iradius ican ibe iuseful iif ihigher ivalues iof ifeed 

irate ior idepth iof icut iare irequired. iThis ifactor iwill iincrease ithe iinsert istrength 

ibut ialso ican ilead ito iincreased iradial iforces. i 

It iis iassumed ithat iaxial iforces iare ipreferred ito iradial iforces. iRadial iforces 

ican ilead ito ibending, ichattering ior ivibrations iand itherefore, ipoor isurface 

ifinish. iAs ihigher ithe idepth iof icut, ihigher iaxial iforces iand ilower iradial. 
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Figure 7 Force relation with depth of cut 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 i i i i i i i i i i i i i i i i i i i 
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4. iCHIP iFORMATION iIN iTURNING iPROCESS 

 

The ibasic imechanics iof iforming ia ichip iare ithe isame iregardless iof ithe 

ibase imaterial. iAs ithe icutting itool iengages ithe iworkpiece, ithe imaterial 

idirectly iahead iof ithe itool iis isheared iand ideformed iunder itremendous 

ipressure. iThe ideformed imaterial ithen iseeks ito irelieve iits istressed 

icondition iby ifracturing iand iflowing iinto ithe ispace iabove ithe itool iin ithe iform 

iof ia ichip. i iThe ireal idifference iis ihow ithe ichip itypically iforms iin ivarious 

imaterials. 

 

Regardless iof ithe itool ibeing iused ior ithe imetal ibeing icut, ithe ichip iforming 

iprocess ioccurs iby ia imechanism icalled iplastic ideformation. iThis 

ideformation ican ibe ivisualized ias ishearing. iThat iis iwhen ia imetal iis 

isubjected ito ia iload iexceeding iits ielastic ilimit. 

 

The icrystals iof ithe imetal ielongate ithrough ian iaction iof islipping ior ishearing, 

iwhich itakes iplace iwithin ithe icrystals iand ibetween iadjacent icrystals. 

Cast iIron, iHard iBrass iand iother imaterials ithat iproduce ia iPowdery ichip 

 

“Discontinuous iChip i- iDiscontinuous ior isegmented ichips iare iproduced 

iwhen ibrittle imetal isuch ias icast iiron iand ihard ibronze iare icut ior iwhen isome 

iductile imetals iare icut iunder ipoor icutting iconditions. 
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Figure 8 Discontinuous Chip 

 

As ithe ipoint iof ithe icutting itool icontacts ithe imetal, isome icompression 

ioccurs, iand ithe ichip ibegins iflowing ialong ithe ichip-tool iinterface. iAs imore 

istress iis iapplied ito ibrittle imetal iby ithe icutting iaction, ithe imetal icompresses 

iuntil iit ireaches ia ipoint iwhere irupture ioccurs iand ithe ichip iseparates ifrom ithe 

iunmachined portion. 

 

This icycle iis irepeated iindefinitely iduring ithe icutting ioperation, iwith ithe 

irupture iof ieach isegment ioccurring ion ithe ishear iangle ior iplane. iGenerally, 

ias ia iresult iof ithese isuccessive iruptures, ia ipoor isurface iis iproduced ion ithe 

iworkpiece.” i 

 

Notice ihow ithe ichips ideform iand ibegin ito ibreak iup iat ia iconsiderable 

idistance iin ifront iof ithe icutting iedge. iChip icontrol iis iusually inot ia iproblem 

iwhen imachining ithese imaterials. iHarder, imore iheat iand iwear iresistant 

iCarbide iGrades ican ibe iused iin ithese iapplications. iEdge istrength ibecomes 

iless iof ia ifactor ivs. imachining iSteel ior iStainless ior iother imaterials ithat imake 
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ilongichips. Medium ito iHigh icarbon iand ialloy iSteels i– iLong iChipping 

iMaterials 

 

“Continuous iChip i- iContinuous ichips iare ia icontinuous iribbon iproduced 

iwhen ithe iflow iof imetal inext ito ithe itool iface iis inot igreatly irestricted iby ia ibuilt-

up iedge ior ifriction iat ithe ichip itool iinterface. iThe icontinuous iribbon ichip iis 

iconsidered iideal ifor iefficient icutting iaction ibecause iit iresults iin ibetter 

ifinishes. iUnlike ithe iType i1 ichip, ifractures ior iruptures ido inot ioccur ihere, 

ibecause iof ithe iductile inature iof ithe imetal.” 

