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Abstract. This paper is focused on the performance evaluation of two theoretical models that can be 

used to predict the Forming Limit Curve (FLC) for an AA6016-T4 aluminium alloy sheet. The FLC 

is calculated based on the Marciniak-Kuczynski (M-K) model and the Modified Maximum Force 

Criterion (MMFC) using the Hill '48, Barlat '89 and BBC 2005 yield criteria, the latter identified in 

three variants, namely with 6, 7, and 8 material parameters. The performance assessment of the M-

K and MMFC models combined with different yield functions is based on the comparison between 

the theoretical predictions and the experimental data provided by the Nakazima test (ISO 12004: 

2008) as well as by an experimental procedure recently developed by the authors for the FLC 

determination. 

Introduction 

During the last decades different methods have been developed for the formability assessment of 

sheet metals. The Forming Limit Diagram (FLD), first introduced by Keeler and Backofen [1] and 

Goodwin [2], is widely used as a useful tool for the assessment of forming limits of sheet metal. 

One of the major advantages of the FLD concept is that the limit strain can also be calculated by 

theoretical models. Various mathematical models have been developed for the accurate calculation 

of forming limit curves (FLCs). The first models published by Hill [3] and Swift [4] are based on 

the localized necking in thin sheets under plane stress states and diffuse necking hypotheses, 

respectively. Marciniak and Kuczynsky [5] have proposed a strain localization model based on the 

assumption that the necking is caused by a pre-existing thickness defect. Hora and Tong [6] 

developed the so-called Modified Maximum Force Criterion aiming at improving the model 

previously proposed by Swift. An improved version of the MMFC has been proposed by Comsa [7]. 

A comprehensive description of the research on the FLC has been presented by Banabic [8].  

The prediction of forming limit as accurately as possible is one of the most important goals in the 

design phase of a sheet metal forming process via finite element (FE) simulation. Sheet metals show 

a highly anisotropic material behaviour due to the cold rolling process. Constitutive models for the 

plastic yielding and deformation of anisotropic sheet metals have been developed as an attempt to 

improve the accuracy of the FE predictions. 

This paper aims to evaluate the prediction performance of the M-K and MMFC approaches. The 

FLCs are calculated using the M-K model and MMFC in combination with Hill '48 [9], Barlat '89 

[10] and BBC 2005 [11] yield criteria, and the Swift or Voce type hardening law. These FLCs were 

compared with the experimental data obtained from the Nakazima test and a double blank bulge 

test, recently proposed by the authors [12]. 

Material 

In this study an AA 6016-T4 aluminium alloy sheet with the nominal thickness of 1 mm was 

used. Table 1 shows the mechanical parameters of the investigated material. The yield stresses 

(σ0, σ45 and σ90) and the plastic anisotropy coefficients (r0, r45 and r90) were determined by uniaxial 

tensile tests carried out on specimens taken at 0°, 45° and 90° with respect to the rolling direction 
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(RD) of the sheet metal. A Zwick Roell Z150 material testing machine was used to conduct the 

uniaxial tensile tests according to the standard ISO 6892-1:2009 methodology. The biaxial yield 

stress (σb) was determined by the hydraulic bulge test and the plastic biaxial anisotropy coefficient 

(rb) by a compression test carried out on circular specimens. 

Table 1: Mechanical properties of the AA6016-T4 aluminium alloy (thickness: 1.0 mm). 

Material σ0[MPa] σ45[MPa] σ90[MPa] σb[MPa] r0 r45 r90 rb 

AA6016-T4 139.26 137.23 136.30 140.76 0.64 0.53 0.64 1.07 

The Swift and Voce type hardening laws have been used to model the material hardening. Figure 

1.a shows a comparison between the hardening curves described by Swift and Voce laws and the 

experimental data. The yield functions provided by Hill '48, Barlat '89 and BBC 2005 with 6, 7, and 

8 input parameters in the identification procedure, are used to model the yield loci for the 

investigated material as shown in Figure 1.b. The BBC 2005-8 yield criterion uses all eight 

experimental data listed in Table 1. In the case of the BBC 2005-7 the rb is not considered and in the 

case of and BBC 2005-6, both σb and rb are missing in the identification procedure. 

