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Abstract- Deep drawing of sheet metal is one of the most important transformation’s process in which a sheet metal blank is 
drawn into a forming die via a punch force. The conventional deep drawing of sheet metal techniques, known for their wide 
usage in several industry sectors, are experimental and expensive processes. Numerical simulation using Finite Element 
Methods (FEM) offers the ability of analyzing the feasibility of a process, allowing the benefit of saving time and 
considerably reducing costs by comparison with traditional methods. This virtual simulation requires the realization of the 
tools and their adjustment according to the resulting data till seizing a satisfactory adequacy of results. In this study, a Hill48 
anisotropic yield criterion was adopted to express the mechanical material properties using ABAQUS/EXPLICIT software. 
A finite element model is developed for the 3D numerical simulation of sheet metal deep drawing process. Two aluminum 
alloys AA1050 and AA1100, were studied with the focus on the influencing parameters involving both physical and material 
properties that affect the final predicted part. The developed model predicts the thickness and the formation of ears of the 
blank based on plastic Hill yield criteria. The earring prediction was simulated using extra deep drawing. 
 
Keywords- Deep Drawing, Finite Element Analysis, Anisotropy, Aluminum Alloys. 
 
I. INTRODUCTION 
 
In recent decades, Finite element method (FEM) has 
become a powerful tool. The most important mode of 
FEM is the simulation or Computer Aided 
Engineering (CAE), of metal forming processes [1]. 
The simulation achieves a reduction of 50% in tool 
development and production time, moreover 30% 
will be reduced over the next few years [2] Deep 
drawing of sheet metal is one of the popular 
manufacturing techniques, it consists of the pressure 
of a blank or sheet by a punch force into a gap 
between the punch and the die surface and clamped 
by the blank holder against the die to fabricate 
required shape product. Generally, a box or shallow 
drawing is the name of the cup drawing when its 
depth is lower than the half of its diameter, otherwise 
it’s called drawing or deep drawing [3]. 
Deep drawing process is highly sensitive to 
geometrical and material parameters. The impact of 
geometrical parameters like blank thickness, punch 
nose radius, punch depth, die shoulder radius and 
tooling dimensions is crucial. Furthermore, the 
material properties such as elasticity, plasticity and 
anisotropy have as much influence as the geometry 
parameters, which explains the defective results, e.g., 
wrinkling, tearing, earring and local necking if some 
of these parameters are not defined properly. 
Many researchers have focused on highlighting the 
impact of these parameters on the formability. Zein et 
al. [4] used a Finite Element Analysis (FEA) for a 
circular deep drawn cup of mild steel. As a result, it 
was found that dimensions of die shoulder radius and 
punch nose radius have to be 8 and 3 times the sheet 
thickness respectively. The blank holding force 

should be less than 3tons. Radial clearance, has to be 
more than the sheet thickness. Concerning the 
coefficient of friction values between blank and 
punch, blank and die and blank and blank holder, are 
in the range of 0-0.3, 0-0.2 and 0-0.2, respectively. A 
prediction of the thickness distribution and thinning 
of the blank with the die design parameters was 
studied by using Finite Element method for the 3-D 
numerical simulation of deep drawing process by 
Zein et al. [5] A Finite Element analysis coupled with 
Taguchi technique of experimental design was 
studied by Padmanabhan et al. [6]. Over the final 
product, the most influencing parameter was die 
shoulder radius with a percentage of 89.2% followed 
by 6.3% for friction and 4.5% for blank holder force. 
Reddy et al [7] presented an experimental analysis 
showing the influence of punch nose radius, die 
shoulder radius and blank holding force on thickness. 
ANOVA technique was employed. The results of this 
research indicated that, the higher influence done by 
the blank holding force with 56.98% followed by 
punch nose radius (30.12%) and die shoulder radius 
(12.90%). As mentioned, the influence of mechanical 
properties of sheet metal are also significant, not only 
on the final product but also on the process 
parameters. In 1948, Hill [8] suggested an anisotropic 
yield criterion as a generalization of the Huber-
Mises- Criterion [9]. Plastic anisotropy is the 
dependence of material properties on the testing 
direction [10]. In case of isotropic materials which 
have unchangeable properties with direction, Von 
Mises criterion describes yielding [11].The 
anisotropy is known as the ratio of strain in the 
thickness ݐߝ to the strain in the width of a material 
 :The anisotropy coefficient is determined by .ݓߝ
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where w0 is the initial width and w is the final width, 
while 
t0 is the initial thickness and t is final thickness of the 
specimen, respectively [12]. r value is much less 
sensitive to error measurements than errors in 
thickness and width measurements. [13]. Also, this r 
value could be also found from the measurements of 
length and width using the constant volume 
assumption 0 = ݈ߝ+ ݐߝ+ݓߝ. Where 
 the strain in the length. Therefore, the anisotropy ݏ݅ ݈ߝ
coefficient can be expressed by: 

