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Abstract 

Under the concept of "Industry 4.0", production processes will be pushed to be increasingly interconnected, 
information based on a real time basis and, necessarily, much more efficient. In this context, capacity optimization 
goes beyond the traditional aim of capacity maximization, contributing also for organization’s profitability and value. 
Indeed, lean management and continuous improvement approaches suggest capacity optimization instead of 
maximization. The study of capacity optimization and costing models is an important research topic that deserves 
contributions from both the practical and theoretical perspectives. This paper presents and discusses a mathematical 
model for capacity management based on different costing models (ABC and TDABC). A generic model has been 
developed and it was used to analyze idle capacity and to design strategies towards the maximization of organization’s 
value. The trade-off capacity maximization vs operational efficiency is highlighted and it is shown that capacity 
optimization might hide operational inefficiency.  
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1. Introduction 

The cost of idle capacity is a fundamental information for companies and their management of extreme importance 
in modern production systems. In general, it is defined as unused capacity or production potential and can be measured 
in several ways: tons of production, available hours of manufacturing, etc. The management of the idle capacity 
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Abstract 

The three-layer aluminum 3105 – polypropylene – 304 steel components are fabricated using the deep drawing process. Then, 
finite element (FE) simulation of this process was carried out in ABAQUS software and the results of numerical and 
experimental studies regarding the effects of blank holder force on wrinkling of blank’s flange and punch force were compared to 
each other. The results indicate a reduction in wrinkling of the deep drawn cups with increase in BHF. In addition, FE simulation 
could predict the tearing place in the samples well. 
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1. Introduction 

In recent years and due to environmental problems, reducing fuel consumption and replacement fuels have gained 
increased attention. Introducing and use of materials with high strength-to-weight ratio is one of the effective 
methods for reducing fuel consumption. The use of sandwich panels made from metal sheet shells and polymer cores 
has increased in aerospace, automobile and construction industries due to the advantages of these sheets compared to 
single-layer metal sheets [1]. In general, sandwich panels are made from two metal sheets with high strength as shell 
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and a low-strength and low-density polymer core. These sandwich panels offer advantages such as high bending 
strength and damping of sound and mechanical vibrations however their forming difficulty is the main limiting 
factor for their use in various industries [2]. Unique characteristics of composite materials include (a) high strength-
to-weight ratio, (b) improved vibrational damping characteristics without increase in structural weight and (c) good 
resistance against fatigue and impacts. One of the uses of deep drawing of multilayer sheets is to create structures 
which require different conditions in their inner and outer sides. These properties include corrosion and abrasion 
resistance as well as thermal and electrical conductivity properties [3]. Takuda et al. [4] investigated tensile 
characteristics and forming of multilayered steel and aluminum sheets and concluded that if formability of steel 
sheet is higher than aluminum sheet, for higher limiting drawing ratio (LDR), aluminum sheet should face the punch. 
Wrinkling is one of the problems during forming of metal sheets. Therefore, predicting and preventing this 
phenomenon is of great importance. Wrinkle formation generally occurs under two conditions: wrinkles in the part 
of the sheet which is in contact with forming tools (flange area) and wrinkling in parts of the sheet which are not in 
contact with forming tools (walls). The second type of wrinkling occurs in the majority of structures created by deep 
drawing method [5]. Morovvati et al. [6] conducted a numerical and empirical investigation of wrinkling during 
deep drawing of two-layer metal sheets and concluded that increase in the BHF decreases wrinkling at the sheet’s 
edges while too much force can cause tears in the sheet. Atrian and Saniee [7] investigated friction during deep 
drawing of steel/brass bimetal sheets using three lubricants (nylon, grease, and dry condition) and concluded that 
using nylon sheets as lubricant leads to reduced loads. Rajabi et al. [8] investigated wrinkling of three-layer Al/pp/Al 
sheets under deep drawing process. Their results showed that increase in BHF and thickness of middle layer reduces 
wrinkling.  

The blank holder is used to maintain a constant distance between the sheet and matrix during drawing process. In 
practice, blank holder prevents wrinkling by applying pressure on the flange of the drawn component. Blank holder 
pressure can be calculated using the following equation [9]: 
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where PBH is the blank holder pressure, d0 is the punch diameter, d1 is the blank diameter, s0 is the blank thickness, 
Su is tensile strength and c is a coefficient between 2 and 3 and β is the actual drawing ratio.  