 

 

Figure 9 Continuous Chip 

 

Carbon iand iAlloy iSteels isuch ias i1030, i1035, i1045, i1144, i4130, i4140, i4340 

icontain iat ileast i.3% icarbon ithat iallows ithem ito ibe ihardened iby iheating iand 

iquenching. iThey iproduce ilong icontinuous ichips. 
 i 

When imachining ithese imetals iwith iCarbide iInserts ithe imaterial iin ifront iof 

ithe icutting iedge ideforms iresulting iin ihigh itemperatures iwhich isoftens ithe 
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imetal iand iconsequently ilowers iit's istrength iand ihardness imaking iit ieasier 

ito imachine. 

 

The ichips iweaken iand ibegin ito ibreak iin ifront ithe icutting iedge; ithe itool iacts 

imuch iin ithe isame iway ithat ia iwedge idoes iwhen isplitting iwood. iIn isome 

icases, iair, ioil ior icoolant iquenches ithe ihot ichips, ihardening ithem iand 

imaking ithem ibrittle iand ieasier ito ibreak. 

 

The ichips iproduced iwhen icutting ithese imetals icontact ithe iface iof ithe itool 

ibehind ithe icutting iedge icreating ia izone iof ihigh iheat ithat ican iresult iin 

icratering. iCoatings iusually ieliminate ithis iproblem. 

 

Type i2: iContinuous ichip imaterials iare ithe iother iarea iwhere imany iof iour 

icompetitors ihave ifocused itheir iattention. 

Low icarbon iSteels, iStainless iSteels, iNickel iAlloys, iTitanium, iCopper, 

iAluminum iand iother isoft, i“gummy’ iMaterials. 

 

Sheared iChips ior ias isome irefer ito iit i“Continuous iChip iwith ia iBuilt-up iEdge 

i(BUE). iThe imetal iahead iof ithe icutting itool iis icompressed iand iforms ia ichip 

iwhich ibegins ito iflow ialong ithe ichip-tool iinterface 
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Figura 10 Sheared Chips 

 

 

As ia iresult iof ithe ihigh itemperature, ithe ihigh ipressure, iand ithe ihigh ifrictional 

iresistance iagainst ithe iflow iof ithe ichip ialong ithe ichip-tool iinterface, ismall 

iparticles iof imetal ibegin iadhering ito ithe iedge iof ithe icutting itool iwhile ithe 

ichip ishears iaway. 

 

As ithe icutting iprocess icontinues, imore iparticles iadhere ito ithe icutting itool 

iand ia ilarger ibuild-up iresults, iwhich iaffects ithe icutting iaction. iThe ibuilt-up 

iedge iincreases iin isize iand ibecomes imore iunstable. iEventually ia ipoint iis 

ireached iwhere ifragments iare itorn ioff. iPortions iof ithese ifragments ibreak ioff 

iand istick ito iboth ithe ichip iand ithe iworkpiece. 

 

The ibuild-up iand ibreakdown iof ithe ibuilt-up iedge ioccur irapidly iduring ia 

icutting iaction iand icover ithe imachined isurface iwith ia imultitude iof ibuilt-up 

ifragments. iThese ifragments iadhere ito iand iscore ithe imachined isurface, 

iresulting iin ia ipoor isurface ifinish. 
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These imetals ireadily ideform iin ifront iof ithe icutting iedge iand ihave ito ibe 

i"sheared" iby ithe itool. iWhat ithe iabove iparagraph idoesn’t itell iyou iis ithat 

ithese imaterials irequire itools iwith isharper icutting iedges ithan ithose iused ifor 

imachining icast iIron ior ihigher icarbon icontent iSteels. iThe ichips itend ito 

icompress ionto ithe iface iof ithe itool iwhich ican iresult iin ibuilt-up iedge. i 

 

The ichips iformed iwhen icutting ithese imetals iare ithicker ithan ithose 

iproduced iby iMedium iCarbon ior iAlloy iSteels iat ithe isame iFeed iRates iand 

iDepths iof iCut. iThese ithicker ichips iare istronger iand iharder ito ibreak. 

iDestiny iTool, ithrough ia icombination iof irake iface igeometry, icarbide 

isubstrate iand iconcentricity itolerance iis iable ito ienable ithe ichip ito imore 

ireadily i"separate ifrom iitself" iwhich inot ionly iimproves iMRR, ibut ialso 

ireduced iheat iinto ithe iend imill iand ithereby iextends itool ilife ias ithe ifeed irate 

iincreases. 

