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Abstract 

The paper deals with numerical simulation when optimizing the production of gutter corner for rainwater 

systems. The deep drawing process has been numerically simulated using Pam Stamp software by ESI Group. 

Blank geometry, material quality and process parameters have been optimized. The elasto-plastic material 

model by Hollomon combined with orthotropic Hill 48 yield law were used in numerical simulation to describe 

material behaviour. These were defined on the results from tensile test, normal anisotropy ratio test and strain-

hardening test. Simulations were done for two different quality of the hot deep galvanized steel sheet - 

DX54D+Z and DX56D+Z. As a results, process window for the gutter corner produced by deep drawing 

process have been found. Stated optimal process parameters were verified by experiment when lamination 

tooling concept has been adapted for production of the punch.  
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1. INTRODUCTON 

Nowadays, in the time of digitization, computer aided systems have become a part of product design and their 

production process design as well. It resulted in a reduction of both production time and costs. The production 

process of deep-drawn parts is designed by CAE systems, which are based on numerical simulation. The finite 

element method is mainly used in the simulation of forming processes of metals and their alloys. [1,2] 

When we create a simulation model as an artificial object, we can investigate its behavior under specified 

conditions during the simulation process. In the finite element method, both the die and the workpiece are 

divided into elements. Boundary conditions and process parameters (force, friction, velocity, etc.) are applied 

to the elements of die, while constitutive equations describing material behaviour (hardening curve, yield law, 

etc.) are applied to the elements of workpiece. As a result, the major and minor stresses and strains are 

calculated for each element and these are visualized on the workpiece’s mesh. The other results can be shown 

as the thickness or thinning/thickening distribution over the workpiece, strain distribution over elements 

compared to the forming limit curve, etc. [3,4] 

Today, 3D CAD or CAD/CAM software allows us to design complex components produced by deep drawing. 

Thus, new technologies known as Rapid Tooling for rapid production of deep drawing dies are applied to verify 

process parameters proposed by numerical simulation. These processes are based on additive and subtractive 

technologies, such as laser cutting, laser welding and CNC milling. To reduce manufacturing time and costs, 

various technologies for cutting, assembling, and joining metal sheets using the LOM principle are used. 

The development and improvement of the process chains for manufacturing of large tools was done at 

the Fraunhofer Institute for Material and Beam Technology. [5,6] 

The aim of the paper was to find out the process window for the deep drawing of the gutter corner by numerical 

simulation. Next, to verify experimentally the results by applying rapid tooling principle to build the drawing die. 
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2. METHODS OF EXPERIMENTS 

To define the process window - material thickness and quality, blank shape - the deep drawing process of the 

gutter corner for rainwater system (Figure 1) was designed and numerically simulated. The draw-piece was 

complicated in shape due to a low inside radius and non-uniform material plastic flow in the straight die parts 

(high plastic flow) and inside radius (low plastic flow) when produced by deep-drawing. Thus, 

the aforementioned causes excessive stretching due to tensile radial and tangent stresses at the inside radius, 

and cracks may occur when an oversize blank-holding force or an excessive blank are applied. 

 

 

Figure 1 The draw-piece – gutter corner Figure 2 Simulation model of the deep-drawing 

process 

The deep-drawing process numerical simulation of the gutter corner was performed on simulation model 

consisted of Die, Punch, Blankholder and Blank. The die setup after meshing the 3D CAD model in Pam Stamp 

2G is shown in Figure 2. The Pam Stamp preprocessor was set with the following input data: basic material 

data (density, Young's modulus, Poisson's constant), blank thickness, plastic strain ratios r0°, r45° and r90°, yield 

law defined by Orthotropic Hill 48 model and strain-hardening curve defined by Hollomon’s law as follows:  

nK  =  (1) 

where:  σ - true stress (MPa) 

 K - strength constant (MPa) 

 n - strainhardening exponent (-) 

Hot deep galvanized steel sheet was considered for part production. Two quality of this steel were used in the 

simulations, which differed by formability parameters (Table 1) and thickness of 0.6 and 0.7 mm. 