  
    a)       b) 

Figure 1: Hardening curves (a) and yield loci (b) for the AA6016 T4 aluminium alloy sheet 

Experimental determination of the FLC 

In this study two procedures have been used for the experimental determination of the FLCs 

namely: the Nakazima test (ISO 12004: 2008) and a recently procedure developed by the authors 

[12]. In both cases the experimental equipment consists in a universal sheet metal testing machine 

ERICHSEN model 142-20 and an ARAMIS optical strain measurement system. The evaluation of 

the limit strains conforms to the specifications of the international standard ISO 12004-2. In the 

following subsections the two procedures are briefly presented. 

Nakazima test. Figure 2 shows a schematic view of the Nakazima test. The specimen is firmly 

clamped on its contour between a blank holder and a die, Figure 2.a. A hemispherical punch is used 

to deform the specimen through the die aperture. The punch diameter is 100 mm and the filet radius 

of the die is 10 mm. The Nakazima specimens, as shown in Figure 2.b, are defined by the blank 

width (a) and the shaft length (d). The dimensions (a/d) of the specimens adopted in this paper are: 

30/50 (specimen no. 1 in Fig. 2.b), 110/50, 120/50 and 130/30 mm. The last specimen (no. 5) has a 

circular shape. Each experiment was replicated three times. 
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Figure 2: Nakazima test: a) scheme of the experimental process and b)-shape of the specimens 

 

Double blank hydraulic bulge test. This methodology is based on the principle of hydraulic 

bulge test. As shown in Figure 3.a, the specimen has two pierced holes and is doubled by a carrier 

blank. The pierced specimen and the carrier blank are firmly clamped between the die and the blank 

holder. The two blanks are bulged by an increasing hydraulic pressure applied on the lower surface 

of the carrier. The relative motion between the pierced specimen and the carrier blank is negligible 

during the bulging experiment and, consequently, the friction is insignificant. As a consequence, the 

main advantage of this experimental procedure consists in the reduction of the frictional effects that 

may alter the values of the limit strains, compared with the Nakazima test. 

The geometrical parameters of the specimens are the holes diameter (d') and distance (a') 

between them, Figure 3.b. By modifying these parameters, it is possible to obtain different strain 

paths during the hydraulic bulge test, from uniaxial tensile stress (specimen no. 1' in Fig. 3.b) to 

equibiaxial tensile stress state (specimen no. 5' in Fig. 3.b). In this study the following geometrical 

parameters (a'/d') have been adopted for the specimens no. 2', 3' and 4': 52/28, 60/20 and 60/12 mm, 

respectively. The specimen no. 1' is considered as sketched in Figure 3.b, while the specimen no. 5' 

has a circular shape. A DC04 sheet metal with the nominal thickness of 0.85 mm has been 

considered as a carrier blank. A die with an aperture diameter of 100 mm and a fillet radius of 10 

mm was used to perform the bulge experiments. 

 

  

R35

R
10

1
5

a'

d
'

1' 2' 3' 4' 5'

5

R
50

R
9
0

die cavity

holes

RD

 
   a)       b) 

Figure 3: Double blank hydraulic bulge test: a) scheme of the experimental process and b)-shape 

of the specimens 
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Results 

Experimental results. The experimental FLCs determined using the Nakazima test and the bulge 

test are shown in Figures 4 – 6. One may notice that the FLC provided by the Nakajima test are 

slightly translated to higher values of the principal strain ε1. This situation can be explained by the 

effect of friction, which is more pronounced in the case of Nakajima tests (due to the local contact 

between the sheet metal and the rigid punch), which leads to a better formability. On the other hand, 

in the case of bulge test, the shift of FLC to lower values of the principal strain ε1, is similar to that 

observed in the case of Olsen-Jovignot test [8]. 

