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ABSTRACT: Spring back phenomenon (SBP) is considered a common issue facing engineers in automotive, ship, and 

aircraft manufacturing domains reflected in deformations that occur to the metal after the mold loading is removed. For 

these disciplines, ultimate scales of precision and efficiency in formulating the metal are needed since they cover the 

outer surface of the mechanical system, like automobiles, ships, and aircrafts. Thus, any small faults or irregularities in 

the metal’s outer surface might be massive if it correspond to larger drag forces and friction affecting the aerodynamic 

efficiency. Accordingly, this article investigates SBP behaviors in three metals that are exploited heavily in 

manufacturing, namely aluminum, copper, and pure steel. Corresponding mathematical simulations are implemented 

by finite element analysis (FEA) in ANSYS®. The core research outcomes revealed that the SBP (elastic recovery 

percentage) increased after removing the applied mold loading as the punch die radius increases. The SBP relies on 

the size of the plastic deformation zone. As the punch radius increases, the force spreads to a large plastic area; thus, 

increasing the SBP. Also, as the punch radius increases, the contact angle and contact area would increase. Hence, 

SBP could create more friction surface between the punch and the sheet. Pure steel and copper showed larger elastic 

recovery ratios after removing the mold load than aluminum across all thicknesses. Greater punch radii of the contact 

area between the punch and the sheet would become greater. Thus, the bending moment would escalate, causing a 

larger spring back angle. The SBP is much lower in ductile metals than in hard metals because of different Young’s 

modulus.  

Keywords: Spring back phenomenon (SBP) • sheet metal forming (SMF) • finite element analysis (FEA) • 

manufacturing • mold loading • aerodynamic performance.  

 

1. Introduction  

Previously, empirical mechanisms were hired to modify process variables until the adverse 

influences of SBP are minimized. Comparatively, latest manufacturing procedures require 

significant precision rates of the end-product to provide higher aerodynamic performance of 

manufactured automotives and aircrafts. Nonetheless, these requirements are not efficient in 

terms of time, economic profitability, and effort. Subsequently, engineers and researchers 

conducted extensive research and development (R&D) through experimental works and 

numerical investigations by simulations to carefully interpret and understand corresponding 

patterns and mechanical behavior of SBP in metals when a mold load is applied (Broggiato, 2012; 

Xu et al., 2004). 

SBP can be explained as a major problem that does frequently take place in sheet metal 

forming (SMF) processes. It affects end-product’s quality, dimensions, and structural integrity. The 
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elastic recovery of the metal when removing the mold load, i.e., after removing the forming stress 

can cause the metal to deviate from the planned shape and needed form. The ramifications of 

such issue may become more complicated since ultimate rates of accuracy and high-performance 

aerodynamic characteristics are required in these metals, which are exploited in critical 

manufacturing applications, like automotive, ship, and aerospace (Toros et al., 2012).  

For this reason, careful understanding of SBP would help engineers create effective 

strategies to maximize the metals’ prediction and metal forming performance within challenging 

effects of SBP (Chen, 2011). 

Typically, the SMF relies on a punch and a die to shape different metal sheets, creating 

plastic deformations for necessary shape formulation. Elastic materials can return to their original 

shape to a partial extent after the mold load is removed. Because of these SBP impacts, metals 

could not match dimensional tolerances, needing additional processing or adjustments, which 

result in extra production time and costs To match the increasing requirements correlated with the 

critical demand for lightweight metals that have complicated geometries to be exploited in many 

imperative manufacturing domains, like automotive and aerospace, the relevant indices and 

variables of SBP should be thoroughly inspected (Wu, 1996).   

 

2. Brief Literature Review 

Pre-determined SBP simulation optimization sheet metal bending by emergent 

engineering (Saravanan et al., 2018). Most of the impacts of sheet metal thickness, metal sort, 

tool holder, shank, radius, fraction, friction with shapes, and tie gap on SBP metals have been 

studied in variable aluminum, copper, and higher strength steels. Their research showed that most 

variables’ effects on this model’s formation only SBP on metal deforming. The corresponding 

optimization process of the SMF variables can be shown in Figure 1.  

 

Figure 1. The optimization process of SMF (Saravanan et al., 2018). 

