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The deep-drawing process for square cups is primarily used in sheet metal production, but it is associated with several 

defects, such as tearing, earing, and wrinkling. This research intends to optimize the square deep drawing process to 
minimize or eliminate earing defects using an inverted deep drawing die design and to produce an optimal cup (without 

defects). Thus, the design and manufacture of the inverted deep-drawing die for the production of square cups are carried 

out experimentally and by the finite element method using the ANSYS program. The investigation is carried out by 
conducting several experiments using three metals (low carbon steel st1008, brass CuZn30, and aluminum A1100). The 

metal thickness is 0.7mm, and the materials are characterized by tensile testing and mechanical properties, including 

Young's modulus and yield stress. Experimental tests have been carried out under various load conditions for the empty 
holder. A three-dimensional square-cup model (43mm by 43mm) with a (0.7mm) thickness is built. Given the sample's 

symmetrical geometry, only one-fourth of the model needed to be analyzed. The minimum Blank Holding Force (BHF) 

for steel and brass sheets is higher than that required for aluminum sheets. The percentage difference between the 
experimental punch force and ANSYS test results is 7.4% for steel, 9% for brass, and 6.5% for aluminum. An important 

thing to note during the formation of square cups is that the deformation conditions in the die's hollow change. In fact, the 

corners of the cup are subject to greater deformation than the sides, because during distortion the metal on the sides of the 
cup moves more uniformly and more easily than in the corners. 
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1. Introduction 

Most modern industrial activities, such as car assembly, aviation, and electrical power design, rely on deep-drawing technology to produce non-

axisymmetric parts. For example, deep drawing of square cups is used in various applications, such as the assembly of vehicle parts and the 

manufacture of steel kitchen sinks [1, 2]. The deformation mechanism of the square cups is somewhat different from that of the round cups. 

The process of square cup formation is a complex deformation mechanism. When shaping square cups, it is important to note that the distortion 

states fluctuate along the pass-on die cavity while the corners of the square cup experience biaxial compression and tension in the flange; the 

corners of the walls experience more straightforward uniaxial tension [3]. Considering these, the cup side walls experience greater bending and 

straighten under the influence of uniaxial tension. Hence, the metal progression is simpler, higher, and more uniform at the cup walls than in 

the corners [4, 5]. Because of the differences in metal flow rate and tangential compression of the blank through the die cavity, materials 

normally assemble in the corners of the cup. The deflection is nearly accumulated at the cup corners and causes a crack [6].                     

Fan et al. [7] examined the improvement of damage and the arrangement of wrinkles under the impacts of the blank holding power and Coulomb 

friction. Trials were conducted to form square segments 1 mm thick from a mild steel blank. The researchers presumed that the cracks started 

at the area where the punch corner imparted a large wrap distortion, then moved closer to the blank edge, where wrinkling occurred. Müller et 

al. [8] used Flat sheets in the deep drawing process to create three-dimensional components. Through microstructural effects (such as anisotropy, 

residual stresses, voids, and lattice defects), the deep drawing process affects the material properties of the sheets. The ensuing effects, 

particularly voids and lattice flaws, affect the component's evolution and damage accumulation. Different load paths, driven by the process 

route and other factors, result in different progression paths for damage.  
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Nomenclature and Symbols 

APDL ANSYS Parametric Design Language A Outer Diameter (mm) 

FEM         Finite Elements Method H Height of Cup (mm) 

ASTM American Society for Testing and Materials r Profile Radius of cup (mm) 

EDM Electrical Discharge Machining rp Punch Edge Radius (mm) 

FBH Force Applied via Blank Holder (N) D Blank Diameter (mm) 

ABH Surface Pressurized by Blank Holder (mm2) dp Punch Diameter (mm) 

P Blank Holder Pressure (N/mm2) σu Ultimate Tensile Stress (N/mm2) 

 

The impact of process parameters (drawing ring radius) and process setup (multi-step deep drawing and reverse drawing) during deep drawing, 

along with the corresponding load routes, on damage evolution in rectangular cups manufactured from dual-phase steel DP800, was examined 

numerically in this work. 

Gavas and Izciler [9] examined the “effect of blank holder gap on” the quality of forming of the component by drawing square cups using 1 

mm thick aluminum sheets. In another study, Gavas [10] used an anti-lock braking system to improve the formability of a conical square cup. 