 

High istrength imetals isuch ias iStainless iSteel, iNickel iAlloys iand iTitanium 

igenerate ihigh iheat iand ihigh icutting ipressures iin ithe iarea iof ithe icutting 

iedge. iThis iresults iin ireduced itool ilife icompared ito ieasier ito imachine 

imaterials. i 
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5. EXPERIMENTAL PROCEDURE 
 

5.1 The customized FEM model  
 

To isimulate iorthogonal icutting iwith iserrated ichip iformation, ithe iFEM icode 

iDEFORM i2D ihas ibeen iused iand icustomized. iNew isub-routines ihave ibeen 

iwritten iand ilinked ito ithe ioriginal icode. iThis inew imodified iversion ihas ithe 

ipotential iof isimulating imaterial ibreakage iby ideleting ithe imesh ielements iof 

ithe iworkpiece imaterial iwhen itheir idamage iis igreater ithan ia idefined icritical 

ivalue. iThe imodified icode idiffers ifrom ithe ioriginal icode iin ithe iremeshing 

imodule, iwhere inew ifeatures iare ihighlighted. iof ithe iworkpiece iis iextracted 

iand iit iis ismoothed. iThis ismoothing ioperation ireduces ithe iloss iof ivolume iin 

ithe iworkpiece idetermined iby ielement ideletion iand ihelps iin ithe 

iconvergence iof ithe iFEM isolver. iA inew imesh iis igenerated iand ithe 

iinterpolation igives ithe inew ielements iof ithe imesh ithe icorrected iproperties. i 

 

Figure 11 Flow Chart 
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5.2 Damage criteria 
 

The iCockroft iand iLatham idamage icriterion ihas ibeen iused. iThe idamage iis 

ievaluated iaccording ito ithe iequation 

Fig. ishows ithe inew iremeshing imodule. iThe iremeshing ioperation ioccurs 

iwhen ithe ielements iof ithe imesh iare itoo idistorted ior iat ia iregular ilimiting 

irange iof isteps idefined iby ithe iuser. iThe idatabase iof ithe isimulations iis 

iopened iand ia ikeyword i(ASCII) ifile iis igenerated, isaving iall ithe idata iof ithe 

iactual istep. iFor ieach ielement iof ithe iworkpiece imesh ithe idamage iis 

ievaluated. iWhen ithe idamage icriterion iused iis isatisfied iby ian ielement, ithe 

icode iof ithe ielement iis istored iin ia itemporary ifile. iA inew isub-routine iopens 

ithe itemporary ifile iand ideletes iall ithe icoded i(listed) ielements. iThen ithe 

iborder 

 

where iCi iis ithe icritical idamage ivalue igiven iby ia iuniaxial itensile itest, iof ithe 

istrain iat ithe ibreaking icondition, io ithe ieffective istrain, ithe ieffective istress 

iand iis ithe imaximum istress. i 

The icriterion ipredicts ithe imaterial idamage iwhen ithe icritical ivalue iCi iis 

iexceeded. iTo ioptimize ithe imaterial ifracture iin icutting ioperations ia 

icombined icriterion ihas ibeen iused. iThe iCockroft iand iLatham icriterion ihas 

ibeen icombined iwith ia icriterion ibased ion ithe ieffective istress. i 

Two icritical ivalues ihave ibeen idefined, iCi iand iamax. iThe idamage iis 

ievaluated ifor ieach ielement iof ithe iworkpiece. iThe ielement ideletion ioccurs 

iwhen iboth ithe idamage ivalues iare isatisfied. i 

The itheoretical iassumption iwas ithat ithe icritical idamage ivalue iis ia 

iworkpiece imaterial iconstant iand iit idoes inot idepend ion ithe iworking 

ioperation ior ion ithe itool imaterial. iThe icritical ivalue iis ievaluated iby ia itensile 
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itest. iDuring ithe isimulative iruns, ito iobtain iresults iin iagreement iwith ithe 

iexperimental iobservations, idifferent icritical ivalues ihave ibeen iused, iand 

itheir idependence ion ithe itype iof iprocess inoted. i 

 

