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ABSTRACT. Using a finite element calculation code, this work analyses the 
influence of friction during a stamping test conducted on the AA6060 
aluminium-based alloy. The study focuses on phenomena happening when 
the sheet necking appears. This condition, based on the Hill’s localized 
necking theory and the Swift’s diffuse necking theory, is dependent on the 
material hardening index. This work shows that the punch stroke at the 
necking condition point is maximum when the main strain measured on the 
sheet surface is unbalanced and close to a balanced biaxial tension condition. 
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INTRODUCTION  
 

n the last decades, the use of aluminium alloys has considerably grown in the automobile and aerospace industries 
due to its high strength-to-weight ratio and corrosion resistance [1, 2].  The sheet metal stamping operation 
represents one of the most important processing techniques [3]. The manufacturing process design phase makes use 

of increasingly accurate models to evaluate the appropriate variables of the product production process. The use of 
software based on the finite element method (FEM) allows significant savings in time and cost, including the limitation of 
the onerous "trial-and-error" operations. 
In [4], the authors highlighted how the material constants that characterize the behaviour of aluminium alloys can 
influence the results of the Erichsen test. The effect of the temperature on formability is important too; in fact, the 
mechanical behaviour of different aluminium alloys at “warm” process temperature was studied by Li and Ghosh [5], an 
increase in the flow stress with the decreasing deformation temperature was found by Lu et al. [6], while an increased 
formability in warm temperature condition was found by Wang et al. for AA7075 [7]. The effect of the metal 
microstructure on formability at high temperature was investigated by Wang et al. [8] and Rokni et al. [9]. Furthermore, 
the behaviour of the AA5083 and AA2017 alloys was also examined in hot pressing processes [10, 11]. 
The sheet propensity to undergo deformations without incurring the fracture is preserved in the design phase of a 
stamping process with the use of the formability limit curve (FLC). Fig. 1 shows a typical formability limit curve. It is 
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represented, in terms of main strain measured in the sheet plane (maximum strain and minimum deform strain), by a 
graph of the necking and/or fracture conditions. 
In order to ascertain the success of a sheet metal forming process, the adopted finite element code is equipped with an 
FLC dependent on the mechanical properties of the material. FEM verification involves a comparison between the 
calculated strain during the stamping process and the FLC for that material. The FLC can be derived from Hill’s localized 
necking theory and Swift’s diffuse necking one [12, 13]. It depends on the hardening index obtainable from the results of 
a tensile test on the studied material. 
 

 
 

Figure 1: Typical formability limit curve of metal sheets. 
 
β represents the ratio between the principal strains, that are εmax and εmin, evaluated in the sheet plane: 
 

min

max




            (1) 

 
while the formability limit parameter can be calculated through the following relation: 
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in which FLC (εmin) constitutes an analytical description of the FLC as a function of the principal strain εmin. Therefore, on 
the assumption that β≤0, it can be stated that: 
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while, for β>0, it is: 
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The use of the FLP allows monitoring, by means of FEM analysis, the moment and the position in which the instability 
condition arises (FLP = 1) during a plastic deformation process. 
The FLC can be determined using experimental methods [14], theoretical (that is based on necking or fracture criteria of 
the material) [12, 13, 15] and hybrids [16] (that is combining experimental results with analytical or numerical methods). 
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Both Marciniak and Nakajima tests can be used for FLC experimental determination [17]; Banabic's work [18] examines 
different methods for determining the FLC. 
The simplest experimental method for calculating the FLC of a sheet is the Nakazima test. This test consists in the 
movement, at constant speed, of a hemispherical punch against the sheet metal clamped between the die and the blank 
holder. The sheet is thus subjected to stretching up to the onset of the necking or fracture. To induce different 
deformation states in the material, the test is carried out on rectangular specimens with different width-length ratio. To 
detect strains on the sheet metal, a reference grid is drawn on the samples before performing the test. 
In this work, adopting the FEM code and the experimental results presented in [19], the friction influence on the 
formability of the AA6060 aluminium alloy is highlighted. The friction effects on sheet formability are very important [20]; 
in fact, Yan et al. presented a scale factor to adjust the Wanheim/Bay friction model [21], Ma et al. studied the effect of 
temperature on the tribological behaviour in tube forming [22], Wang et al. investigated the substitution of zinc phosphate 
precoat with another lubricant coating [23], Hol et al. introduced a physical based model for friction simulation in full-
scale modelling, taking into consideration the surface topography variation [24], Wang et al. examined the dry forming 
process carried out by means of a coated tool [25], Hol et al. presented an advanced friction model, based on Coulomb 
law, suitable for large-scale forming modelling [26],  Zhang et al. studied the effect of reciprocal speed and surface 
roughness on the Coulomb friction coefficient through FEM simulations [27] and Wang et al. performed a study on the 
challenges and trends of friction analysis in sheet metal forming [28]. 
 
