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Abstract. In the deep drawing process, the blank-holding force (BHF) is an important process 
parameter affecting the energy consumption and the successful production of parts. In the present 
work, both experiments and finite element simulations have been conducted to investigate the 
influence of constant and time variable BHF on drawing force (DF) and thickness distribution in the 
deep drawing process of cylindrical and square cups. A finite element model was developed in the 
AutoForm software and validated with experiments. The developed model has been used for the 
simulation of deep drawing process of AA6016-T4 aluminum alloy sheet. The experimental and 
numerical results show that, using a variable instead of a constant BHF, the DF can be decreased in 
the expense of wall thickening. 

Introduction 

In the deep-drawing process a lower drawing force (DF) is always desirable in order to have 
minimum energy consumption, concomitantly with obtaining drawn parts with uniform thickness 
and if possible close to that original. In the deep-drawing process, there are many factors that affect 
DF and wall thickness distribution, such as the clearance between die and punch, the tool geometry, 
lubrication conditions, and the BHF. The BHF has the role to prevent the wrinkling, allowing a 
controlled movement of the blank in the die cavity. A higher BHF, however, leads to an increase of 
the friction force between the blank holder and the blank in the flange area, which implicitly leads to 
the increase of DF, and, in extreme cases, it may lead to tearing. On the other hand, a lower BHF 
will cause wrinkling. Furthermore, a deep-drawn part with non uniform thickness distribution may 
cause stress concentration and may lead to damage during in service. Therefore, it is important to 
know the effect of BHF on DF and on the wall thickness as well as the conditions in which the DF 
can be reduced and the wall thickness could remain uniform and closely to the original thickness. 
Studies conducted by other researchers show that BHF can be a temporal variable [1] or temporal 
and spatial variable [2], i.e. variable in time as well as along the contour of the blank [3]. Moreover, 
the BHF variation can be defined before starting the forming process or it can be adjusted during the 
process, depending on the available equipment. One of the difficulties in the application of variable 
BHF consists in finding the optimal BHF evolution. Kitayama [4] classify the strategies for finding 
the BHF evolution in two categories: those based on a closed-loop type algorithm and those based 
on a response surface methodology. 

The effect of BHF in the deep-drawing process has been investigated by various researchers. The 
authors of the paper [5] investigate the effect of blank holder force in deep-drawing process of 
magnesium alloy sheet. The authors used both constant and variable BHF control technique. They 
have found that by using a suitable variable BHF path the wall thinning and thickening can be 
decreased. Demirci [6] also investigates the effect of BHF on wall thickness, earing and wrinkling 
in the deep-drawing of aluminium square cups. The author concludes that the wall thickness of the 
drawn cups gets thinner towards the edges and thickenings occur towards the mouth section.  

The objective of this paper is to investigate by experiments and Finite Elements Method (FEM) 
simulation, the effect of constant and time variable BHF on DF and wall thickness distribution in 
the deep-drawing process of AA6016-T4 aluminum alloy cylindrical and square cups. 
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Material 

An AA 6016-T4 aluminum alloy sheet with a thickness of 1 mm was used for experiments and 
finite element simulations in this study. Table 1 shows the mechanical parameters of the 
investigated material [7]. The yield stresses (σ0, σ45 and σ90) and the anisotropy coefficients (r0, r45 
and r90) have been obtained bay uniaxial tensile tests carried out on specimens cut from the metal 
sheet along three directions: 0, 45 and 90 degrees with respect to the sheet rolling direction (RD). 
The biaxial yield stress (σb) has been obtained by biaxial tensile tests (hydraulic bulge tests), by 
applying the principle of the equivalent plastic work described in [8] and the biaxial anisotropy 
coefficient (rb) by an compression test carried out on circular specimens [9]. 

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

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

AA6016-T4 158.0 152.2 154.7 160.1 0.55 0.40 0.55 1.05 

The Swift approximation, described by the equation (1), has been used to model the material 
hardening. Table 2 shows the coefficients of Swift hardening law. 

( )0

n

p
Cσ ε ε= + , (1) 

where,  σ is the flow stress; n is the strain hardening exponent; ε0 is the initial plastic strain and εp is 
the plastic strain. 

Table 2: The coefficients of Swift hardening law for the AW 6016-T4 aluminum alloy. 

Material C [MPa] ε0 [-] n [-] 

AA6016-T4 158.0 152.2 154.7 

Experiments 

Experimental setup. The deep drawing experiments have been carried out with the aim to 
investigate the effect of BHF on the DF as well as to obtain data for the validation of finite element 
model. An Erichsen universal sheet metal testing machine, Model 142-20, was used to perform the 
deep-drawing of cylindrical and square cups. The machine software was used both for process 
control with constant and time variable BHF and for the acquisition of the drawing force and punch 
stroke during the forming process. 