Table 1 Mechanical properties of hot deep galvanized steels 

Quality 
Rp0.2 

(MPa) 
Rm 

(MPa) 
r0 

(-) 
r45 

(-) 
r90 

(-) 
K 

(MPa) 
N 
(-) 

DX54D 178 ± 7 298 ± 6 1.98 1.04 1.59 494 ± 8 0.207 ± 0.008 

DX56D 142 ± 8 297 ± 5 1.62 1.42 2.03 575 ± 9 0.274 ± 0.006 

Note: Rp0.2, Rm, K and n are averaged values from 0°, 45° and 90° 

The blankholding force 220 kN has been set, as calculated from the blankholding pressure 2 MPa for drawing 

quality steel sheets. The friction between blank and blankholder, die and punch was set to 0.1. The blank size 

and shape tested in numerical simulation are shown in Figure 3. 
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Blank shape A 

 

Blank shape B 

 

Blank shape C 

Figure 3 Variants of the blank shape 

The experimental drawing die shown in Figure 4 has been designed using the CAD/CAM system Creo to verify 

the optimal process parameters. The welded box structure of upper (drawing die) and lower (blankholder) die 

parts were created from thick steel sheets. Holes, i.e. functional surfaces in the drawing die and 

the blankholder, were cut by plasma and machined by milling. 

The MELATO method was implemented to manufacture the punch [6]. The punch body was cut by plasma 

from a thick steel sheet of 20 mm thickness (punch base) and thin steel sheets of 5 mm and 1 mm (punch 

body). Laser was used to cut the lamellas, which were then stacked on the punch body and held together 

by pins. To create a smooth outer surface of the punch, a two-component polyester filler Galvaplast 77 was 

applied – Figure 5. After its hardening, the punch's outer surface was grinded to its final shape. 

 

 

 

Figure 4 Experimental drawing die Figure 5 Punch made from lamellas 

3. RESULTS AND DISCUSSION 

The initial numerical simulations have been done for material DX54D+Z, thickness 0.6 mm, blank shape A, 

friction f = 0.1. The deep drawing process has been verified by the forming limit curve (FLC), calculated by the 

Keeler model in the Pam Stamp 2G software [7]. Calculated true strains have been compared to the FLC curve 

in "Zone by Quality" mode. The rupture risk has also been calculated based on the element's distance from 

the FLC curve (percentage; 100 % - point on the FLC curve; > 100 % rupture). It has been found the inside 

radius R49 is a critical area, due to cracks that have occurred here and the rupture risk has reached 136 %.  
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Following numerical simulations have been focused to the blank shape optimization. The dimensions of the 

initial blank shape A have been calculated from the part dimensions and shape - outside curling and inside 

hem. The excessive material in the flange could make the plastic flow improper and blank fracture would occur. 

Based on the results of the numerical simulation, the second blank shape has been proposed and radius R300 

applied to the blank shape A. It has been supposed to reduce radial stress and more homogeneous plastic 

flow. In the forming limit diagram only few elements exceeded FLC curve and the rupture risk dropped down 

to 112 %. The minimal blank thickness was 0.436 mm, i.e. 31.9 % thinning. 

The result of the numerical simulation for the blank shape C is shown in Figure 6. Some elements have 

reached the marginal zone (between FLC and the dashed line) and two elements are lying on the FLC curve 

with a rupture risk of 100.6%. The minimum blank thickness was 0.454 mm, indicating a 27.8 percent thinning. 

This indicates that the deep drawing process has reached its limits. Some results of numerical simulations for 

material DX54D+Z, friction 0.1, and different blank shapes are shown in Table 2. 

Table 2 Selected results of numerical simulations when optimizing the blank shape (x-axis = rolling dir. 0°) 

Blank shape  
Minimum thickness 

(mm) 
Thinning                        

(%) 
Rupture risk 

(%) 

A 0.411 37.7 136 

B 0.436 31.9 112 

C 0.454 27.8 101 

 

 

 

 
 

Figure 6 Forming Limit Diagram evaluation, f = 0.1, blank C, x = 0° 

Consequently, another improvement in the deep drawing process is required to reduce the rupture risk. There 

are more ways to make the deep drawing process more safe, i.e. without fracture: increasing material 

thickness, improving material drawability or utilizing the positive effect of material anisotropy.  