In the current study, the aim is to investigate the effects of BHF on wrinkling of a three-layer Al/PP/St sheet 
during deep drawing process. To this end, suitable force required for minimum wrinkling and production of high 
quality samples without tears was determined using experimental tests and finite element analysis. Previous 
researches in deep drawing of sandwich sheets mostly focused on two layer sheets or three layer sheets with same 
skin layers. But in current research, fabrication and deep drawing of a three layer sheet with various materials for 
each layer is investigated.   

2. Materials and methods 

2.1. Materials 

   In the current study, polypropylene (PP), which is a thermoplastic polymer, was selected as the core layer and 
Al3105 and Steel 304 were selected as the skin layers. Al was used due to its low specific weight and use of 304-
steel was for improving the structure’s strength and corrosion resistance. At first, it was necessary to determine the 
properties of the materials prior to deep drawing tests and finite element simulation. To this end, a standard tensile 
sample of each layers was created based on ASTM E8 standard and was tested using Zwick-Z 250 instrument. Fig. 1 
shows stress – strain curves of the annealed aluminum 3105, 304-steel and polypropylene. Table 1 also shows the 
mechanical properties of these sheets. 
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and a low-strength and low-density polymer core. These sandwich panels offer advantages such as high bending 
strength and damping of sound and mechanical vibrations however their forming difficulty is the main limiting 
factor for their use in various industries [2]. Unique characteristics of composite materials include (a) high strength-
to-weight ratio, (b) improved vibrational damping characteristics without increase in structural weight and (c) good 
resistance against fatigue and impacts. One of the uses of deep drawing of multilayer sheets is to create structures 
which require different conditions in their inner and outer sides. These properties include corrosion and abrasion 
resistance as well as thermal and electrical conductivity properties [3]. Takuda et al. [4] investigated tensile 
characteristics and forming of multilayered steel and aluminum sheets and concluded that if formability of steel 
sheet is higher than aluminum sheet, for higher limiting drawing ratio (LDR), aluminum sheet should face the punch. 
Wrinkling is one of the problems during forming of metal sheets. Therefore, predicting and preventing this 
phenomenon is of great importance. Wrinkle formation generally occurs under two conditions: wrinkles in the part 
of the sheet which is in contact with forming tools (flange area) and wrinkling in parts of the sheet which are not in 
contact with forming tools (walls). The second type of wrinkling occurs in the majority of structures created by deep 
drawing method [5]. Morovvati et al. [6] conducted a numerical and empirical investigation of wrinkling during 
deep drawing of two-layer metal sheets and concluded that increase in the BHF decreases wrinkling at the sheet’s 
edges while too much force can cause tears in the sheet. Atrian and Saniee [7] investigated friction during deep 
drawing of steel/brass bimetal sheets using three lubricants (nylon, grease, and dry condition) and concluded that 
using nylon sheets as lubricant leads to reduced loads. Rajabi et al. [8] investigated wrinkling of three-layer Al/pp/Al 
sheets under deep drawing process. Their results showed that increase in BHF and thickness of middle layer reduces 
wrinkling.  

The blank holder is used to maintain a constant distance between the sheet and matrix during drawing process. In 
practice, blank holder prevents wrinkling by applying pressure on the flange of the drawn component. Blank holder 
pressure can be calculated using the following equation [9]: 
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properties of the materials prior to deep drawing tests and finite element simulation. To this end, a standard tensile 
sample of each layers was created based on ASTM E8 standard and was tested using Zwick-Z 250 instrument. Fig. 1 
shows stress – strain curves of the annealed aluminum 3105, 304-steel and polypropylene. Table 1 also shows the 
mechanical properties of these sheets. 
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Fig. 1. Stress – strain curves of different sheets used in this study 

 

Table 1. Mechanical properties of different sheets. 
 