 
The r value frequently differs with direction in sheet. 
The coefficient of normal anisotropy is the average of 
the anisotropy coefficient r0, r45, and r90 in 3 
directions 0°, 45° and 90° respectively. It’s 
considered the most important mechanical property 
that affects performance of deep drawing. The 
coefficient of normal anisotropy R is expressed by: 

 
as much the value of this coefficient is higher as 
much the material has an optimum formability [14] 
[15]. 
The planar anisotropy ΔR or earring is the variation 
of normal anisotropy with angle of rolling direction, 
it’s defined as: 

 
The sign of the ΔR presents the extent and the 
direction of the flange earring [16]. The normal 
anisotropy determines the average cup height of the 
extra deep draw. The planar anisotropy determines 
the extent of earring. For optimal drawability, a 
combination of a high ܴ value and a low ΔR value is 
necessary [17]. Ears are formed at the flange of the 
cup using the deepest drawing possible [18]. Das et 
al. [19]presented the prediction of earing problem in 
deep cylindrical drawing cups using the finite 
element model HYPERWORKS-6.10 software. A 
developed numerical model based on the 
modification of the initial blank shape to produce the 
percentage earring height with the help of ABAQUS 
software was documented by Pawan [12]. The effect 
of anisotropy has been known and interpreted for a 

long time qualitatively, in relation to the angular 
evolution of the anisotropy coefficient, four cases are 
possible: 
Case 1: for 90ݎ = 45ݎ = 0ݎ, ΔR = 0, earring does not 
emerge. 
Case 2: for 90ݎ = 0ݎ, ΔR < 0, four ears with the same 
intensity are formed at 45 ° to the rolling direction. 
 

 
 
II. FINITE ELEMENT MODEL 
 
1.1. Simulation of deep drawing 
In the present paper, numerical simulation of 
cylindrical deep drawing process using ABAQUS 
software is shown in Fig.2. The important dimensions 
used for the validation of the modelling are given in 
Table 1. The die, punch and holder were modelled as 
rigid form whose motion was governed by the motion 
of a single node, known as the rigid body reference 
node and were meshed with (R3D4) surface elements. 
Blank which is considered deformable, was modelled 
using reduced integration shell element (S4R) [23].  
 
The punch could have a vertical displacement while 
the die was fixed in all directions. The friction 
behavior was modelled using the Coulomb friction 
law. Due to the orthotropic material properties of the 
aluminum sheet, the numerical analysis of the deep 
drawing was processed by using only one quarter 
section of the of 3D numerical model with the 
corresponding symmetry boundary conditions to 
reduce the computational time. 
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Fig.2. Finite element deep drawing cup. 

 
Fig.3. Geometry of cup drawing assembly. 

 
Table 1:Tool dimensions 

 
1.1. Material properties 
In the simulation, elastic/plastic material obeying 
Hill’48 yield criterion for the plasticity to out light 
the anisotropic of the sheet metal. R11, R22, R33, 
R12, R13 and R23 are anisotropic yield stress ratios 
which are imputed to the numeric simulation to 
predict erring [25]. The anisotropic yield stress ratios 
are expressed as: 
R11= R13 =R23=1 

 

 

 
Table 2: Blank material [26] 

 
 
1.1. Validation of the model 
A combination between experimental and finite 
element analysis (FEA) of deep drawing process was 
made by Colgan and Monaghan [4]. To validate the 
present model a comparison between the values 
which have been obtained for the blank thickness of 
the deep drawn wall is used. A demonstration of the 
form features and thickness distribution of drawn 
blank are given in Fig. 5 .The 8 points where 
generated data of measurements for thickness were 
taken are shown in Fig. 4. In the flange area 
thickening appears and necking occurs just above the 
punch nose radius [4] 

 
Fig. 4. Thickness measurement locations for the validation of 

the model [4] 
 

 
Fig. 5. Deformation and necking workpiece [4] 

 
The results comparison of the published values with 
the present FEA prediction are shown in Table 5. The 
values obtained coincide with the thickness at the 
nearest node to the corresponding point of Ref [4], 
along the cup wall.  
Table 2: Blank material [26] Minor differences in 
thickness variations are expected 
because of mesh generation, where these points 
cannot be exactly the same. 
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Table 3:Tool dimensions 

 

Table 4: Material data for AA1050 and AA1100 used in this work. 