To prevent thinning and wrinkles, Choudhari and Khasbage [11] present experimental validation and numerical analysis of the deep drawing 

process. The impact of various drawing parameters, including blank shape, blank thickness, load, and dry/wet lubrication, on the square cup 

drawing process using extra-deep-drawn (EDD) steel sheet material is examined using both numerical and experimental methods. Experiments 

are used to validate simulation results using computer-aided engineering (CAE) software. Using the forming limit diagram (FLD), formability 

is analyzed for the laser-engraved circular grids on the blank surface. A square cup, free of flaws such as wrinkles and thinning, was formed 

thanks to the optimized process parameters. Experimental and formability analyses revealed that, under 100 kN load with dry lubrication, the 

formability of a material with a blank thickness of 2 mm is superior to that with 1 mm or 0.8 mm for the process parameters considered. Hezam 

et al. [4] presented an improved procedure to increase the formability of square cups. They used a tool without a blank holder or beds, consisting 

of a flat-headed punch and a conical die with a square opening at its end. The process was performed on brass (CuZn33) and pure aluminum of 

different thicknesses and diameters at the conical die angle of 360. Modi and Ravi [12] designed and developed an experimental setup for the 

hydroforming deep drawing of square cups, which used fluid pressure to deform the blank into the die cavity of the required shape. The 

methodology was established to determine the minimum required blank holder force for the hydroforming of AA5182 alloy.    

Hassan et al. [13] developed a tapered circular blank holder split into eight pieces to improve square cup drawability. During deep drawing 

operations, the eight segments are divided into two sections based on their movements. The outcomes demonstrated that the new system could 

produce square cups from 0.5 mm-thick aluminum sheets with a large drawing ratio of 3.3. Katahira [14] investigated the drawability of deep 

drawing for a square AZ31 Alloy sheet of magnesium at different temperatures (ranging from ambient temperature to 200 oC) at 3 different 

punch speeds (3, 30, and 300 mm/min). Harada and Minoru [15] evaluated the formability of unalloyed titanium sheets in a multi-stage square 

deep-drawing process.  

Ogawa et al. [16] analyzed the deep-drawing process for square cups to predict the formability of pure titanium. The analysis was performed 

using the finite element method with solid elements. The FEM results were compared with the experimental results to validate the analysis. 

Ozek and Akkelek [17] used the finite element method (FEM) and experimentation to investigate the numerical shaping of rectangular cups in 

angled deep-drawing dies. To facilitate material flow into the die cavity, the die/blank holder surfaces have angles of α = 0°, 3°, 6°, 9°, 12°, and 

15 °. The die and punch corner radii are assumed to be 8 mm. The test material was a 0.9 mm thick sheet of St37 steel. Die/blank holder forces 

of 2500 N, 5000 N, 7500 N, and 10000 N were applied during the experiments. The ideal punch force was found by experimentally and 

numerically examining the effects of angles and die/blank holder force on limit draw ratio, wall thickness, and cup damage. ANSYS results and 

the obtained experimental results were compared. Consequently, it has been found that a higher limit is achieved by increasing the 

die/blankholder surface angles in rectangular-geometry drawing dies. Vairavan and Abdullah [18] investigated the pattern of thinning during 

the deep drawing of 0.6 mm thick aluminum (A1100) square cups, focusing on the effect of alignment error between the punch and die. Younis 

et al. [19] focused on the influence of die profile radius, blank diameter, and clearance between punch and die on thickness distributions and 

height of cups.  

According to the literature, square deep drawing frequently causes defects such as wrinkling, tearing, and uneven thinning, which typically start 

at the punch corners and near the blank edge. Material drawability is largely determined by factors like drawing speed, die/blank holder surface 

angles, lubrication, and blank holding force (BHF).  The drawing limit can be improved by increasing the die/blank holder surface angles and 

using appropriate lubrication, in conjunction with increased blank thickness (e.g., g. 2 mm). This has been demonstrated to yield components 

that are noticeably more reliable and flawless. Finite Element Method (FEM) simulations are now a vital tool for failure prediction and setup 

forming path optimization. In this research, an inverted deep drawing of a square cup from sheet metal with a blank holder is experimentally 

investigated and simulated using finite element analysis in ANSYS 15. The materials used are aluminum A1100, brass CuZn30, and low-carbon 

steel St1008. 