5.3 Orthogonal cutting simulation  
 

The icutting ioperation ishown iin iFig. iwas isimulated. iWhen ithe idiameter iof 

ithe icylinder iis ilarge icompared ito ithe idepth iof icut, ithe iplane-strain icondition 

iis isatisfied. iThe iorthogonal icutting ioperation iis imodelled ias ishown iin iFig. 
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Figure 12 Machining process 

 

The iwidth iof ithe icutting itool iis ilarger ithan ithe iengaged iworkpiece. iThe 

imodel iof ithe isimulation iis iplane-strain iand inon-isothermal. iIn ithe 

isimulations ithe iworkpiece iis iassumed ito ibe irigid–plastic iand ito ihave ia 

irectangular ishape, isee iFig. iThe ilatter ifigure ishows ithe iregions iwith ia 

idifferent idensity ifor ithe ielements iof ithe imesh. iThe imesh idensity iis 

iincreased iin ithe iarea iaffected iby ithe icutting iprocess iin iorder ito ireduce itime 

iconsumption iand istorage ispace. iThe itool iis iassumed ito ibe ia irigid ibody. i 

Several idata ihave ito ibe iprovided ito ithe ipre-processor iof ithe iFEM iprogram: 

ithe igeometry iof ithe itool iand ithe iwork- ipiece, ithe imaterial iproperties i(flow 

istress ias ia ifunction iof istrain, istrain irate iand itemperature), ithe ithermal 

iproperties, ithe iboundary iconditions iand ithe iinteraction ibetween ithe itool 

iand ithe iworkpiece. iThe ipost-processor iof ithe iFEM icode iprovides ioutput 

isuch ias: imaterial iflow i(velocity, istrain iand istrain irate ifields), iloads 

i(stresses, iforces iand ipower), itemperatures iand idamage. I 
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5.4 Simulation set-up  
 

The iworkpiece imaterial iis isteel iAISI i1043 iand ithe icutting itool imaterial iis ia 

ihigh-speed isteel i(H11). iDifferent icutting itools iwere iused iand idifferent 

icutting ispeeds iwere iselected. iNo ilubricant iis iused iat ithe itool–workpiece 

iinterface. iThe icutting iconditions iare ishown iin iTable. iSimulation iset iC irefers 

ito ia ichip ibreaker itool. i 

 

5.5 Simulation results: chip formation  
 

5.5.1 Simulation ret A  

 

In ithe ifollowing ifigures ithe ichip iformation iis ishown ifor idifferent itool ipaths. i 

The ichip ishapes iobtained ifrom ithe isimulations iwith idifferent icutting ispeeds 

iare icompared. iSince ino iexperimental idata iare iavailable, ionly ia iqualitative 

icomparison iis ipossible. i 

For ithe isame itool iposition, ithe idifferent isimulations ishow iresults iin 

iagreement iwith ithe igeneral iexperimental iobservations iin ithe iliterature i[6]. 

iFor iexample, i 

(i) iin- icreasing ithe icutting ispeed iresults iin imodifying ithe ichip iflow ifrom 

icontinuous ito iserrated ior idiscontinuous, iand i 

(ii) ireducing ithe idepth iof icut ior iincreasing ithe icutting ispeed ihas ithe isame 

ieffect ion ithe ichip ishape, ii.e., ithe isegmentation iincreases, ialthough ithe 

ilength iof ithe icuts iin ithe ichip ibecomes ishorter. i 

 

Over ia icertain iparticular icutting ispeed ilimit, ithe ichip ishape iturns iagain iinto 

icon- itenuous. iThe icritical ivalues iused ifor ithe idamage icriterion ifor ithis iset iof 

isimulations iare: iamax i830 iMpa¡ iCi i0.3 i(Cockroft iand iLatham). i 
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The ianalysis iof ithe ichip iformation ishows ithat iincreasing ithe icutting ispeed 

iincreases ithe isegmentation iof ithe ichip, ibut ithe icuts iin ithe ichip iare ishorter. 