 
EXPERIMENTAL ACTIVITY 
 

he material considered in this study is the aluminium-magnesium-silicon alloy named AA 6060. It is characterized 
by the following chemical composition by weight: 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. 

The constitutive law of the material was determined by the tensile test according to the European standard UNI EN 
10002-1. The results of the tensile test, carried out on 1 mm thick specimens, are reported in [19]. The material is thus 
characterized in the plastic field by a constitutive equation that can be expressed by the power law: 
 

nK             (5) 
 

where ε and σ are the equivalent strain and the equivalent stress, respectively; while K is the strength coefficient and n is 
the hardening index of the material. 
The experimental activity involves the execution of a stamping operation performed on square-shaped specimens clamped 
between the die and the blank holder, both presenting a circumferential shape with a radius of approximately 83 mm, and 
subjected to the action of a hemispherical punch with a radius of 60 mm. The tests are conducted using the equipment 
designed at the DICeM Laboratory of the University of Cassino. This apparatus is equipped with a load cell that allows 
detecting the force-stroke curve of the punch. Further details on the experimental equipment are reported in [19, 29]. The 
tests are conducted both in the absence and in the presence of lubrication, in the latter case by using a 
polytetrafluoroethylene sheet (PTFE) as a lubricant between the punch and the sheet. The influence of friction on the 
results of the Erichsen test conducted on sheets made of different aluminium alloys and on DC05 steel was studied by the 
authors in [29, 30]. 
In order to determine the principal strain in the fracture conditions of the material, a grid of circles with a diameter of 
about 3 mm is drawn on the specimens before executing the forming test. The sheets are cut according to the scheme 
shown in Fig. 2. 
 
 
NUMERICAL ACTIVITY 
 

he stamping test is simulated by FEM model using the commercial calculation code MSC.Marc 2005. It consists of 
a trial similar to the Nakazima test considering only the geometry shown in Fig. 2. In [19] it is shown that the 
results of the numerical simulation conducted by means of a two-dimensional analysis (which uses axisymmetric 

elements) are identical to those achieved through a three-dimensional analysis, that requires shell elements, that are heavier 
than the axisymmetric ones. Therefore, all the results cited below refer to the lighter two-dimensional analysis. 
Fig. 3a shows the layout of the equipment used as well as the sheet discretized with axisymmetric finite elements. 

T 
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Figure 2: Geometry of the tested specimens. 
 
 

a) b)  
 

Figure 3: a) Scheme of the equipment (punch and matrix) and of the sheet metal discretized with axisymmetric finite elements; b) 
achievement the necking condition. 
 
The sheet metal nodes on the outer edge are constrained to simulate the presence of the blank holder, while the nodes on 
the symmetry axis are not allowed to move along the direction orthogonal to the symmetry axis itself. The punch and the 
die are considered as rigid bodies. 
To analyse the influence of the friction coefficient on the formability of the aluminium alloy AA6060, the modified 
Coulomb friction model is considered, whose relationship between the tangential force ft and the normal one fn is as 
follows: 
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in which vr is the relative sliding speed and Rsv is the relative sliding speed below which the friction force tends to vanish. 
The value of the friction coefficient μ varies between 0 and 0.3. In particular, the friction coefficient assumes the values of 
0, 0.025, 0.05, 0.1, 0.2 and 0.3. 
A user-defined subroutine is used to introduce the most suitable FLC in the model. 
 