2. Deep Drawing of Square Cup 

Deformation occurs equally along the blank circumference when deep-drawing circular parts, while deep-drawing of noncircular components 

induces the highest stresses and strains at the corners; however, fewer strains and stresses occur in the walls. The walls are not only bent but 

also experience tangential compressive and radial tensile stresses [20, 21]. The metal flow at the cup corners is similar to that in an axisymmetric 

deep-drawing process, as the walls bend and unbend. Rupture typically happens in the corner wall region of the cup. A higher blank holder is 

required to overcome the compressive stresses in the corners than to overcome the bending forces in the sides. Thus, the corner wall regions 

experience higher stresses than the sidewalls. Furthermore, the corner flange tends to thicken more than the side flange. Localized necking and 

ductile fracture mechanism involving significant plastic deformation, beginning with micro- void nucleation at inclusion, followed by void 

growth linkage (coalescence) and by final shear failure. This process often creates a fracture surface of the "cup and cone" type or occurs under 

stresses in a reduced area, resulting in localized strain. As a result, the blank holder pressure is concentrated in the corner flange areas and 

further increased. It is desirable to have a blank holder force that varies across the flange area to elastically deflect the blank holder, promoting 
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drawing and improving part quality. More blank holder force is needed in the corners than in the sides to suppress the wrinkling that tends to 

occur in the corners because of circumferential compressive stresses [22]. It is conceivable to apply the guidelines for drawing circular segments 

to the drawing of non-circular parts by supplanting the punch and the blank regions with circles of equivalent sizes and ascertaining their equal 

radii [23, 24]. The limiting drawing ratio follows the same trend as for drawing circular parts and increases with increasing relative sheet 

thickness. The equivalent diameters can also be used to determine the drawing loads for square components. To form square parts of great 

heights, suitable drawing increments must be chosen [25]. 

3. Experiments 

3.1. Square cups details  

The components for investigating metal flow during the drawing process are steel, brass, and aluminum square cups. The dimensions of the 

deep drawn components are as follows: height of cup (h) = 20 mm, corner wall radius (r) and bottom edge radius (rp) = 5 mm, and outer 

dimension (a) = 43 mm. 

3.2. Chemical composition of used materials 

The properties of the drawn materials significantly affect the success of the drawing process. Three different raw materials, aluminum Al1100, 

brass CuZn30, and low carbon steel St1008 of 0.7 mm thickness were utilized in this study to produce various blanks for square deep drawing 

experiments. The chemical composition of the three materials was tested using an atomic absorption spectrometer at the State Company for 

Inspection and Engineering Rehabilitation SIER laboratory, and the results are listed in Table 1. 

Table 1. Chemical composition of St 1008, Al 1100, and CuZn30 

Element (wt.%) 
Material 

Low Carbon Steel Brass CuZn30 Aluminum 1100 

Carbon 0.03770 - - 

Silicon 0.02350 - 0.0535 

Manganese 0.2170 - 0.0045 

Phosphorus 0.02050 0.00480 - 

Sulphur 0.00670 - - 

Chromium 0.04530 - 0.0026 

Molybdenum <0.0020 - - 

Nickel 0.02720 0.00170 <0.0026 

Aluminum 0.0460 - Bal. 

Copper 0.06240 69.100 0.003 

Iron Bal. 0.0570 0.305 

Zinc  30.780 <0.001 

Lead  0.00680 <0.0005 

Tin  0.00260 - 

Titanium   0.0124 

Magnesium   0.0008 

3.3. Tensile test of used materials 

The mechanical properties of the three materials were determined by tensile testing on a universal testing machine at SIER. The test specimens 

were prepared according to ASTM E8 [26] and produced using a wire-cut Electrical Discharge Machine (EDM). The EDM is an electro-thermal 

process that uses an electrode and electrical sparks to cut through metals. It can only be used on materials that can conduct electricity. Table 2 

presents the necessary properties of the metals used in this study.  