Parameter 304-steel Polypropylene Annealed 3105 aluminum 
Poisson’s coefficient  0.3 0.29 0.33 
Density (Kg/m3) 7800 1000 2800 
Young’s modulus (GPa) 200 1.5 68 
Yield stress (MPa) 130 1.5 45 
Ultimate stress (MPa) 830 34 104 

 

2.2. Fabrication of sandwich sheets 

To fabricate the three-layered blanks, it is necessary at first to remove the oxide on the surface of sheets. Then, 
the surface is washed using acetone to remove any remaining oils or metal powders and produce a clear surface. The 
stacked layers are a 3105-aluminum sheet with thickness of 0.5 mm, one PP sheet with thickness of 1 mm and one 
304-steel sheet with thickness of 0.5 mm. Then, all three sheets were exposed under hot compression at 170 ºC and 
pressure of 10 MPa to create multilayer composite sheets. A polymer compound (PP-g-MA) which is a thermal 
adhesive is also used to create adhesion between steel and PP sheets. Fig. 2 shows a sample of the fabricated 
sandwich sheets. 

 
Fig. 2. Sample of sandwich sheet and its cross section. 
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2.3. Deep drawing process 

   After fabrication the sandwich sheets, deep drawing process was carried out with speed of 30 mm/min at room 
temperature. The deep drawing die included a punch made from CK45 steel and the matrix and blank holder made 
from cast iron with dimensions shown in Table 2. 
 

Table 2. Dimensions of different parts of the die setup. 
 

Parameter Matrix 
diameter 

Punch 
diameter 

Blank holder 
external diameter 

Blank holder 
internal diameter 

Matrix 
edge radius 

Punch edge 
radius 

Value (mm) 69.4 65 190 70 10 8 

 

   The force in blank holder is applied using 8 standard G25-064 springs with stiffness of 161 N/mm. A pneumatic 
press with force of 10 metric tons was used for deep drawing process. The press and the die setup are shown in Fig. 
3. Finally, after deep drawing process, the following method was used to measure the amount of wrinkling. Fig. 4 
shows the wrinkling measurement method using a caliper. In this figure, H is the height of wrinkling. 
 

 

 

 

 

 

Fig. 3. Used die setup. Fig.4. Measuring height of wrinkling. 

 3. Finite element simulation 

ABAQUS 6.12 software was used for analysis of the deep drawing process of Al3105/PP/Steel304 sandwich 
sheets. Deep drawing process is a quasi-static process. Therefore, dynamic/explicit method is used to solve this 
problem. The solution time was 0.2 with mass scaling of 50. It is not possible to model wrinkling behavior with 
axisymmetric modeling but instead it is necessary to use a three-dimensional analysis. The element used in this 
modeling was a cubic C3D8R element with 8 nodes with reduced integration formulation with the ability to control 
hourglass phenomenon. The sheet thickness was also divided into three parts with two upper and lower 0.5 mm parts 
defined as Al and St and a middle 1 mm part defined as PP. The properties of these layers were set based on the 
stress – strain curves shown in Fig. 1. In order to reduce the computation cost, other parts including blank holder, 
punch and matrix were assumed to be rigid. This assumption leads to a very small error because in sheet forming 
process, forces applied to the tool are significantly less than the forces applied in bulk forming process [7]. 

The next step is to define the contact between various parts. The friction coefficient between punch-Al sheet, 
matrix-St sheet, and Al sheet-blank holder are measured using friction test and are equal to 0.28, 0.32 and 0.30, 
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respectively. However, the contact between three layers is assumed to be complete. For defining boundary 
conditions (BCs), matrix is assumed to be fully constrained; blank holder applies a concentrated force on a 
predefined reference point, acts like a spring and moves along the thickness of the sheet whenever necessary and 
punch only moves in one direction (downward) which is used to determine its BCs. The displacement of the punch 
was considered to be 35 mm downward. Fig. 5 shows the assembled model in the ABAQUS.  

4. Results and discussion 

4.1. Stacking sequence 

   The experimental investigations showed that the stacking sequence of Aluminum/PP/Steel (when Al layer touches 
the punch) had the best result. Since the goal of the study was to reach maximum drawing, only this layering order 
was used. The reverse ordering is not usable because limiting drawing of aluminum layer is significantly lower than 
steel. FE simulation also indicated when the Al is the lowest layer, higher plastic strains are induced in the Al layer 
which cannot be tolerated and rupture may occur. As illustrated in Fig. 1, Al has lower elongation than steel. Similar 
results are also reported by Takuda et al. [4]. Fig. 6 shows a sample with aluminum sheet placed at the lowest layer 
in which significant wrinkles and tears are observed compared to the sample with aluminum at the upper layer 
despite similar process conditions.  
 