 
ANALYSIS OF NUMERICAL AND EXPERIMENTAL RESULTS 
 

he FEM modelling and the experimental tests conducted on the AA6060 aluminium alloy produce the following 
results: 

1. The FLC is reached through a deformation path that varies according to the adopted friction coefficient; 
2. The distance between the symmetry axis and the point where the FLP is equal to 1 decreases as the friction 

coefficient decreases from the value 0.1 to the value 0, while it is almost constant for a value of the friction 
coefficient including between 0.1 and 0.3; 

3. The experimental results determined in the fracture condition [19] confirm what was found in point 2; 
4. The stroke of the punch (measured as the condition FLP = 1 is reached) is maximum for a value of the friction 

coefficient different from zero, that is when the principal strains measured on the sheet surface are unbalanced. 
Fig. 3b shows, in yellow, the achievement of the instability condition (FLP = 1) near the sheet symmetry axis and in 
perfect lubrication conditions (μ = 0). 
In order to confirm what stated in point 1, Fig. 4 shows the deformation paths followed in the different friction 
conditions simulated in the work. 
 

 
 

Figure 4: Deformation paths followed in different friction conditions and FLC relevant to the AA6060 aluminium alloy represented in 
the positive half-plane. 
 
In Fig. 5, the achievement of the condition FLP = 1 in the various friction conditions is observable in yellow. It is 
possible to point out that the yellow zone moves from the centre to the periphery of the specimen as the friction 
coefficient increases from 0 to 0.1. 
Fig. 6 shows the distance between the centre of the specimen and the fracture line in a sheet subjected to the experimental 
test conditions. In [19] it has been observed, through experimental tests, that the fracture line approaches the sheet 
symmetry axis if the lubrication conditions between the punch and the sheet are improved (theoretically approaching 
friction coefficient values equal to 0). Moreover, the punch stroke measured at the fracture attainment varies from about 
26 mm, in the condition of lubrication absence, to about 30 mm, in the case a polytetrafluoroethylene sheet (PTFE) is 
used as a lubricant. 
Fig. 7 shows the punch stroke trend, measured when the FLP = 1 condition is reached, as a function of the friction 
coefficient. From the figure it is possible to highlight what stated in point 4. This result is a direct consequence of the 
followed deformation path varying the friction coefficient, reported in Fig. 4. In fact, in the positive half-plane, the FLC 
can be represented by the curve passing through the points A-B-C-D. The A-B section of the FLC curve is characterized 
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by increasing maximum and minimum strain, moving from A to B point. Therefore, in this section, the punch stroke 
required to reach the necking condition increases. In the B-D section, the maximum strain tends to decrease while the 
minimum strain increases, producing a situation in which the punch stroke increases until it reaches a maximum point 
(point C) and then it decreases to point D. 
 

 
 

Figure 5: Achievement of the condition FLP = 1 adopting a value of the friction coefficient equal to 0, 0.05 and 0.1, respectively. 
 

 
 

Figure 6: Photo of the specimen where the distance between the fracture line and the sheet centre is showed. 
 

 
 

Figure 7: Punch stroke as a function of the friction coefficient. 
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The FEM results of Fig. 8 highlight how the distance measured from the centre of the specimen to the point in which 
FLP = 1 varies for different values of the friction coefficient. Fig. 9 shows the strain values measured in fracture 
conditions of the sheet tested using the polytetrafluoroethylene sheet as a lubricant. 

 

 
 

Figure 8: Distance evaluated by FEM between the FLP = 1 point and the specimen centre at the friction coefficient varying. 
 

 
 

Figure 9: Strain s at break measured in experimental tests compared to the FLC of the necking condition (FLP = 1). 
 
 

CONCLUSIONS 
 

n this work, a FEM-based two-dimensional model is chosen to analyse the friction influence on the stamping process 
of circular sheet metal. The sheet is modelled with the mechanical characteristics of the AA6060 aluminium alloy. In 
addition to the constitutive equation of the material (obtained from the tensile test), the limit formability curve (FLC) 

for the condition of material necking is considered. This curve depends on the hardening index of the tested material. The 
numerical and experimental results highlight the dependence of some characteristic parameters (such as the punch stroke, 
the distance between the specimen centre and the necking point) on the friction coefficient value assumed in numerical 
simulations. 
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