iThe igreater ithe icutting ispeed, ithe iless icurled iare ithe ichip. iThe ichip ishape 

iis iin iagreement iwith iexperimental iresults iobtained ifrom ithe icutting iof ia imild 

isteel, ias ishown iin iFig. iand iwith ithe iexperimental iobservations imentioned 

iabove. iThe ibreak- iage istarts iin ithe iregion iclose ito ithe itool irake iface. iThe 

isame ikind iof ibehaviour iis iexpected iaccording ito ithe iMerchant iprediction 

ifor idiscontinuous ichip iformation iwith ipositive irake iangle. i 
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6. iDEFORM i2D i 

 

DEFORM-2D iis ia ipowerful iprocess isimulation isystem idesigned ito ianalyse 

ithe itwo-dimensional i(2D) iflow iof icomplex imetal iforming iprocesses iusing 

ian iaxisymmetric ior iplane istrain iassumption. i i iTypical iapplications iinclude: 

closed idie iforging, iopen idie iforging imachining, irolling, iextrusion, iheading, 

idrawing, icogging, icompaction, iupsetting i i 

DEFORM-2D iis ian i‘open isystem’ ithat iprovides iincredible iflexibility ito 

idesigners iand ianalysts iworking ion ia irange iof iapplications, idevelopment 

iand iresearch. i iDEFORM-2D isupports iuser iroutines iand iuser idefined 

ivariables. i iComplex imultiple ideforming ibody icapability iwith iarbitrary 

icontact iallows iusers ito isimulate imechanical ijoining iand icoupled idie istress 

ianalysis. 

Based ion ithe ifinite ielement imethod, iDEFORM ihas iproven ito ibe iaccurate 

iand irobust iin iindustrial iapplication ifor imore ithan itwo idecades. i iThe 

isimulation iengine iis icapable iof ipredicting ilarge ideformation imaterial iflow 

iand ithermal ibehaviour iwith iastonishing iprecision. i iDEFORM iis ithe imost 

iwidely iused isimulation iprogram iin ithe iworld iby ileading iresearch iinstitutes 

iand imanufacturers. i iSee iour iproduct iinformation ifor iadditional idetails. 
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7. iFEM  

 

 iThe ifinite ielement imethod i(FEM) iis ia inumerical ianalysis itechnique ifor 

iobtaining iapproximate isolutions ito ia iwide ivariety iof iengineering iproblems. 

iA ifinite ielement imodel iof ia iproblem igives ia ipiecewise iapproximation ito ithe 

igoverning iequations. iThe ibasic ipremise iof ithe iFEM iis ithat ia isolution iregion 

ican ibe ianalytically imodeled ior iapproximated iby ireplacing iit iwith ian 

iassemblage iof idiscrete ielements i(discretization). iSince ithese ielements 

ican ibe iput itogether iin ia ivariety iof iways, ithey ican ibe iused ito irepresent 

iexceedingly icomplex ishapes. 

 

Several i i i iapproximate i i i inumerical i i i ianalysis i i i imethods i i ihave i i ievolved i i 

iover i i ithe i i iyears. i i iAs i i ian i i iexample i iof i ihow i ia i ifinite i idifference i imodel i iand i ia 

i ifinite i ielement i imodel i imight i ibe i iused i ito i irepresent i ia i icomplex i igeometrical 

i ishape, i iconsider i ithe i iturbine i iblade icross isection iin iFigure i1 iand iplate 

igeometry iin iFigure i i2. i iA i iuniform i ifinite i idifference i imesh i iwould i ireasonably 

i icover i ithe i iblade i i(the i isolution iregion), i ibut i ithe i iboundaries i imust i ibe i 

iapproximated i iby ia iseries iof ihorizontal iand ivertical ilines i(or i“stair isteps”). 

