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Aluminum alloys are frequently used in the defense industry thanks to their lightweight 

and comparatively high strength. In the current study, bending and fracture formation 

characteristics of EN AW 5083-H321 aluminum sheets are investigated using bending 

tests and finite element analysis. Bending tests are conducted using three different 

thicknesses in sheet metals, namely 3 mm, 4 mm, and 6 mm. Furthermore, five different 

bending radii is combined with those thicknesses. Limiting bending radius to thickness 

ratios are determined using experiments. Those experiments are modeled using finite 

element analysis. Consequently, fracture parameters of the investigated material are 

defined to be able to accurately model the process. Therefore, a valuable tool has been 

developed to aid designers in future applications. 

 

1. Introduction 

Aluminum alloys are commonly utilized in the defense sector due to their favorable strength-to-weight ratio, ease 

of forming, and outstanding resistance to corrosion [1–3]. These materials typically undergo various shaping 

techniques to achieve their final form, with bending being one of the primary methods used to shape them as 

required. In its general form, bending is described as the forming process to generate a curvature in parts using a 

moment applied around the longitudinal axis of the metals. As a results of curvature generation, outside of the 

bent parts stretched and inside is compressed [4]. The major failure mechanism especially in the stretched outside 

of the bent sections is fracture formation. The allowable bending angle and radius are significantly influenced by 

factors such as the part's size and thickness, the material's properties, and the die design. These elements directly 

impact the resulting strain values [5]. 

In the current study, bending and fracture formation characteristics of EN AW 5083-H321 aluminum alloy have 

been investigated using bending tests and finite element analysis. In existing systems, the bending process is 

carried out based on outdated standards. Designers choose the bending angle and radius according to specified 

thickness ranges defined in these standards. The key contribution of this study is its approach to determining a 

unique bending radius for each specific thickness, rather than relying on predefined intervals. Materials with three 

different thicknesses are used. All samples are bent using V-bending in a CNC press. Fracture formation on the 

outside of the bent samples are investigated using liquid penetrant tests. Additionally, a finite element model of 

the bending process was developed using MSC.Marc 2022.2 software. Finite element results are compared and 

validated with the test results. 
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2. Materials and Methodology 

In the current study, aluminum sheets made of EN AW 5083-H321 alloy has been used. The mechanical 

properties of the alloy were identified through tensile testing performed in accordance with the ASTM E8/E8M 

standard [5]. Three tests were carried out using a Zwick/Roell servo-hydraulic testing machine, and the average 

results are presented in Table 1.  

Table 1. Mechanical properties of EN AW 5083-H321 alloy 

Yield Strength 

[MPa] 

Tensile Strength 

[MPa] 

Elongation at Fracture 

[%] 

238.7 373.1 24 

Chemical composition of the material is taken from the supplier tests and is given Table 2. According to the 

supplier reports, this particular alloy is within the standard limits. 

Table 2. Chemical composition of EN AW 5083-H321 alloy (in %wt) 

Si Fe Cu Mn Mg Cr Zn Ti Al 

0.38 0.35 0.06 0.78 4.45 0.09 0.21 0.08 bal. 

The bending behavior of the aluminum alloys was examined in compliance with the ISO 7438:2020 standard. 

Samples with a width of 50 mm and length of 120 mm are prepared using laser cutting. Three different thicknesses 

have been investigated, namely 3mm, 4 mm, and 6 mm. Furthermore, 5 different V-bending tools with different 

bending radii are manufactured. All samples are bent to 90° angle. An important characteristic of the bending 

process which affects stresses and strain in the materials is the bending radius to sheet thickness ratio [6]. 

Therefore, for each sheet thickness, different tools are used. Used bending matrix is represented in Table 3.  

Table 3. Used bending matrix 

Sheet 

Thickness 

Bending Radius 

3 mm 4 mm 6 mm 8 mm 12 mm 

3 mm X X X     

4 mm   X X X X 

6 mm   X X X X 

Based on the investigation matrix shown in Table 3, the ratio between bending radius to sheet thickness is 

calculated and represented in Table 4. Furthermore, for each of the investigated cases, engineering strain values 

are calculated using the Equation 1. In this equation, z is the distance between the middle of the sheet and the 

surface and r is the bending radius. Calculated engineering strain values are given in Table 5. 