Table 2. Material properties of St 1008, Al 1100, and CuZn30 

Properties 
Material 

Low Carbon Steel Brass CuZn30 Aluminum1100 

Yield stress (MPa) 203 163.04 112 

Tensile strength (MPa) 360.5 328.17 130.2 

Young modulus (GPa) 200 114 70 

Poisson ratio 0.3 0.34 0.33 

Elongation% 23.24 33.33 2.3 

3.4. Design and manufacturing of the inverted square deep-drawing process 

Punch and die were designed and built to produce a square cup, as seen in Fig. 1. The die was made of high-carbon, high-chromium cold-work 

tool steel D3 (X210 CrW12). The outer dimensions were 120 x 120 mm, and the inner dimensions were 43 x 43 mm with a profile and corner 

radii of 5 mm. The punch-die clearance was set to 1.1 mm. To ensure there is no misalignment, the die was designed with an edge for positioning 

it in the blank holder. The punch was fixed to the lower plate; the dimensions of the punch used were 40.7 x 40.7 mm with corner and profile 

radii of 5 mm. It was made of D3 Tool steel (X210 CrW12). The blank holder system consisted of a blank holder, compression pins, a spring, 

a column, and movable and fixed spring plates. The blank holder was designed to be slide-fitted with a punch and had a groove to locate the 

blank and position the die. The blank holder force was produced by a compression spring; the connection between the blank holder and the 

movable spring plate was achieved with compression pins fed through the lower plate. The spring column was attached to the lower plate, 

which hangs in a cut-out of the lower plate. The materials used for the blank holder and compression pins, moveable and fixed spring plates, 

and lower plate, and spring were medium carbon steel C45 steel, mild steel, and oil tempered carbon, respectively. The outer and inner 

dimensions of the blank holder were 120 x 120 mm and 40.9 x 40.9 mm, respectively, and the clearance was 1.1 mm. 
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Fig. 1. The designed and manufactured inverted square deep-drawing process 

3.5. Deep drawing test 

Deep-drawing experiments were performed to obtain square cups by construction, as shown in Fig. 2; the deep-drawing die was placed on a 

hydraulic press with a capacity of 220 kN. After putting the blank on the blank holder surface, and considering the rolling direction of the 

sheet, the die will drop towards the punch, and this means the use of an inverted drawing die [27]. The drawing speed used was 9 mm/min. 

The force of the blank holder needed for the deep drawing process was determined using equations (1) and (2) [28, 29]: 

𝑃 = 0.002 𝑡𝑜 0.003 [(
𝐷

𝑑𝑝
− 1)

3
+ 0.005

𝑑𝑝

𝑡
] 𝜎𝑢                          (1) 

The force applied via the blank holder was determined through the pressure of the blank holder and the pressurized surface via the blank 

holder ABH:     

𝐹𝐵𝐻 = 𝑃 ∗ 𝐴𝐵𝐻                                                                                                                                                                                                                            (2) 

𝐴𝐵𝐻 = surface pressurized by the blank holder or the blank area which is in contact with the blank holder (mm2). 

𝑃 = Blank holder pressure (N/mm2). 

The blank holder pressure value for every single sheet is as follows:  

For steel, 𝑃 = 1.23 MPa  

For brass 𝑃 = 1.05 MPa 

For Aluminum 𝑃 =0.42 MPa   

A load of blank holding was determined to cancel the wrinkling. 

 

Fig. 2. The machine tool used for deep drawing experiments 

3.6. Strain measurement 

To examine the distribution of strain within the cup during the drawing process, a grid pattern of circular radius 5 mm was plotted on the 

undeform blanks using the marker as shown in Fig. 3.  In the present research, the strain along diagonal and transvers directions at various 

curvilinear distance from the centre of the blank at an internal of 5 mm are measured using micrometre and AutoCAD and the corresponding 

strain are calculated. Radial strain is calculated by measuring the deformed grids on the deep-drawing component along the major axis. The 

hoop or circumferential strain is calculated by measuring the length of the minor axis of the ellipse. Grid measurements can be performed using 

image processing in AutoCAD software. 
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Fig. 3. Grid pattern before and after the deformation 

3.7. Case studies 

Blank sheets were deformed into square cups under various conditions. Table 3 lists the case studies investigated in this work. 

