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Abstract: Most automotive components produced by conventional stamping lines are geometrically complex, with the material being 
subjected to combination of stretching and drawing operation. Material formability is essential in the production of quality stamped 
products. The material’s Forming Limit Curve (FLC) offers important information about the material’s formability. This paper proposes a 
numerical tool, corresponding to the Nakazima test, to use for failure prediction in sheet material forming. Finite element method is used in 
order to perform this numerical tool and results obtained are presented and discussed. 
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1. Introduction 
Changes are often necessary during the tryout of stamping tools. 

These changes may range from adjustments on die and punch 
designs to the selection of a new material with better formability 
characteristics. All these actions, however, require time and money 
creating the need for better initial sheet metal evaluation. Hence, 
increasing attention has focused on the development of laboratory 
tests that enable stamping companies to know more about the sheet 
metal stampability or that can, at least in part, ensure that their 
stamped products are produced without major problems. 
Identification of high stress region on stamping may allow for better 
tool stamping adjustment during tests, rendering a more uniform 
material’s deformation and leading to the production of higher 
quality parts. 

The Forming Limit Curve (FLC) is a very common tool used as 
a failure criterion in sheet metal forming. Good sheet metal 
formability is essential in the production of quality stamped 
products (Keeler 1968, Haberfield 1975). Process planners and tool 
designers must determine the level of formability required for each 
workpiece to be stamped (Woodhorpe 1969, Kumar 2002). 

 
Fig. 1 Forming Limit Curve 

Regardless of the forming production the core objective of 
stamping die-makers is to design and manufacture a set of forming 
tool that can be used reliably for a defect-free sheet metal product 
within the desired dimensional tolerances and the required surface 
quality. Since there exists rarely an analytical expression describing 
the relationships between these designs parameters, the 
dimensioning and integration of the tooling elements constituting 
the forming interface follow a series of costly try-and-error 
procedures on the workshop floor (Firat, 2007). 

The material formability analysis is usually evaluated through 
the concept of Forming Limit Diagrams (FLD). Some analytical 
models are being developed but the Forming Limit Curve (FLC) 
construction is still basically experimental. 

The identification of regions of stretching, deep drawing and 
plane strain during forming can contribute to improve the forming 
process technology and tool geometry optimization (Buchar 1996, 
Koop 1996) or control of process parameters (Lim, Ulsoy 2008, 
2009, 2010). A very useful and commonly used method of 
visualizing the limit strains is a Forming Limit Diagram, in which a 
plot of the Major Strain (ε1) versus the Minor Strain (ε2) at the 
onset of necking is generated. The diagram can be split into two 
sides; “left side” and “right side”. At the “right side”, which was 
first introduced by Keeler and Backofen (1963), only positive Major 
and Minor Strains are plotted. Goodwin (1968) completed the FLC 
by adding the “left side”, with positive major and negative minor 
Strains. Various strain paths can be generated in order to create 
different combinations of limiting Major and Minor Strains. The 
FLC is a representation of planar strain space for proportional 
loading combinations of major and minor strains ranging from 
drawing conditions on the left, plane strain loading in the center, 
and biaxial stretching on the right, as depicted in figure1.  

FLCs are used as an indication of the formability of a certain 
material. The knowledge of the FLC is essential in order to ensure 
the quality of the final product by avoiding that the true strain 
exceeds the safe strain during the forming process.  

The FLC is usually determined experimentally by using one of 
the following two types of test methods: Nakazima out-of-plane test 
(Fig. 2.a), which uses a hemispherical punch, and Marciniak in-
plane test (Fig. 2.b), where a sheet metal sample is strained by a 
flat-bottomed cylindrical punch.  