 
SBP is the major sheet metal bending flaw. When unloaded, sheet metal bending SBP is 

elastic. Consider making quality bent sheet metal parts. SBP depends on sheet thickness, tooling 

geometry, friction, material, and processing parameters. This numerical research examined SBP 

on edge bending die process. The numerical analysis was done with ANSYS™/ LS-DYNA™. The 

impacts of sheet metal thickness, type, friction, tool radius, and shape on SBP were studied for 

aluminum, copper, mild steel, and high-strength steels (Dametew & Gebresenbet, 2016). 
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Also, according to Slota and Jurčišin (2012), SMF often experiences SBP due to elastic 

stress redistribution during unloading. Designing SMF tools needs SBP. Sheet metal V-bending 

was analyzed using FEA. Transformation Induced Plasticity (TRIP), Advanced High-Strength 

Steel (AHSS), and mild steel were explored. They considered normal anisotropic material 

behavior. A practical approach was exploited to develop a contact algorithm for rigid tools of any 

shape. This paper presented a reliable SBP prediction strategy for sheet bending and unbending. 

By changing forming procedure operational variables, constitutive models predicted the sheet’s 

final shape after SBP. Experimental and PAM-STAMP 2G comparisons confirmed the model 

precision. 

Ultrahigh- or high-strength steels could minimize weight and magnify durability but would 

result in SBP in automobile parts. Most SBP relies on material and part geometry. Extreme 

deviations from the reference part might exceed the limit. Trial-and-error SBP predictions and 

deviation corrections are considered laborious. Thus, Baùon et al. (2016) proposed a novel 

compensation approach for forming and trimming transfer press-made vehicle part dies.  

 
Figure (2-1): Visualization of simulation process from forming OP-20 to SBP OP-50 (Baùon et 

al., 2016). 

The automotive industry is majorly interested in lightweight parts in vehicles. In this 

context, high-strength aluminum alloys are popular (Choi et al., 2020). High-strength aluminum 

sheets are hard to form for automotive parts because of their higher strength. Thus, Choi et al. 

(2020) examined 7075 aluminum alloy sheet mechanical properties after W-temper thermal 

treatment was applied, including a solution of thermal treatment and quenching.  

The influence linked to the damping rate, integration points, number of blank meshing 

scale, and punch speed on the precision and performance of SBP mathematical simulations were 

investigated. Then, reasonable values were proposed, relying on the U-bending procedure. 

NUMISHEET'93 is a one example of the benchmarks (Xu et al., 2004). 
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Asgari et al. (2008) created a statistical strategy to examine TRansformation Induced 

Plasticity (TRIP) in forming and SBP problems relying on an industrial case study. The statistical 

significance of the chosen variables for forming and SBP prediction were discussed as well. 

Changes of up to ±10% in Young’s modulus and friction coefficient did not remarkably influence 

SBP precision and SBP statistical correlations. Figure 2 shows SBP measurement points (A1–

E2) and constraint points (P1–P4). 

 
Figure 2. SBP measurement points (A1–E2) and constraint points (P1–P4) (Asgari et al., 2008). 

 

SBP-strain recovery after forming loads are removed—is a major issue in SMF (Vrh et al., 

2009). Controlling this problem requires physically exact numerical modeling of the forming 

procedure and SBP mathematical simulations. Existing mechanisms could not precisely forecast 

and identify SBP. The researchers in this work built a constitutive model for metal forming, which 

accounts for sheet anisotropy, damage evolution, and strain path-dependent stiffness 

degradation.  

In conclusion, after reviewing some studies on SBP in manufacturing disciplines, it is 

imperative to point out that the major objective of this paper is inspired from these current 

challenges to investigate the major trends, patterns, and mechanical behaviors of the three most 

prevalent metals exploited in various manufacturing fields, mainly vehicles, to upgrade the scales 

of accuracy and performance of the SMF and overcome and alleviate the harmful effects of the 

SBP.  

Since experimental approaches are expensive and greatly exposed to errors, numerical 

analysis and mathematical modeling and advanced simulations can provide clearer outcomes 

through efficient software tools would be remarkably practical because the boundary conditions 

and constraints of the problem can be controlled straightforwardly. Also, time limitations linked to 

comprehensive tests might hinder the implementation of experimental approaches.  