Performance evaluation of the M-K model and MMFC. Figures 4 – 5 compare the predicted 

results provided by the Marciniak-Kuczynski model and the Modified Maximum Force Criterion 

with the experimental FLCs. The predictive performances of the M-K model are generally better 

than those of the MMFC approach. This observation is primarily valid in the case of the results 

provided by the Barlat '89 and BBC 2005 yield criteria. 

In the case of Hill '48 yield criterion, the agreement of predictions with the experimental data are 

relatively poor for the M-K model (Fig. 4.a), in which case the predictions tends to overestimate the 

strain limit of the sheet metal along the right branch of the FLC. 

The non quadratic yield functions Barlat '89 (Fig. 4.b) and BBC 2005 (Fig. 5.a), better describe 

the plastic behaviour of the AA6016-T4 aluminium alloy sheet. This observation is in agreement 

with the observations from the literature [8] which highlights the inability of the Hill '48 yield 

criterion to accurately describe the plastic behaviour of aluminium alloys. 

  
   a)       b) 

Figure 4: Comparison between experimental data and predicted FLCs using M-K model and 

MMFC in combination with a) – Hill '48 and b) – Barlat '89 yield criteria 

The vertical position of the calculated FLC largely depends on the hardening law. As a 

consequence, the predictive performance of the models is influenced by the chosen hardening law. 

From Figure 5, one may observe that the predictions correlate much better with the experimental 

data when using Swift hardening law (Fig. 5.a) in comparison with the Voce approximation (Fig. 

5.b). This observation is also supported by the results shown in Figure 1.a, from which one may 

notice that the Swift law approximates better the experimental hardening curve than the Voce 

approximation. 
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   a)       b) 

Figure 5: Comparison between predicted FLCs using M-K model and MMFC in combination 

with BBC 2005-8 yield criterion and a) – Swift and b) – Voce type hardening laws 

Effect of input values in the BBC2005 yield criterion on FLC. Figure 6 shows the FLCs 

predicted by the M-K model (Fig. 6.a) and the MMFC (Fig. 6.b) for different identification cases of 

the BBC 2005 yield criterion (with 6, 7 and 8 mechanical parameters). The experimental FLCs are 

also plotted on diagrams. As one may observe from the two diagrams, the versions of identification 

with 7 and 8 input data provide better predictions than the version with 6 parameters, mainly in the 

case of MK model. When only 6 input values are used in the identification procedure, the 

predictions of the MK model and the MMFC overestimate the formability along the right branch of 

the FLC. This behaviour can be explained by evaluating the shape of the yield loci shown in Figure 

1.b. When in the identification procedure only 6 mechanical parameters are used, the distance 

between the plane strain and equibiaxial point is longer. This leads to a delay of strain localization 

process and the right branch of the FLD will shift towards higher values of ε1. 

 
   a)       b) 

Figure 6: Experimental vs. predicted FLCs using a) – M-K model and b) – MMFC and the BBC 

2005 yield criterion with 6, 7 and 8 input parameters  
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From Figure 1.b one may also notice that only the yield loci provided by the BBC 2005-7 and the 

BBC 2005-8 yield criteria, which use the biaxial yield stress in the identification procedure, pass 

through the biaxial yield point. For this reason, the FLCs predicted by the BBC 2005 identified with 

7 and 8 mechanical parameters are almost coincident in Figure 6. Figures 1.b and 6 also reveal that 

the taking the rb value into account (BBC 2005-8), has no significant effect on the predictions in the 

case of investigated material. 

Conclusions 

The predictive performances of the M-K model are generally better than those of the MMFC, 

especially when the Barlat '89 or BBC 2005 yield functions are used. 

The non quadratic yield functions Barlat '89 and BBC 2005 (all versions of identification) better 

describe the plastic behaviour of the aluminium alloy, compared with the Hill '48 yield criterion. 

The M-K model and MMFC combined with the BBC 2005 yield criterion provide better result 

when the hardening behaviour is described by a Swift type hardening law compared with the case 

when Voce type hardening approximation is used. 

The yield criteria which include the biaxial yield stress in the identification procedure (BBC 

2005 yield criterion with 7 and 8 mechanical parameters) are able to provide FLCs closer to the 

experimental ones. 
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