 
 

Table 5: Comparison of thickness variation between published results and present study 

 
 

The lower thickness value as compared with the 
published results studied by Colgan and Monaghan is 
shown in location 5, moreover the present values are 
very close to the published results with differences 
which do not exceed 2.2% on average for 
experimental and differences and 0.4% on average for 
numerical. 
Table 3 and Table 4 reveal the current model 
dimensions and materials properties respectively. 
Two different aluminum alloys AA 1050 and AA 
1100 have been selected for this work in order to 
accomplish a detailed comparison and to enhance the 
discussion and conclusions. The blank diameter has 
been chosen after several trial failures of larger 
diameters. The present model is made and simulated 
on ABAQUS. 
 
III. RESULTS AND DISCUSSION 
 
The thickness variation of the final cup product is 
shown in Fig. 6 and Table 6, where it’s observed that 
blank thickness had a different distribution between 
AA1050 and AA1100, this difference in thickness 
variation for the same tool dimensions and the same 
initial thickness of the blank results shows the 
mechanical properties influence on the thinning of 
sheet metal in deep drawing. Fig.8. highlights the 
final cup product obtained by numerical simulation 

using the extra deep drawing process, where the 
flange in the cups do not have a constant height, but 
an oscillation of height and low points. The earrings 
shapes are conditioned by planar anisotropy 
parameter ∆R as shown in Fig. 7. Four earring 
patterns are clearly observed in Fig.7 and Fig.9. The 
planar anisotropy obtained in Fig.7 (a). for the first 
alloy AA 1100 is ∆R=0,295 > 0. In this case, the 
finite element analysis shows four earrings with the 
same size formed in the 45° direction as illustrated in 
Fig.9 (a). While for AA 1050 Fig.7 (b) the planar 
anisotropy is ∆R=-0,037 < 0, with two  earrings 
appearing at the ears position obtained in 
concordance with the theoretical prediction. 

 
Fig. 6. Distribution of sheet blank thickness 
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directions of 0° and 90° respectively, and the two 
earrings along the direction of 90° are closely larger 
than those along the direction of 0° Fig.9(b). 

Table 6: Effect of mechanical properties on thickness 
distribution 

 

 

 
Fig. 7 Comparison of two different distributions 

of planar anisotropy coefficient (a) AA 1100, (b) AA 1050 
 

 

 
Fig. 8. Numerical simulation of earring in cylindrical deep 

drawing (a)AA1100, (b)AA1050 
 

Radial clearance (wc) drawn in Fig.3 is the difference 
between die and punch radius. Fig.10. shows the 
earing height for different values of the radial 
clearance, when wc=1.2 the extra deep drawing fails 
and a necking occurs at earing level in 20° and 80° of 
rolling direction. When radial clearance is bigger than 
1.6 mm the height of the cup become so closer, 
therefore 1.6 could be taken as an optimum value for 
radial clearance for both materials. 

 

 
Fig. 9. Earing profile predicted by finite element analysis (a) 

AA 1100, (b) AA 1050 
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Fig.10. Impact of radial clearance on ears (a)AA1100, (b) 

AA1050 

 
Fig.11. Comparison of percentage earing for different die 

shoulder radius (a)AA 1050, (b)AA1100 
 
Fig.11. presents the percentage of ear height for 
different values of die shoulder radius. An important 
reduction concerning percentage ear height can be 
seen in for AA 1100 in Fig.11(b) and AA1050 in 
Fig.11(a). The percentage of ears height is reduced by 
more than 2% in 45° between the high value of radius 
die which is 8mm and the low one of 2 mm for AA 
1100 alloys, while the difference seen in AA1050 at 
0° and 90° from rolling directions did not exceed 0.5 
mm. 
Taking account of these results, the difference in 
anisotropy properties between two alloys played a 
major role how each of them responded to the same 
mechanical force applied using the same design, 
enabling us to highlight a proper deformability 
character to each one of theme. On the other hand, the 
design tool dimensions impact significantly the shape 

of product, in light of this work, the maximum 
shoulder radius value resulted with the minimum 
percentage of earrings height, henceforth, an 
optimization of the design helps reduce or even 
eliminate the earrings appearance in the final product. 
 
CONCLUSION 
 
In this study, numerical simulation and prediction of 
earing in cylindrical deep drawn concerning the 
anisotropy’s effect of AA 1100 and AA 1050 
aluminum alloy sheet were performed using 
ABAQUS/EXPLICIT software. The comparison 
between published results (experiments and 
simulations) and the finite element analysis presented 
in this work concludes their conformity. Relying on 
the results and discussion, it can be concluded that: 
- The planar anisotropy parameter ΔR conditions the 
enlarging and size of earrings. 
- The mechanical properties influence the thickness 
distribution in the cup wall. 
- The radial clearance insufficiency leads to necking 
in the flange of the cup. 
- The die shoulder radius is recommended to be about 
8 times sheet thickness to minimize earring height. 
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