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ABSTRACT. This work analyses the results of a simple forming process of an 
AA6060 aluminum alloy sheet in order to validate the development of a 
simulation model based on the finite element method (FEM). This work 
represents the starting point of a broader study aimed at analyzing the sheet 
formability. The FEM based model and the use of both the flow stress curve 
and the formability limit curve (FLC) were validated through the simulation 
of a simple forming process that required use of a hemispherical punch. The 
detailed analysis of the machining process by using FEM allows significant 
time and cost savings, avoiding "trial-and-error" operations that are normally 
used in the setup phase of the production process. 
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INTRODUCTION  
 

heet metal forming is defined as a sheet metal process of transformation in the desired shape without fracture or 
excessive localized thinning. It represents one of the most important processing techniques of the automotive and 
aerospace industries. 

Considerable efforts have been made over the years to develop more accurate theoretical models and methods to predict 
the feasibility of the forming process [1-3]. In such manner, it is possible to consider die modifications or to identify the 
appropriate process variables during the product production phase. Various commercial software based on the FEM are 
available for the analysis of the sheet metal forming process; however, to verify the FEM analysis results by means of 
experimental tests is very important; therefore, the metals forming is a matter of intense theoretical and experimental 
research. 
The formability, that is the capacity of the sheet to undergo deformation without incurring the fracture, expresses an 
important characteristic to be investigated in the field of metal forming. The formability limit curve (FLC) is frequently 
used to evaluate the formability of the sheet metal. It illustrates the behaviour of the sheet metal, in terms of principal 
strains measured in the sheet plane, as a result of different strain paths. The FLC is represented by a graph of the principal 
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strain measured at the beginning of the localized necking for all the possible values of the minor strain, as shown in Fig. 1. 
The comparison of the principal strains points location with the FLC allows to determine the defects onset in terms of 
necking (strain localizing) or fracture of the material. Finite element software uses FLC to examine the strains distribution 
in sheet metal parts. The FLC can be determined by experimental [4], theoretical [5-7] or hybrid methods [8] that combine 
experimental data with analytical or numerical approaches. An examination of different methods for determining FLC is 
presented in [9]. The theoretical methods are based on necking or material fracture criteria. Among the experimental 
methods, the most used is the Nakazima test for its simplicity. The test consists in making a hemispherical punch advance 
at a constant speed against a sheet bound between a die and a blank holder and allowing it to stretch until the necking or 
the fracture arises. This test is carried out on rectangular specimens with different widths so as to induce different strain 
states in the material, from the state of monoaxial stress to that of balanced stress. The maximum and minimum strains 
are detected by means of a reference grid drawn on the specimens before carrying out the test. 
 

 
Figure 1: Typical FLC for sheet metal. 

 
Usually, the FEM evaluation of the feasibility of forming operations is obtained by comparing the estimated strains with 
the FLC. In the absence of this comparison, the numerical simulation can continue even after reaching the sheet fracture 
conditions. For this reason, some FEM software packages allow implementing criteria for fracture or strain localization. 
In this work, in order to validate the adopted FEM model, the results of an AA 6060 aluminum sheet forming process 
were compared with those resulting from numerical analysis.  
 
 
EXPERIMENTAL ACTIVITY 
 

he studied material consisted in a 1 mm thick sheet, made of an aluminium-magnesium-silicon alloy known as AA 
6060 and characterized by the following chemical weight composition: Al-0.6%Si-0.3%Fe-0.1%Mn-0.6%Mg-
0.1%Cu-0.15%Zn-0.05%Cr-0.1%Ti. It was a general use alloy and it was characterized by a high corrosion 

resistance. 
In order to determine the material constitutive law, needed for describing the mechanical behavior of the material in the 
considered numerical model, tensile tests were carried out according to the relevant standard UNI EN 10002-1:2004. The 
tests were performed using a two-column universal electromechanical testing machine with a 100 kN capacity. The 
specimen was characterized by a resistant section of 20 mm2 and a thickness equal to the sheet one. Fig. 2 shows the 
standard specimen and Fig. 3 the real stress-strain curve obtained from the tensile test. From the results of the tensile test 
it was possible to determine the material constants present in the constitutive equation expressed by the power law: 
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nK             (1) 
 

where σ and ε are the stress and the strain, respectively; while K and n are characteristic constants of the material.  
 

 
Figure 2: Geometrical characteristic of the tensile test specimen. 

 
 

 
Figure 3: Real stress-strain curve definition obtained by tensile test (AA 6060 alloy). 