 

𝑒 = 𝑧
𝑟⁄  (1) 

 

Table 4. Calculated bending radius to sheet thickness ratio of investigated cases 

Sheet 

Thickness 

Bending Radius 

3 mm 4 mm 6 mm 8 mm 12 mm 

3 mm 1.00 1.33 2.00     

4 mm   1.00 1.50 2.00 3.00 

6 mm   0.66 1.00 1.33 2.00 
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Table 5. Calculated engineering strain values of investigated cases 

Sheet 

Thickness 

Bending Radius 

3 mm 4 mm 6 mm 8 mm 12 mm 

3 mm 0.500 0.375 0.250     

4 mm    0.333 0.250 0.166 

6 mm   0.750 0.500 0.375 0.250 

The bending operation was carried out using a TruBend 5230 hydraulic press, which has a capacity of 2300 kN 

and is equipped with a CNC unit. For all tests, the punch speed was consistently maintained at 15 mm/sec. To 

avoid any damage or deformation of the tooling, dies made from material with a hardness of 60 HRC were used. 

An image of the bending setup is provided in Figure 1. 

 

Figure 1. Used bending press 

To simulate crack formation during the bending of 5xxx series aluminum alloys, a finite element model of the 

process was developed using MSC.Marc 2022.2 software. Leveraging the symmetry of the setup, only half of the 

process was modeled. The sheet metal samples were defined as deformable bodies using fully integrated first-

order quadrilateral elements, each with an edge length of 0.1 mm. The die and punch were treated as rigid bodies, 

with the die remaining stationary and the punch movement controlled via a displacement table. 

Several strain hardening models have been proposed to describe the evolution of flow stress with plastic strain in 

metallic materials. Among these, the Hollomon model is widely used due to its simplicity, representing the stress-

strain relationship through a power-law expression [7]. The Ludwik model extends the Hollomon formulation by 

incorporating a yield offset, providing a more accurate description for some metals [8]. The Swift model includes 

an initial strain parameter, making it particularly suitable for pre-strained materials [9]. Despite the utility of these 

models in various applications, they often fall short in accurately capturing the saturation behavior observed in 

aluminum alloys. In this study, the Voce model represented in Equation 2 is adopted, as it has been shown to 

effectively represent the asymptotic stress response of aluminum during plastic deformation, making it a suitable 

choice for analyzing strain localization and crack formation in bent aluminum sheets [10].  

 

σtrue = UTS ( 1 - e( -K ( ε + c)))  (2) 

In this equation, UTS is the ultimate tensile strength, K and c are material parameters. By fitting these two values 

to the tensile test results, material model is generated. Comparison of the tensile test results and derived material 

model is shown in Figure 2. Furthermore, the elastic modulus and Poisson’s ratio are taken as 70 GPa and 0.33, 

respectively. 
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Figure 2. Comparison of the tensile test results and derived material model (Blue line is the test results) 

In Figure 2, blue line indicates the true strain and true stress values obtained from tensile tests. It is obvious that 

tested aluminum material experiences a significant amount of strain hardening. However, after a certain strain 

level, in the current case 0.1, the strength of the material reaches saturation and stays nearly constant. In other 

words, the strength of the material doesn’t grow with increasing strain anymore. Such mechanical material 

behavior is accurately modelled with Voce strain hardening law indicated with the green line in Figure 2. This 

model represents the stresses of the investigated material almost identically till a strain value of 0.1. For higher 

strain levels, strength of the material remains almost constant.  

Various fracture models have been developed to predict the onset of damage and fracture in ductile materials 

under different loading conditions. These models generally fall into two categories: stress-based and strain-based 

criteria. The maximum principal stress criterion and the Mohr-Coulomb model are examples of stress-based 

approaches, often used for brittle materials or when fracture is driven by tensile stress peaks [11]. Strain-based 

models, such as the Johnson-Cook and Gurson-Tvergaard-Needleman (GTN) models [12, 13], incorporate plastic 

strain and void nucleation mechanisms to simulate ductile fracture processes more accurately. Among the widely 

used ductile fracture criteria, the Cockroft-Latham damage model stands out for its simplicity and effectiveness, 

particularly in forming simulations [14-16]. It considers the accumulation of damage as a function of the 

maximum principal stress integrated over the plastic strain path, making it well-suited for predicting crack 

initiation in metal forming operations such as bending. In this study, the Cockroft-Latham model presented with 

Equitation 3 is employed to assess fracture initiation in aluminum sheets, due to its proven accuracy in capturing 

ductile fracture behavior under complex stress states. 