 

 

Fig. 5. Simulated model of deep drawing process. Fig. 6. Deep drawing sample with aluminum sheet as lower layer. 

 

4.2. Blank holder force (BHF) 

   Here, the effect of BHF on wrinkling of the deep drawn cup is investigated. Fig. 7 clearly shows as the BHF 
increases the wrinkling is reduced. However, applying much more BHF has led to the sample rupture.   
 

 
Fig. 7. Effect of BHF on wrinkling of drawn cups. 
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Wrinkling is the most important reason for failure of forming processes. Generally, extensive compressive 
stresses lead to wrinkling in forming processes. The flange of a circular sheet is affected by radial tensile stress and 
hoop compressive stress during the process. For any specific thickness and tool dimensions, there is a critical 
diameter-to-thickness ratio for the sheet after which the loop compressive stress leads to elastic or plastic wrinkling 
at the sheet’s flange. This leads to an undesirable deformation model which shows itself as waves created at the 
edges of the sheet [10]. As can be seen in Fig. 8, increase in BHF decreases the wrinkling of the drawn cups until the 
point in which wrinkling is completely removed and any extra force after that will cause tears in the sheet. Other 
works on wrinkling of three-layered sheets such as works by Morovvati et al. [6] and Rajabi et al. [8] also confirm 
these results. Fig. 9 shows the decreasing trend of the wrinkling, a perfect sample and finally a sample with a tear. 
This figure also compares the numerical and experimental results. In Fig. 9a, wrinkling at the sheet’s edges is 
significant which is due to low BHF. With the increase in BHF, wrinkling gradually decreases until a perfect sample 
seen in Fig. 9b is produced. As can be seen in Fig. 9c, any extra force after this point causes extensive interactions 
between blank holder and the blank’s edges and creates tears at the walls of the cup. 

 
Fig. 8. Curve showing effects of BHF on wrinkling height. 

 

   

 
(a) 

 
(b)  

(c) 
Fig. 9. Images resulted from empirical tests and simulation at different sheet holder strengths of (a) 7.7 kN, (b) 12.8 kN and (c) 15 kN. 

4.3. Punch force 

The force applied by the punch guides the black toward the hole in the matrix. This force is the sum of all forces 
required for initial bending, straightening compression and friction. According to Fig. 10, punch force gradually 
increases until reaches the maximum value of 108 kN which causes tears in the sample. As the figure suggests, 
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was considered to be 35 mm downward. Fig. 5 shows the assembled model in the ABAQUS.  

4. Results and discussion 

4.1. Stacking sequence 

   The experimental investigations showed that the stacking sequence of Aluminum/PP/Steel (when Al layer touches 
the punch) had the best result. Since the goal of the study was to reach maximum drawing, only this layering order 
was used. The reverse ordering is not usable because limiting drawing of aluminum layer is significantly lower than 
steel. FE simulation also indicated when the Al is the lowest layer, higher plastic strains are induced in the Al layer 
which cannot be tolerated and rupture may occur. As illustrated in Fig. 1, Al has lower elongation than steel. Similar 
results are also reported by Takuda et al. [4]. Fig. 6 shows a sample with aluminum sheet placed at the lowest layer 
in which significant wrinkles and tears are observed compared to the sample with aluminum at the upper layer 
despite similar process conditions.  
 

 

 

Fig. 5. Simulated model of deep drawing process. Fig. 6. Deep drawing sample with aluminum sheet as lower layer. 

 

4.2. Blank holder force (BHF) 

   Here, the effect of BHF on wrinkling of the deep drawn cup is investigated. Fig. 7 clearly shows as the BHF 
increases the wrinkling is reduced. However, applying much more BHF has led to the sample rupture.   
 