iOn ithe iother ihand, ithe ifinite ielement imodel i(using i ithe i isimplest i itwo-

dimensional i ielement-the itriangle) igives ia ibetter iapproximation iof ithe 

iregion. iAlso, ia ibetter iapproximation ito ithe iboundary ishape iresults i 

ibecause i ithe i icurved i iboundary i iis i irepresented i iby i istraight i ilines i iof i iany i 

iinclination. i iThis i iis i inot i iintended i ito i isuggest i ithat i ifinite i ielement i imodels i 

iare i idecidedly i ibetter i ithan i ifinite i idifference i imodels i ifor iall iproblems. iThe 

ionly ipurpose iof ithese iexamples iis ito i idemonstrate i ithat i ithe i ifinite i ielement 

imethod iis iparticularly i iwell i isuited i ifor i iproblems i iwith i icomplex i igeometries i 

iand i inumerical i isolutions i ito i ieven i ivery i icomplicated i istress i iproblems i ican i 

inow i ibe i iobtained i iroutinely iusing ifinite ielement ianalysis i(FEA) 
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Figure 13 finite element discretization’s of a turbine blade profile 

 
 i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i 

   The ifinite ielement idiscretization iprocedure ireduces ithe iproblem iby 

idividing ia icontinuum ito ibe ia ibody iof imatter i(solid, iliquid, ior igas) ior isimply ia 

iregion iof ispace iinto ielements iand iby iexpressing ithe iunknown ifield ivariable 

iin iterms iof iassumed iapproximating ifunctions iwithin ieach ielement. iThe 

iapproximating ifunctions i(sometimes icalled iinterpolation ifunctions) iare 

idefined iin iterms iof ithe ivalues iof ithe ifield ivariables iat ispecified ipoints icalled 

inodes ior inodal ipoints. iNodes iusually ilie ion ithe ielement iboundaries iwhere 

iadjacent ielements 

are iconnected. iIn iaddition ito iboundary inodes, ian ielement imay ialso ihave ia 

ifew iinterior inodes. iThe inodal ivalues iof ithe ifield ivariable iand ithe 

iinterpolation ifunctions ifor ithe ielements icompletely idefine ithe ibehaviour iof 

ithe ifield ivariable iwithin ithe ielements. iFor ithe ifinite ielement irepresentation 

iof ia iproblem ithe inodal ivalues iof ithe ifield ivariable ibecome ithe iunknowns. 

iOnce ithese iunknowns iare ifound, ithe iinterpolation ifunctions idefine ithe ifield 

ivariable ithroughout ithe iassemblage iof ielements. iClearly, ithe inature iof ithe 

isolution iand ithe idegree iof iapproximation idepend inot ionly ion ithe isize iand 

inumber iof ithe ielements iused ibut ialso ion ithe iinterpolation ifunctions 

iselected. iAs ione iwould iexpect, iwe icannot ichoose ifunctions iarbitrarily, 
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ibecause icertain icompatibility iconditions ishould ibe isatisfied. iOften 

ifunctions iare ichosen iso ithat ithe ifield ivariable ior iits iderivatives iare 

icontinuous iacross iadjoining ielement iboundaries. I 

 

An iimportant ifeature iof ithe ifinite ielement imethod ithat isets iit iapart ifrom 

iother inumerical imethods iis ithe iability ito iformulate isolutions ifor iindividual 

ielements ibefore iputting ithem itogether ito irepresent ithe ientire iproblem. iThis 

imeans iif iwe iare itreating ia iproblem iin istress ianalysis, iwe ifind ithe iforce–

displacement ior istiffness icharacteristics iof ieach iindividual ielement iand 

ithen iassemble ithe ielements ito ifind ithe istiffness iof ithe iwhole istructure. iIn 

iessence, ia icomplex iproblem ireduces ito ia iseries iof igreatly isimplified 

iproblems. iAnother iadvantage iof ithe ifinite ielement imethod iis ithe ivariety iof 

iways iin iwhich ione ican iformulate ithe iproperties iof iindividual ielements. 

iThere iare ibasically ithree idifferent iapproaches. I 

 

The ifirst iapproach ito iobtaining ielement iproperties iis icalled ithe idirect 

iapproach ibecause iits iorigin iis itraceable ito ithe idirect istiffness imethod iof 

istructural ianalysis. iAlthough ithe idirect iapproach ican ibe iused ionly ifor 

irelatively isimple iproblems, iit iis ithe ieasiest ito iunderstand iwhen imeeting ithe 

ifinite ielement imethod ifor ithe ifirst itime. iThe idirect iapproach isuggests ithe 

ineed ifor imatrix ialgebra iin idealing iwith ithe ifinite ielement iequations. 