 
In order to validate the FEM model, a forming test was carried out, schematically similar to the Nakazima test, but with 
larger geometric dimensions. In particular, the punch was characterized by a diameter of 60 mm. To perform this test, 
special equipment designed and built at the Laboratory of Technology and Manufacturing System of the University of 
Cassino and Southern Lazio was used. Fig. 4 shows an operating schema of the equipment. The system regulating the 
vertical translation of the punch was based on a trapezoidal screw jack with an external female thread. The rotation of the 
screw, driven by an electric motor through a mechanical transmission system, dragged the external female thread, integral 
with the crosshead on which a punch coupled to a load cell was mounted, with an alternative straight upward or 
downward movement. The punch speed, equal to 3 mm/min, was selected by appropriately acting on the electric motor 
through an electronic apparatus (inverter). In the same schema of Fig. 4 it is also possible to observe the equipment 
capable of evaluating the force trend applied by the punch on the sheet during the test. It was constituted by a multimetre 
and a power supply, connected to the load cell placed under the punch. Fig. 5 shows the technical solution adopted for 
mounting the load cell on the movable crosshead. The sheet was clamped on the equipment by means of a steel plate, by 
tightening the apposite screws with a closing torque of 45 Nm (Fig. 6). Further details on experimental equipment are 
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given in [10-11]. The tests were conducted under different lubrication conditions of the punch-sheet system. Fig. 7 shows 
some steps for carrying out the test. 
 

 
Figure 4: Equipment used for the forming test. The equipment scheme includes: 1) multimeter; 2) power supply; 3) interface for the 
test parameters management; 4) control panel for the punch translation; 5) die–drawbead component; 6) punch; 7) load cell; 8) 
crosshead; 9) translation system: rotating screw jack; 10) electric motor. 
 

 
Figure 5: Technical solution for mounting the load cell on the crosshead. 

 

 

 
Figure 6: Die geometry. 
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Figure 7: Some stages of the forming test. 

 
 
NUMERICAL ACTIVITY 
 

he FEM modeling was performed using the MSC.Marc 2005, a commercial calculation code. Modeling required a 
series of steps: 

1. Drawing of the sheet and the used dies; 
2. Subdivision of the deformable body into finite elements; 
3. Definition of constraint conditions; 
4. Definition of the material properties and the formability limit curve, 
5. Definition of contact and friction conditions. 

The previously described forming process was analyzed considering both a three-dimensional analysis (using shell 
elements) and a two-dimensional analysis (using axisymmetric elements). Fig. 8 shows the design of the used equipment 
(punch and die) as well as the discretized sheet metal in finite elements by both shell elements and axisymmetric elements. 
 

(a)                 (b) 

Figure 8: Drawing of the used equipment (punch and die) and of the sheet discretized with finite elements of the shell type (a) and the 
axisymmetric type (b). 
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In the sheet peripheral area, the presence of a blank holder was simulated by imposing suitable constraint conditions. In 
particular, such constraint conditions prevented the sheet from sliding on the die. The contact conditions between bodies 
required the sheet to be defined as a deformable body while the die and the punch were defined as rigid bodies. In order 
to take account of the friction conditions between the punch and sheet and between the sheet and the die, the modified 
Coulomb friction model was chosen, whose relation between the tangential force ft and the normal force fn can be defined 
as: 
 

2 r
t n

sv

v
f f arctg

R



     

   
         (2) 

 
where vr is the relative sliding speed and Rsv is the relative sliding speed at which the friction force tends to vanish. The 
coefficient of friction μ ranged from 0 to 0.2. 
The material behavior in the plastic field was described by the power law as Eqn. (1). In the adopted FEM code, to 
associate a formability limit curve to the deformable material was possible for shell elements, while to adopt a user-defined 
subroutine by introducing the most suitable FLC was necessary for axisymmetric elements. The introduction of the FLC 
allowed defining a formability limit parameter (FLP). The FLC, derived from Hill's local necking theory and Swift's diffuse 
necking theory, was dependent only on the material constant n present in the constitutive Eqn. (1). In particular, defining 
as β the ratio between the principal strains (εmax and εmin) measured in the sheet plane: 
 

min

max




            (3) 

 
the formability limit parameter was determined through the following ratio: 
 

max

min( )
FLP

FLC




           (4) 

 
where by FLC (εmin) an analytical description of the formability limit curve as a function of the principal strain εmin is 
intended. In the case where β ≤0 it can be obtained: 
 

min( )
1

n
FLC 





          (5) 

 
while for β >0: 
 

2

min 2

1
( ) 2

(1 )(2 2 )
FLC n

 
  
 


  

        (6) 

 
Fig. 9 represents the FLC curve for the material under examination. 
The use of the FLP parameter allows monitoring, during a plastic deformation process, the position and the moment in 
which the instability condition occurs (FLP = 1). 
 
 
NUMERICAL-EXPERIMENTAL COMPARISON 
 

he finite element analysis allows to represent the FLP parameter distribution in the sheet as well as to define the 
trend of the force-displacement curve of the punch. Fig. 10 shows the reaching of the instability condition (FLP = 
1) at the pole of the sheet, both in the case of three-dimensional and two-dimensional modeling, in perfect 

lubrication conditions (μ = 0). It should be noted that the simulation results are independent of the considered element 
type. Moreover, from Fig. 11 it is possible to compare the FEM results regarding the force-displacement curve of the 
punch in the case of μ=0. 
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Figure 9: AA6060 alloy forming limit curve. 

 
 

(a) (b)

Figure 10: Instability condition (FLP = 1) at the sheet pole: (a) using shell elements, (b) using axisymmetric elements. 
 