 
Fig. 7. Effect of BHF on wrinkling of drawn cups. 
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Wrinkling is the most important reason for failure of forming processes. Generally, extensive compressive 
stresses lead to wrinkling in forming processes. The flange of a circular sheet is affected by radial tensile stress and 
hoop compressive stress during the process. For any specific thickness and tool dimensions, there is a critical 
diameter-to-thickness ratio for the sheet after which the loop compressive stress leads to elastic or plastic wrinkling 
at the sheet’s flange. This leads to an undesirable deformation model which shows itself as waves created at the 
edges of the sheet [10]. As can be seen in Fig. 8, increase in BHF decreases the wrinkling of the drawn cups until the 
point in which wrinkling is completely removed and any extra force after that will cause tears in the sheet. Other 
works on wrinkling of three-layered sheets such as works by Morovvati et al. [6] and Rajabi et al. [8] also confirm 
these results. Fig. 9 shows the decreasing trend of the wrinkling, a perfect sample and finally a sample with a tear. 
This figure also compares the numerical and experimental results. In Fig. 9a, wrinkling at the sheet’s edges is 
significant which is due to low BHF. With the increase in BHF, wrinkling gradually decreases until a perfect sample 
seen in Fig. 9b is produced. As can be seen in Fig. 9c, any extra force after this point causes extensive interactions 
between blank holder and the blank’s edges and creates tears at the walls of the cup. 

 
Fig. 8. Curve showing effects of BHF on wrinkling height. 

 

   

 
(a) 

 
(b)  

(c) 
Fig. 9. Images resulted from empirical tests and simulation at different sheet holder strengths of (a) 7.7 kN, (b) 12.8 kN and (c) 15 kN. 

4.3. Punch force 

The force applied by the punch guides the black toward the hole in the matrix. This force is the sum of all forces 
required for initial bending, straightening compression and friction. According to Fig. 10, punch force gradually 
increases until reaches the maximum value of 108 kN which causes tears in the sample. As the figure suggests, 
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maximum amount of drawing is equal to 35 mm. Sheet thickness and friction between various surfaces significantly 
affect punch force and can help ease the process.  

4.4. Thickness strain 

It is necessary to evaluate the flow of materials in metal forming processes in order to prevent any flaws or 
fractures. Among various processes, sheet metal forming process requires increased attention due to the major 
presence of tensile stress [11]. This is due to necking of the metal during tensile stress process. In some areas 
deformations can lead to tear or fracture [12]. Therefore, it can be beneficial to investigate the distribution of stress 
and strain in order to prevent possible tear and fracture in the parts under tension. This means that it is possible to 
calculate the possibility of fracture by calculating the thickness strain of the cup at the radial direction. Fig. 11 
shows the thickness strain curve and indicates that  the radial displacement of 45 mm had the largest amount of 
thinning, creating the most susceptible location for a tear. This area corresponds with the radial area of punch profile 
which was the location of the tear showed in Fig. 9. 

 

0

20

40

60

80

100

120

0 10 20 30 40

Pu
nc

h 
Fo

rc
e (

kN
)

Punch Displacement (mm)

FEM, Dry

EXP, DRY

 
Fig. 10. Comparison between empirical and numerical force – displacement curves. 
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Fig. 11. Numerical curve of thickness strain in a deep drawn cup under BHF of 12.8 kN. 

 

5. Conclusion 

Based on investigations in this paper, the following conclusions may be derived: 
1. The proper stacking sequence of layers was determined to be Al/PP/St and the inverse order may not lead to 

proper samples. 
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It is necessary to evaluate the flow of materials in metal forming processes in order to prevent any flaws or 
fractures. Among various processes, sheet metal forming process requires increased attention due to the major 
presence of tensile stress [11]. This is due to necking of the metal during tensile stress process. In some areas 
deformations can lead to tear or fracture [12]. Therefore, it can be beneficial to investigate the distribution of stress 
and strain in order to prevent possible tear and fracture in the parts under tension. This means that it is possible to 
calculate the possibility of fracture by calculating the thickness strain of the cup at the radial direction. Fig. 11 
shows the thickness strain curve and indicates that  the radial displacement of 45 mm had the largest amount of 
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Fig. 11. Numerical curve of thickness strain in a deep drawn cup under BHF of 12.8 kN. 
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2. By increasing the BHF from 6.4 kN to 12.8 kN, wrinkling decreased and high-quality samples were produced. 
Any BHF higher than 12.8 kN led to tears in the sheet. 

3. Numerical and empirical results of punch force were compared and the results showed that the numerical 
response underestimates the punch force about 10% compared to experimental results.  

4. Thickness strain of the sheet was evaluated using FE simulations and the critical area with high probability of tear 
was determined to be at 45 mm of radial distance. 

5. Al/PP/St sandwich cups were fabricated successfully considering proper parameters of BHF, stacking sequence, 
and lubrication introduced in this article. 
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