 

∫ 𝜎max ⅆ𝜀̅

𝜀𝑓̅̅ ̅

0

= 𝑐1 (3) 

In this equation, 𝜎𝑚𝑎𝑥 denotes the maximum principal stress, �̅� represents the equivalent strain, �̅�𝑓 is the equivalent 

strain at the point of fracture, 𝐶1 is a material constant that defines the threshold for ductile damage.  

A representative sketch of the generated finite element model is shown in Figure 3 together with the applied 

boundary conditions.  
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Figure 3. Finite element model of the bending process 

3. Results and Discussion 

In the first step of the investigations, a crack has been deliberately generated in all sheet thicknesses by bending. 

Therefore, samples with different sheet thicknesses are bent using a die with a 4 mm bending radius. Using 

iterative bending tests, the exact bending angle where the first crack is observed on the outer surface of the test 

samples is determined. Crack initiation angles for 3 mm, 4 mm, and 6 mm sheet thicknesses are 112°, 115°, and 

138°, respectively. Afterwards, finite element simulations of the same bending processes are built. In those finite 

element simulations, bending is stopped exactly at the bending angle where crack started to initiate in the trials. 

Furthermore, the crack formation is also observed in the analysis. After iterative trials, it is observed that fracture 

formation can be exactly modeled when the 𝐶1 parameter in the Cockroft - Latham damage model is taken as 

0.25. Furthermore, limit strain where the elements are erased are taken as 0.27. While using these parameters, the 

first element deleting is observed when the final bending for each sheet thickness is reached. Results of the 

bending tests and corresponding finite element simulations are shown in Figure 4.  

After the fracture formation parameters are determined, iterative bending test have been conducted. All the 

bending variations in the Table 3 are investigated. Based on the DIN EN 00485-2 standard, each aluminum 

component has a specific minimum bending radius that varies depending on its series, temper condition, and 

thickness [17]. In line with the objectives of this study—to compare with standard values and determine the actual 

minimum bending radius—the selected aluminum samples were bent to 90° using various bending radii. Test 

results and corresponding finite element simulations where fractured and non-fractured samples with sheet 

thicknesses of 3 mm, 4 mm, and 6 mm are shown in Figure 5, Figure 6, and Figure 7, respectively. 

The data implies that the damage parameters of Cockroft-Latham can show a realistic situation of material after 

bending activities. According to DIN EN 00485-2, the minimum aluminum bending radius in 

EN AW 5083 - H321 is given below [18]: 

• 3 mm thickness sheet – 7.5 mm minimum bending radius  

• 4 mm thickness sheet – 10.0 mm minimum bending radius  

• 6 mm thickness sheet – 24.0 mm minimum bending radius  

Nevertheless, in the current study, it is shown that for all of the investigated thicknesses, smaller radii can be used 

in the V-bending of aluminum EN AW 5083-H321 alloys. 
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Figure 4. Bending tests and their corresponding finite element results corresponding to (top) 3 mm, (middle) 

4 mm, and (bottom) 6 mm thickness aluminum sheets 

 

 

Figure 5. Bending tests and their corresponding finite element results of sheet with 3 mm thickness using 

(top) 4 mm bending radius and (bottom) 6 mm bending radius 
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Figure 6. Bending tests and their corresponding finite element results of sheet with 4 mm thickness using 

(top) 6 mm bending radius and (bottom) 8 mm bending radius 

 

 
Figure 7. Bending tests and their corresponding finite element results of sheet with 6 mm thickness using 

(top) 8 mm bending radius and (bottom) 12 mm bending radius 

4. Conclusions 

Within the scope of this study, bending characteristics and fracture formation in EN AW 5083-H321 aluminum 

alloys are investigated using experiments and finite element analysis. Following conclusions are made: 

• Bending of EN AW 5083-H321 aluminum alloy is realized under different bending radii.  

• For the investigated cases, it is observed that fracture free bendings can be generated using lower radii 

than suggested in the corresponding standards. 

• Fracture formation during the bending of EN AW 5083-H321 alloy can be modeled using finite element 

analysis. 

• Cockroft-Latham fracture model with adjusted fracture parameters is capable of representing the fracture 

formation in bending process of EN AW 5083-H321 alloy. 
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