 
Fig. 2 Schema of  Nakazima and Marciniak test 

The test specimens, with a circular grid applied upon them, 
were deformed up to the point of fracture. Circular grid patterns on 
the surface of a sheet metal part deform differently based on the 
type of loading. There exists a relationship between the distortion of 
the circle and the type of stressing. By conducting a series of 
experiments, it is possible to find combinations of maximum strain 
(corresponding to the major axis of the ellipse) and minimum strain 
(perpendicular to the major strain and corresponding to the the 
minor axis of the ellipse) for which neither necking nor fracture 
occurs. These results can be plotted in the shape of a diagram, 
known as the forming-limit diagram (FLD). These diagrams are 
valid for a definite sheet-metal-quality and define two zones: 
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 - fracture and  
 - the beginning of necking. 

The strains plotted are the critical points, where cracks are likely to 
form. Between the two zones of “good” and “failure” there is a zone 
of critical deformation. 

Experimental tests are time-consuming and costly, and are not 
easily realized. The goal’s researchers are to improve Nakazima test 
in order to be able to produce more realistic FLCs or predict the 
limit strain by using other method.  

Many directions for increasing Nakazima test results are 
treated: influence of punch geometries (Filho 2008) and punch 
radius (Fictorie 2010), different pre-strain amounts applied for 
different FLC points in order to correct the non-proportional strain 
path (Atzema 2008). It results that the use of Finite Element Method 
represents a very good way, much expensive and complementary to 
the experimental procedure, in order to extend researches of 
Nakazima test and FLC determination.  

In this work, a numerical tool representing Nakazima test, is 
proposed and analyzed. By varying the sample width, different deep 
drawing and stretch forming conditions occur on the sheet metal 
surface. 

2. Numerical model 
The standardized Nakazima tests, for formability determination, 

use different geometries of the specimen: 

- with notches; 

- without notches. 

The notched specimen with a diameter of 200 mm is cut to 
varying width: 55, 85, 115, 125, 135, 165, 175 and 195 mm in order 
to varying strain path in the sheet.  

The used lengths for un-notched specimens are: 160 and 190 
mm. For this geometry of the specimen the used widths are: 66, 77, 
89, 99, 104, 126 and 150 mm.  

In the proposed numerical model of Nakazima test the 
considered specimen’ dimensions are: 160 mm length, 66, 77, 99 
and 150 mm width and 1 mm thickness. The specimens are pressed 
with a hemispherical punch of a diameter 100 mm until they 
fracture in the top. The opening diameter and corner radius of the 
die is 102 mm and 3 mm respectively. The numerical model 
presented in Fig. 3 consists in 3 rigid (punch, die and blank holder) 
and one deformable (specimen) bodies.  

 
Fig. 3 Numerical model of Nakazima test 

This numerical model is performed using finite element 
software MARC Mentat. The specimen is modeled with the fully 
integrated type 7 solid element. Element type 7 is an eight-node, 
isoparametric, arbitrary hexahedral. The shear or bending 
characteristics, which appear during deep-drawing process, may be 
improved by using alternative interpolation function. As this 
element uses trilinear interpolation functions, the strains tend to be 
constant throughout the element. This element may be used for all 
constitutive relation describing mechanical behaviour of the 
material i.e. Swift law. This element is preferred over higher-order 
elements when used in contact analysis.  

In order to have a good precision of the results, three elements 
in the specimen thickness are considered. Using this solution, stress 
and strain distribution on the thickness can be studied in order to 
select the points on the FLC. 

Kinematics of Nakazima test is described by definition of 
boundary conditions. Boundary conditions in the numerical model 
are issued from the X and Y axis symmetry of the system and the 
fully serrated blankholder (Fig. 4). The X and Y symmetry are 
represented by blocked displacements in the direction Y and X, 
respectively. The fully serrated blankholder boundary condition is 
represented by the blocked displacements in the direction of X, Y 
and Z axis. 

 
Fig. 4 Boundary conditions 

In Contact module of the finite element software, displacement 
z=0 for the die and blankholder, punch displacement and friction 
coefficient µ =0,01 are defined. Programmed maximal punch 
displacement is 40 mm. The condition of fully serrated blankholder 
was described in Boundary Conditions module of MARC Mentat 
finite element software. 