Figures 1 and 2 show the geometry and dimensions of the tools used to perform the deep drawing 
tests. The punch-die clearance is 1.41 mm in the case of tools for the deep-drawing of cylindrical 
cups (Fig. 1) and 1.45 mm for the deep-drawing of square cups (Fig. 2). 
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Figure 1: Tools geometry and dimensions for deep-drawing of cylindrical cups 

34 Sheet Metal 2015



 

R3

Ø90

Blank
holder

Drawing
die

Punch
BHF BHF

Top view

Drawing die
Punch

R5
DF

Blank

Z

X

Y

Z

X

40

1

42
.9

R7

R10
.4

    

Figure 2: Tools geometry and dimensions for deep-drawing of square cups 

Procedure. In order to investigate the influence of the blank-holding force on the drawing force and 
thickness distribution, two types of BHF were considered during the forming process: constant and 
time variable (Fig. 3). Constant BHFs of 10 kN and 13 kN have been used in the case of cylindrical 
cups (Fig. 3.a) and 6 kN, 8 kN and 9 kN in the case of square cups, respectively (Fig. 3.b). The 
initial values of the time variable BHFs coincide with those from the constant BHFs. Starting from 
these initial values, the variable BHFs are decreased in six increments throughout the punch stroke. 
These types and values of BHFs have been used in experiments and finite element simulation, as 
discussed in the results section for each particular case. 

  
  (a) – Cylindrical cups     (b) – Square cups  

Figure 3: Constant and variable BHF paths in experiments and finite element simulations 

The die and sheet blank have been lubricated with graphite grease. The testing speed has been set 
to 30 mm/min in all cases. After experiments the drawn cups have been cut along the sheet rolling 
direction (RD) and the thickness has been measured from the cup centre towards the side using a 
DEA GLOBAL Silver Coordinate Measuring Machine. Fig. 4 shows an example of measurement 
setup. These experimental data were used to validate the finite element model in the results section. 

FEM simulation of deep drawing processes 

The finite element models of the deep drawing process for both cylindrical and square cups were 
developed using the finite element code AutoFormplus R3 [10]. The geometry and dimensions of the 
tools and sheet are the same as in the experiments, shown in Figures 1 and 2, respectively. The finite 
element models of the two deep-drawing processes include the drawing die, the punch, the blank 
holder and the blank (Fig. 5). Shell elements with five integration points across the thickness were 
used. The characteristic length of the element was set to 0.5 mm. 
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Figure 4: Thickness measurement setup in the case of a square drawn cup 

The BBC 2005 yield criterion was used to model the yield surface of the blank material whose 
input constitutive parameters are given in Table 1. The Swift approximation, described in the Table 
2, was used to model the hardening curve of blank material. In the simulation, a constant friction 
coefficient of 0.09 was set between the blank and tools.  

 

 
       (a) – Cylindrical cups         (b) – Square cups  

Figure 5: Finite element simulation model of deep drawing processes 

Results 

Effect of BHF on drawing force. The results of the deep-drawing experiments of cylindrical cups 
are shown in Fig. 6. 

Fig. 6.a shows the evolution of DF as a function of punch stroke for two values of constant BHF: 
10 kN and 13 kN. The constant BHFs used in these experiments are superimposed on the same 
diagram (Fig. 6.a). From this diagram one may observe that when the BHF increases from 10 to 13 
kN, the DF vs. punch stroke curve moves slightly to higher DF values. In this case, the maximum 
DF increases from 35.02 to 35.88 kN. This increase in DF can be attributed to the friction force 
between the blank and blank holder which increases when BHF increases. 

Fig. 6.b compares the DF versus punch stroke curve recorded in conditions of a constant a blank-
holding force (BHF=10 kN) with that obtained using a variable BHF. On this diagram are also 
shown the trajectories of constant variable BHFs, respectively, used in these experiments. From this 
diagram one can observe that the variable BHF has little effect on the DF. 
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  (a) – constant BHF    (b) – constant and variable BHF  

Figure 6: Experimental results of drawing force variation in deep-drawing of cylindrical cups 

Fig. 7 shows the results obtained from the deep-drawing experiments of square cups. Fig. 7.a 
shows the effect of a constant BHF on DF. As in the previous cases, one may observe that the 
increase in BHF leads to an increase in drawing force. When BHF increases from 6 to 9 kN, the 
maximum DF increases from 32.87 to 33.90 kN. Fig. 7.b shows the effect of a variable BHF on DF. 
As can be noticed, in the first stages of the drawing process (up to 10 mm punch stroke) the variable 
BHF coincides with the constant BHF of 9kN. As a consequence, the DF is not influenced by the 
variable BHF. After the first 10 mm of punch stroke, the variable BHF begins to decrease which 
leads to a decrease of DF. In this case, by applying a variable BHF, the maximum DF decreases 
from 33.90 (constant BHF) to 33.54 kN. 