iElement iproperties iobtained iby ithe idirect iapproach ican ialso ibe idetermined 

iby ithe ivariational iapproach. iThe ivariational iapproach irelies ion ithe icalculus 

iof ivariations. iFor iproblems iin isolid imechanics ithe ifunctional iturns iout ito ibe 

ithe ipotential ienergy, ithe icomplementary ienergy, ior isome ivariant iof ithese, 

isuch ias ithe iReissner ivariational iprinciple. iKnowledge iof ithe ivariational 

iapproach iis inecessary ito iwork ibeyond ithe iintroductory ilevel iand ito iextend 

ithe ifinite ielement imethod ito ia iwide ivariety iof iengineering iproblems. 

iWhereas ithe idirect iapproach ican ibe iused ito iformulate ielement iproperties 
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ifor ionly ithe isimplest ielement ishapes, ithe ivariational iapproach ican ibe 

iemployed ifor iboth isimple iand isophisticated ielement ishapes. I 

 

A ithird iand ieven imore iversatile iapproach ito ideriving ielement iproperties 

ihas iits ibasis iin imathematics iand iis iknown ias ithe iweighted iresiduals 

iapproach. iThe iweighted iresiduals iapproach ibegins iwith ithe igoverning 

iequations iof ithe iproblem iand iproceeds iwithout irelying ion ia ivariational 

istatement. iThis iapproach iis iadvantageous ibecause iit ithereby ibecomes 

ipossible ito iextend ithe ifinite ielement imethod ito iproblems iwhere ino 

ifunctional iis iavailable. iThe imethod iof iweighted iresiduals iis iwidely iused ito 

iderive ielement iproperties ifor inonstructural iapplications isuch ias iheat 

itransfer iand ifluid imechanics. 

 

 

 

 

 

 

 

 



Page | 37  

 

8. iCONCLUSION i 

The iresults iof ithis istudy idemonstrate ithe ieffectiveness iof ithe icustomized 

iFEM imodel i(for isimulating iserrated ichip iformation iin iorthogonal icutting) iin: 

i 

(i) ipredicting ichip ishapes iand ithe iinfluence iof icutting iconditions, iand i 

(ii) ipredicting icutting iforces iand iprocess ipara- imeters. 

The idefinition iof ithe icritical ivalues iis icrucial. iAccording ito iKim iet ial., iit ihas 

ibeen inoted ithat ithe icritical ivalues idepend ion ithe ioperation isimulated. iFor 

iinstance, ithe icritical idamage ivalue iin icompression ior itraction itests iis 

idifferent. iIn ithe isame iway, ithe icritical ivalue ifor isimulation iwith ia ipositive ior 

ia inegative irake iangle iis idifferent. iIn ifact, ito iobtain irealistic iresults ifor 

isimulations iwith ia itool iwith ia inegative irake iangle, ia icritical ivalue i10 itimes 

ismaller iwas iused ifor ithe iCockroft iand iLatham icriterion. 
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9. iFUTURE iREFERENCE i 

 

In iorder ito ipredict ifracture iin icutting imore iaccurately, iit iis inecessary ito 

idetermine ithe icritical ivalues iunder irealistic ideformation iconditions i(high 

istrain irate iand itemperatures) iand iconduct iadditional istudies ito icompare 

iFEM-based iresults iwith ithe iresults iof iexperiments. 

 

Different iexperimental iobservations iwere ifound ifor iorthogonal icutting 

ioperation iwith ia itool iwith ia ipositive irake iangle, iso ithat ian iaccurate ianalysis 

iof ithe idamage icritical ivalues iis irequired. iChip isegmentation isimilar ito ithat 

ifound ifor ithe inegative irake iangle itool icould ibe isimulated iby ireducing ithe 

iCockroft iand iLatham icritical ivalue. iAn iexperimental icomparison ishould ibe 

imade ito iestimate ithe ibreakage imechanism iand iposition ifor ithe idifferent 

icutting iconditions i(speed iand irake iangle) iand ifor idifferent isteels ialso. 
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