The experimental activity was conducted under three different lubrication conditions: 

- No lubrication; 
- Use of a sheet of polytetrafluoroethylene (PTFE), better known with the trade name Teflon®; 
- Use of grease containing graphite. 

The results in terms of the force-stroke curve of the punch are shown in Fig. 12. From Fig. 12, it can be seen that the 
fracture was determined after a stroke of about 28 mm in the case without lubrication. The displacement measured at the 
fracture point increases and reaches values of about 32 mm and 36 mm using graphite grease and PTFE as a lubricant, 
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respectively. In Fig. 13, the force-displacement curves of the punch, obtained by means of 2D finite element analysis for a 
coefficient of friction of 0.05, 0.1 and 0.2, is presented until the instability condition (FLP=1) occurs. Figs. 12 and 13 
show that the stroke tended to increase under conditions both of instability (FEM) and fracture (experimental) by 
improving the lubrication conditions. 
 

 
Figure 11: Comparison between the force-stroke curves of the punch, obtained by FEM for FLP = 1, under perfect lubrication 
conditions, using both shell (3D) and axisymmetric elements (2D). 
 
The described comparison makes it possible to validate, in the practice of designing a plastic deformation process, the use 
of the criterion, introduced in the 3D and 2D FEM code, which establishes the occurrence of instability conditions in the 
sheet to be deformed. 
 

 
Figure 12: Comparison between the force-displacement curves of the punch, obtained experimentally for different friction conditions 
until the sheet fracture occurring. 

 
 

CONCLUSIONS 
 

he aim of the work was the development of a calculation model useful for checking the feasibility of forming sheet 
metal components, using the formability limit curve. The behavior of the AA6060 alloy was evaluated in terms of 
mechanical strength, with the description of the flow stress curve and the FLC. The model was based on the finite 

element simulation of the sheet metal forming process using the commercial software MSC.Marc. In a first phase, the 
results from the 3D and 2D FEM modeling were compared. Subsequently, the 2D model was used, under different 
friction conditions, to verify the feasibility of a simple axisymmetric vessel. 
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Figure 13: Comparison between the force-stroke curves of the punch, obtained by FEM-2D, under different friction conditions, until 
the sheet instability occurring 
 
 
REFERENCES 
 
[1] Hu, Q., Zhang, F., Li, X. and Chen, J. (2018). Overview on the Prediction Models for Sheet Metal Forming Failure: 

Necking and Ductile Fracture, Acta Mech. Solida Sin., 31 (3), pp. 259-289. DOI:10.1007/s10338-018-0026-6. 
[2] Bouktir, Y., Chalal, H. and Abed-Meraim, F. (2018). Prediction of necking in thin sheet metals using an elastic–

plastic model coupled with ductile damage and bifurcation criteria, Int. J. Damage. Mech., 27(6), pp. 801-839.  
DOI: 10.1177/1056789517704030. 

[3] Bellini, C., Giuliano, G. and Sorrentino, L. (2015). Free bulging at constant pressure of superplastic sheet metal, Int. 
J. Eng. Techn., 7(4), pp. 1173-1178. 

[4] Banabic, D., Lazarescu, L., Paraianu, L., Ciobanu, I., Nicodim, I. and Comsa, D. (2013). Development of a new 
procedure for the experimental determination of the forming limit curves, CIRP Ann.-Manuf. Techn., 62(1), pp. 
255–258, 2013. DOI: 10.1016/j.cirp.2013.03.051 

[5] Swift, H.W. (1952). Plastic instability under plane stress, J. Mech. Phys. Solids, 1(1), pp. 1–18.  
DOI: 10.1016/0022-5096(52)90002-1. 

[6] Hill, R. (1952). On discontinuous plastic states with special reference to localized necking in thin sheets, J. Mech. 
Phys. Solids, 1(1), pp. 19–30. DOI: 10.1016/0022-5096(52)90003-3 

[7] Marciniak, Z. (1965). Stability of plastic shells under tension with kinematic boundary condition, Arch. Mech., 17, pp. 
577–592. 

[8] Situ, Q., Jain, M. and Metzger, D. (2011). Determination of forming limit diagrams of sheet materials with a hybrid 
experimental-numerical approach, Int. J. Mech. Sci., 53(4), pp. 707–719. DOI: 10.1016/j.ijmecsci.2011.06.003. 

[9] Banabic, D. (2010). Sheet Metal Forming Processes Constitutive Modelling and Numerical Simulation, Berlin, 
Springer. DOI: 10.1007/978-3-540-88113-1. 

[10] Giuliano, G. (2012). Influence of the Metal Sheet Parameters on the Results of the Erichsen Test, Appl. Mech. 
Mater., 217-219, pp. 2444-2447. DOI: 10.4028/www.scientific.net/AMM.217-219.2444. 

[11] Giuliano, G. (2015). Evaluation of the Coulomb Friction Coefficient in DC05 Sheet Metal Forming, Stroj. Vestn.-J. 
Mech. E., 61(12), pp. 709-713. DOI: 10.5545/sv-jme.2015.2733. 

 



<<
  /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