 
  (a) – constant BHF    (b) – constant and variable BHF  

Figure 7: Experimental results of drawing force variation in deep-drawing of square cups 

Effect of BHF on thickness distribution. In this study, the influence of the BHF on wall thickness 
during deep drawing process of AA 6016-T4 aluminum alloy has been investigated by Finite 
Element Method (FEM) and experiments. Fig. 8 shows a comparison of wall thickness distribution 
between experiment and FE simulation for cylindrical deep-drawn cups. The results of the finite 
element simulation correspond to the mid-surface. On the other side, the experimental 
measurements have been performed on the external surface, which is the only accessible to 
investigation. The difference between the results is not so important as long as the thickness of the 
metallic sheet is not large. The distance from the top centre of the cup, x (Fig. 8.b), represents the 
arc length measured on the external surface of the cup. Due to the small difference between the 
anisotropy parameters r0 and r90, the thickness distribution has been investigated only along the RD 
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(Figs 8.a and 8.b). Fig. 8.b compares the calculated and measured thickness distribution. From this 
diagram one may notice that the experimental curve is fitted sufficiently accurate by the predicted 
results. Possible differences may occur due to the fact that the lubrication conditions are described 
in a simplified manner by the finite element model of the deep-drawing process. 

 

    
 (a) – thickness distributions       (b) – thickness distributions in RD direction 

Figure 8: Comparison of wall thickness distribution between experiment and FE simulation for 
cylindrical deep-drawn cups 

As one may observe, in Fig. 8, the most important thinning occurs in the punch shoulder area 
(between the points A and B in Fig. 8.b) and the wall thickening at the end side of the drawn cup. 

Fig. 9 shows the effect of BHF on thickness distribution for cylindrical deep-drawn cups. The 
result in Fig. 9.a implies that the increasing in constant BHF from 10 to 13 kN has no influence on 
the wall thinning (in the area from 0 to point B). In contrast, the increasing in constant BHF, leads 
to a decreasing in thickening in the side wall of drawn cup. This behaviour could be explained by 
the fact that the increasing in BHF leads to an increasing in tensile stress in the wall side. Fig. 9.b 
shows a comparison of the wall thickness distribution between the variable BHF test (path C2 in 
Fig. 3.a) and constant BHF test (BHF=13 kN). This result implies that the thickening in the side 
wall of drawn cup in the case of variable BHF is greater than that in the case of constant BHF test. 
This could be due to the nature of adopted variable BHF, which decrease toward the end of forming 
process, leading to lower tensile stresses in the sidewall material. From this diagram one can also 
notice that the variable BHF does not influence the wall thinning in the area of punch corner radius. 

  
  (a) – constant BHF    (b) – constant and variable BHF  

Figure 9: Effect of BHF on wall thickness distribution for cylindrical deep-drawn cups 
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The results showing the FEM and experimental wall thickness variation of the square deep-
drawn cups obtained with a constant BHF of 8 kN is shown in Fig. 10. Fig. 10.a shows the FEM 
results of thickness distributions and indicates the rolling direction (RD). Fig. 10.b reveals that the 
distribution of wall thickness obtained by means of FEM is in a good agreement with that obtained 
by means of experiments.  

 

    
 (a) – thickness distributions       (b) – thickness distributions in RD direction 

Figure 10: Comparison of wall thickness distribution between experiment and FE simulation for 
square deep-drawn cups 

Fig. 11 shows the distribution of the thickness versus the distance measured from the top centre 
of the square deep-drawn cups in the rolling direction. A similar trend is observed as in the case of 
cylindrical drawn cups. This confirms that the increasing in constant BHF leads to a decrease of 
thickening (Fig. 11.a), while the variable BHF technique adopted in this study leads to the increase 
of the thickening of the side wall (Fig. 11.b). 

   
  (a) – constant BHF    (b) – constant and variable BHF  

Figure 11:  Effect of BHF on wall thickness distribution for square deep-drawn cups 

One may conclude that the variable BHF technique, for the cases studied in this paper, has an 
opposite effect on the drawing force and wall thickness. Therefore, it should be made a compromise 
between the desired decrease of drawing force and desired decrease of wall thickening, or it should 
be found an optimum variable BHF paths. 

The results also show that the variable BHF technique, in which it is considered a decrease of its 
initial value through the punch stroke, has almost a similar effect with that from the case in which a 
lower constant BHF is considered. 
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Conclusion 

The goal of this work was to investigate the effect of blank-holding force on the drawing force 
and wall thickness distribution in the deep-drawing process of cylindrical and square cups made 
from AA 6016-T4 aluminum alloy. On the basis of the obtained results, the following conclusions 
can be drawn. 

In the case of the cylindrical deep-drawn cups, DF is influenced by the amount of BHF (the DF 
increases when the BHF increases) and less influenced by its type, constant or time variable. In the 
case of square deep-drawn cups, DF is influenced by the amount and the type of BHF. In the first 
stage of the drawing process, the variable BHF is maintained equal with the constant BHF. As a 
consequence no effect on DF occurs in first stages of the drawing process. A decrease in DF occurs 
only in the second stage of the drawing process, when the variable BHF begins to decrease. 

The results imply that the wall thinning in the punch shoulder part can not be influenced by the 
constant or variable BHF considered in this study. On the other hand, the thickening at the side wall 
of deep-drawn cups can be influenced both by constant and variable BHF. In all the cases, it was 
shown that the increasing in BHF leads to a decrease of thickening of the side wall of drawn cups. 
Contrarily, by adopting a time variable BHF, decreased throughout the punch stroke, may lead to an 
increase of thickening of the side wall. 
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