Normal anisotropy is one of the important material characteristics necessary to consider when the deep 

drawing process is designed. The plastic strain ratio, as a drawability criterion, expresses the sheet metal's 

resistance to thinning during the deep drawing process. The higher value of the plastic strain ratio gives 

a higher resistance to thinning. Otherwise, when consider the planar anisotropy of the normal anisotropy ratio 

calculated as follows: 

( )90450 rr2r
2

1
r +−=  (2) 

where: r0, r45 and r90 - plastic strain ratio measured in 0°, 45°and 90° to rolling direction.  

The lower values of Δr are required. [8,9] 
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Thus, directional values of the normal anisotropy ratio are important, mainly when box-shaped parts are deep 

drawn. The best results have been found when the highest values of normal anisotropy ratio (directions 0° 

and 90°) go through the corners, where the highest degree of deformation occur [10]. Based on mentioned, 

the knowledge has been applied and the sheet metal rolling direction has been oriented 45° to the x axis. This 

offers the normal anisotropy ratio highest value to the inside corner area where the highest strains have been 

identified. Consequently, the lower material thinning and lower rupture risk are expected as well. 

The forming limit diagram for the blank shape C when rolling direction x = 45° is shown in Figure 7. The positive 

effect of the highest value the plastic strain ratio positioning to the critical area resulted in major and minor 

strains lowering. The minimal thickness in the critical area was 0.476, i.e. 23.1 % thinning with rupture risk 

91.4 %. All elements have reached the safe zone of the forming limit diagram. The results of numerical 

simulations are summarised in Table 3. 

 

 

 

 

Figure 7 Forming Limit Diagram evaluation, f = 0.1, blank C, x = 45° 

Table 3 Selected results of numerical simulations when optimizing material quality and blank thickness 

Material quality and 
thickness  

Rolling direction 
(°) 

Minimum 
thickness 

(mm) 

Thinning                        
(%) 

Rupture risk 
(%) 

DX54D+Z, a0 = 0.7 x = 0° 0.536 27.6 96.5 

DX56D+Z, a0 = 0.6 x = 0° 0.461 22.8 97.9 

DX54D+Z, a0 = 0.6 x = 45° 0.476 23.1 91.4 

Note: blank C, f = 0.1 

The deep drawing process experimental verification has been done on the hydraulic press Fritz Muller BZE100, 

using an experimental drawing die of a welded box structure and the punch produced by the laminated tooling 

technology. The plastic foil used as a lubricant offers a friction coefficient f < 0.1. [11,12] 

The final drawn part of the gutter corner for blank shape C, material DX54D+Z, thickness a0 = 0.6 mm 

and anisotropy orientation x = 45° is shown in Figure 8 and the result of numerical simulation is shown 

in Figure 9. Good agreement of the flange shape has been found when compare experimentally drawn part 

and numerically simulated. 

The process window for material quality, thickness and blank shape is shown in Table 4. As it is shown, there 

more ways to reach the draw-piece, i.e. gutter corner without fracture. The most effective way appears to be 

material DX54D+Z, blank shape C, thickness 0.6 mm, but the best value of plastic strain ratio must be oriented 

to the critical area, i.e. inside radius of the gutter corner (x = 45°). 
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Figure 8 Experimentally drawn part Figure 9 Numerically simulated drawn part 

Table 4 The process window when optimizing the deep drawing process 

 DX54D+Z DX56D+Z 

Blank thickness/shape A B C A B C 

0.6 X X X / X X  

0.7 X X  X   

Note: f = 0.1; blankholder force 220 kN; X /- x = 0°/x = 45° 

4. CONCLUSION 

The paper presents some results of numerical simulations realized when designing and optimizing the deep 

drawing process of the gutter corner. Numerical simulations allowed us to verify process parameters (friction, 

material thickness and quality) and determine the blank shape. When concluding the results of numerical 

simulations, the positive effect of the highest value of the plastic strain ratio when positioned in the critical area 

of the drawn part helped to make the deep drawing process safe. Consequently, the blank rupture risk 

decreased by 8 %. The results have been verified experimentally using a drawing die of a welded box structure 

with a punch made by a modified MELATO method. The presented method is suitable for large punch sizes 

in pre-production of new components. As a result, laminated tools can be made and modified in a timely and 

cost-effective manner. 
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