The material of the specimen is aluminium alloy AA5182-O. Its 
behaviour can be satisfactorily described by using Swift law i.e. 

mpA 




 += εεσ 0     (1) 

 Material parameters are given in the Table 1 and defined in 
MARC Mentat FE software at the level Material Properties. 

Table 1: Mechanical properties of Aluminiul alloy AA5182-O 

 
Yield 

strength 
[MPa] 

Tensile 
strength 
[MPa] 

Swift Low coefficients 

A m 
AA5182-O 130 340 492.37 0.242 

 

3. Results and conclusions 
The action of results analysis starts from the definition of FLC 

and her use. For this reason the numerical results analysis consists 
in following steps:  

punch 

blankholder 

die 

specimen 

X-axis symetry 
Y-axis symetry 

fully serrated 
blankholder 
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- identification of the failure area on the surface of the 
specimen considering the equivalent Von Mises stress 
distribution and tensile strength of the material; 

- analysis of strains distribution and their superposition in 
order to identify the sub-areas representing different strain 
conditions; 

- extraction of the couples (ε1, ε2) representing points on the 
FLC of the studied material; 

- drawing of the FLC for the analysed material. 

In a first step, the numerical simulation results of the Nakazima 
test are analyzed in terms of equivalent Von Mises stress 
distributions in order to identify the fracture area on the specimen’ 
surface (Fig. 5).  

 
Fig. 5 Equivalent Von Mises stress distribution 

In the second step, the strains ε1 and ε2 distribution is observed 
and different sub-areas are identified representing different values 
of limiting Major and Minor Strains (Fig. 6).  

In order to identify the points (ε1, ε2) on FLC, distributions of 
strains ε1 and ε2 are simultaneously analyzed. 

 
a) 

 
b) 

Fig. 6 Strains distribution: a). major strain ε1; b). minor strain ε2 

This is the reason why, in the next step, strains ε1 and ε2 
distributions are superposed. Considering strains distribution 
presented before, it results, after their superposition, the sub-areas 
presented in figure 7. 

 
Fig. 7 Sub-areas on the surface of the specimen having 99 mm width 

Each sub-area identified after strain’s distribution superposition 
give a point on FLC for the studied material. In figure 7 are 
presented the six sub-areas resulted for 99 mm width of the 
specimen. Other points on the FLC are obtained from numerical 
simulation considering 66 mm, 77 mm and 150 mm width of the 
specimen. We extract only the points obtained from the sub-zones 
corresponding to the surface of the specimen where the equivalent 
Von Mises stress exceeds the tensile strength of the material and the 
fracture can appear 

Results obtained by conducting the FE simulation for different 
stress conditions by changing the width of the specimen represent 
the points on “left side” and “right side” of FLC (Fig. 8).  

Forming Limit Curve for aluminium alloy AA5182-O
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Fig. 8 Forming limit curve of AA5182-O, 1 mm thickness 

In order to validate the proposed numerical tool, numerical 
results (black points and line) are compared with experimental 
results obtained for 1 mm thickness (brown points and line) and 0,7 
mm thickness (green points and line) of the specimen, for same 
material (Fig. 9). 

 
Fig. 9 Forming Limit Curves – numerical and experimental results 

The difference between experimental and numerical results is 
very small and confirms precision of the proposed numerical model. 

Some conclusions result: 

- A dense mesh must be used in order to resolve the limit strains in 
the vicinity of the narrow neck.  
- The material characterization needs to be further improved to 
facilitate a detailed determination of the yield locus shape. To 
determine and include mixed material hardening will increase the 
precision of the simulation.  
- In some cases friction is a very sensitive variable. To determine 
forming limits it is advocated to use experimental set-ups where the 
frictional behaviour plays a subordinate role.  
- Utilization of this numerical model:  

- reduce time consuming and costs for experimental tests; 
- assure good precision of the results. 

The proposed numerical model has a good flexibility based on 
the possibility to easy change geometrical and material parameters 

    Num.res.(1mm) 
    Exp.res.(1mm) 
    Exp.res.(0,7mm) 
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of the specimen and on her construction - rigid bodies group, on a 
side, and deformable material, to another side.  
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