Table 3. Cases studies 

 
Parameters 

Materals Blank dia. (mm) Thick (mm) Clear. (mm) Lubric. type 

Case1 Low Carbon Steel 85 0.7 1.1 Sunflower Oil 

Case2 Brass CuZn30 85 0.7 1.1 Sunflower Oil 

Case3 Aluminum1100 85 0.7 1.1 Sunflower Oil 

3.8. Simulation of the inverted deep-drawing process  

ANSYS 15, a multi-purpose linear and nonlinear FEM analysis program, was used in this study to develop the finite element analysis in a 

manner that captures the actual forming procedure. APDL-ANSYS Command files were created to simulate the deep-drawing process using a 

square die [30]. The 3D model was also constructed. Due to the geometry and loading conditions of the general problem, it can be sensibly 

approximated by an asymmetric model. In the simulation, Hill's yield criteria were used, and the "Newton-Raphson" implicit method was used 

to address the nonlinearity. In this methodology, the characterization of the stroke steps on the instrument was performed over a range of time 

intervals. Few arrangements (sub-steps or time steps) were performed in each progression to apply the dislodging gradually [31, 32]. At each 

sub-step, various balance cycles were performed to achieve convergence. The Newton-Raphson strategy was used to assess the out-of-balance 

vector of the loads before each arrangement, which is the difference between the residual loads (the forces associated with the element stresses) 

and the applied forces. Then, the program used the out-of-balance forces to implement a direct arrangement while checking the convergence. 

It has reconsidered the out-of-balance load vector for the off-chance criteria that were not fulfilled; the stiffness matrix was refreshed, and 

another arrangement was obtained. This iterative system proceeded until the problem converged. The three-dimensional solid element Solid185 

with 8 nodes was used to mesh the blank [26]. The die-and-punch set was modelled as rigid bodies [27]. A pilot node was used to define the 

punch movement and the holding force. The interference between the blank and tooling was generated using the automatic contact process in 

ANSYS 15.0. Because of the symmetric geometry of the blank, as well as the constraints and boundary conditions, a quarter portion of the 

model needed to be analysed. The geometry of the deep-drawing process used in the simulation is shown in Fig. 4.  

 

Fig. 4. ANSYS model for inverted deep-drawing process with quarter plot, mesh, and contact area 

4. Results and Discussion 

4.1. Blank holder force 

The drawability of sheet metals is primarily determined by the blank holder force; therefore, it is important to select the appropriate blank holder 

force. When the blank holder force is insufficient, wrinkling may occur; when too high, tearing or fracture may occur, as shown in Fig. 5.  
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Fig. 5. Sheet metals affected by the load of the blank holder 

For each blank, many deep-drawing tests were performed with various blank holder loads ranging from the low value (which causes wrinkling) 

to the value that prevents wrinkling. For each blank, experimental tests and ANSYS analyses were performed at different Blank Holder Forces 

(BHFs). For steel sheets with a thickness of 0.7 mm, the wrinkling occurred when a BHF of 2.2 kN was used in the experiment and 2.5 kN in 

the FE simulation. By increasing the value of BHF to 5.1 kN in the experiments and to the BHF of 5.5 kN in the FE simulation, an attractive 

part with no wrinkling was generated.  

For the brass sheet blank, wrinkling occurred when a blank holder force (BHF) of 1.8 kN was used in the experiment and 2.2 kN in the 

simulations. The proper part was produced when using BHF of 4.6 kN in the experiment and 5.1 kN in the finite element. In both experimental 

and FE investigations on aluminium sheets of 0.7 mm thickness, a lower BHF of 1.85 kN in the experiments and a lower BHF of 2.7 kN in 

finite element simulations were needed to produce an adequate model. Using BHF of 0.5kN and 0.7kN caused wrinkling in the experiment and 

FE simulation, respectively. Based on the experiment and FEM results shown in Table 4, the minimum value of BHF for steel and brass sheets 

was higher than the value needed for aluminium sheets. Hence, it can be observed that the sheet with a large strength needs more BHF than the 

sheet with lower strength [33, 34]. Also, the lower BHF can be used for a sheet with greater ductility to control wrinkling. The wrinkles were 

formed due to the appearance of an insufficient blank holder load and rupture at the punch radius zone due to excessive stress [28]. 

Table 4. Experimental and ANSYS results of the blank holder force 

Materials 
Blank holder Force kN 

Experimental ANSYS 

Steel 5.1 5.5 

Brass 4.6 5.1 

Aluminum 1.85 2.7 

4.2. Punch load-displacement curves 

The experimental and FEA punch load-displacement curves for all the studied cases are shown in Fig. 6. These curves generally exhibited 

similar trends; there was an almost linear increase in punch force, reaching a maximum at punch stroke values of 35-41%. Then, a progressive 

decrease in punch force was observed at a stroke value of around 66 %. Later, there was an increase in punch force due to the ironing of the 

thickened edge and drawing of the remaining flange (cup corner) [35]. The forming load for the steel plate was higher than the required forming 

loads for aluminium and brass sheets, as shown in Fig. 7. The percentage deviation between the experimental results and ANSYS results was 

7.4 % for steel, 9 % for brass, and 6.5 % for aluminium. 

4.3. Strain and stress distribution 

Fig. 7 shows the experimental and ANSYS results of the radial strain distributions along with diagonal directions. The major axis (radial 

direction) and the minor axis (circumferential direction) of the elliptical grids formed by the deformation of the circular grids were measured at 

various curvilinear distances from the centre of the blank. The percentage strain variations at the cup's bottom are negligible, possibly because 

no cold work was performed in these regions. The radial strain began to increase from the punch radius area of the drawn cup towards the cup 

end due to the tension stress. Fig. 8 illustrates the deformation, strain, and stress distribution in the inverted square die deep drawing [36, 37]. 

  
(a) Brass (b) Aluminium 
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(c) Steel 

Fig. 6. Punch load-displacement 

 
            (a) Brass                                                                                                                (b) Aluminium 

 
(c) Steel   

Fig. 7. Radial strain distribution  

     

(a)  Finite element model                                                             (b) Meshed finite element model 
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(c) Strain distribution (Steel)                                             (d) Stress distribution (Steel) 

 

(e) Strain distribution (brass)                                       (f) Stress distribution (brass) 

 

(g) Strain distribution (Aluminium)                                         (h) Stress distribution (Aluminium) 

Fig. 8. The deformation, strain, and stress distribution 
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5. Conclusions 

The current study intended to optimize the square deep-drawing process in order to minimize or eliminate earing defects using an inverted deep-

drawing die design. By integrating the finite element method into ANSYS, the study successfully predicted optimal blank holder forces to 

reduce defects in low-carbon steel, brass, and aluminum. The following conclusions have been made: 

▪ There were significant variations in the deformation states along the die cavity; a more uniform and simple metal flow was observed at the 

cup side walls compared to the cup corner; hence, there was more concentration of the earing defect at the cup corners. 

▪ Steel requires the highest forming load, followed by brass, then aluminium. 

▪ Higher-strength materials like steel require more force to prevent wrinkling, and experimental and FEA results show that optimal deep 

drawing requires balancing blank holder force with material ductility to prevent defects. 

▪ The punch force rises linearly until it reaches its maximum at a punch stroke of between 35% and 41 %. At about 66 %, there is a 

progressive drop in force. The ironing of thickened edges and the drawing of the remaining flange at the cup corner cause the force to 

increase once more. 

▪ The percentage deviation between the experimental results and ANSYS results is small, measuring 7.4% for steel, 9% for brass, and 6.5% 

for aluminium. 

▪ Radial strain began increasing from the punch radius of the drawn cup towards the cup end due to tensile stress. 

▪ The process shows a highly localized strain distribution, a predictable three-stage load behavior, and good agreement between 

physical trials and ANSYS simulations. 

▪ The current study's comprehensive integration of finite element modeling greatly advances the industry toward cost-effective, defect-free, 

and automated manufacturing by combining empirical data with ahighly accurate simulation technologies. 

6. Recommendation for Future Work 

The following recommendations are necessary for future work:  

▪ The study can be extended to compound materials like stainless steel-copper laminated sheets or metal-polymer-metal sandwich sheets. 

▪ Study of the drawability of the sheet through the reverse deep drawing die without the blank holder or through a conical die with a square 

aperture.  

▪ Study the effect of Teflon film lubricant on the forming load and strain distribution.  

▪ Study the effect of draw-beads on the deep-drawing process for square cups.   
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