The sequence of this paper can be explained in the following:  

 Section 3 expresses the paper’s materials and methods,  
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 Section 4 indicates the paper’s numerical analysis, modeling, and mathematical 

simulations, 

 Section 5 explains the major research outcomes,  

 Section 6 gives a summary of the research outcomes in the conclusions part,  

 Section 7 displays the future research directions.   

 

3. Materials and Methods 

This study is conducted to bridge a knowledge gap reflected in the need for abundant 

discussions and data on numerical analysis, modeling, and mathematical simulations of metals 

exploited in the context of SMF in manufacturing vehicles, aircrafts, and ships instead of time-

consuming and low accurate tests considered in experimental investigation contexts.   

It is expected from implementing the numerical research by the FEA in the ANSYS 

software tool that this study will answer the following questions: 

 What are the major variables, constraints, and boundary conditions that influence 

the expansion and occurrence of SBP to be considered in the FEA? 

 What are the better strategies and approaches to minimize this harmful problem 

in metals while they are processed in SMF? 

 Which metals among the three (Al, Cu, and Fe) would show more stable 

mechanical deformation behaviors and strain trends after applying the FEA? 

FEA expresses a popular numerical strategy to simulate metal’s behavior and process 

conditions. Many numerical models can be calibrated and modified in computer platforms, 

eliminating the need for challenging experimental data, which may correspond to extensive costs, 

efforts, and time because of lengthy and frequent tests. The numerical procedure across which 

this research will pass can be shown in Figure 3.  

 

4. Numerical Modeling and Mathematical Simulation Procedures 

Before starting the numerical investigation process, the necessary shapes, and designs 

of the samples under the dimensions and geometric forms used in the laboratory are formulated 

and created in the SolidWorks® Software. The models can be then exported to the computer 

program in which mathematical simulations are performed to predict the crucial mechanical 

properties and other characteristics when they are subjected to certain static loads.    

   

4.1 Software Package  

The software computer platform harnessed in this paper is the ANSYS® Software 

Package. It is the most popular program involved in numerical modeling and mathematical 

simulations, enabling scholars to perform precise evaluations, analyses, and explorations of 

variant categories of mathematical problems in mechanical engineering and manufacturing 

efficiently, providing a time, effort, and cost efficiencies than traditional experimental approaches 

that may be difficult-to-implement in some situations or they might be expensive and lengthy. 
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Figure 3. The research method flowchart related to this article (The researcher, 2024). 
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As explained earlier, the current research will examine the SBP behavior in three 

commonly exploited metals in automotive and aerospace, namely pure aluminum, copper, and 

pure steel. These materials have distinctive mechanical features including yield strengths and 

elastic moduli that affect SBP behavior (Broggiato, 2012; Katre et al., 2015). 

Additionally, ANSYS allows investigators to choose numerous sorts of materials and 

metals, identify their physical and mechanical characteristics, choose major amounts, types, and 

directions of loads, and distinguish other crucial boundary constraints. After that, corresponding 

meshing procedures are implemented to facilitate the mathematical simulations, helping provide 

ultimate scales of simulation and numerical analysis efficiency and performance. After running the 

mathematical simulations, relevant numerical outputs are obtained.  

 

4.2 The Meshing Process 

The meshing process is one of the critical phases that are carefully implemented to make 

sure precise numerical outcomes and high-quality results are attained. The meshing task can 

start with studying the kind of structure. It can be considerably simple in some mechanical 

problems, like circular-cross-section beams, rectangular parallelepiped mechanical problems, 

and square-like top and side faces of materials (Guo et al., 2021).  

Simultaneously, mechanical structures, in some conditions, might be remarkably 

sophisticated, as they express larger mechanical structures introduced in real-life manufacturing 

disciplines, like vehicles, ships, or aircrafts.  

For these complex objects, adopting mathematical simulations would not give accurate 

results because of many faults and errors when exploiting a simple design that expresses the 

whole vehicle body of the automobile, ship, or the aircraft. As a result, low-quality outcomes and 

low-performance predictions of the mechanical behavior would be reached (Jin et al., 2021).  

To overcome this barrier, researchers considered dividing the whole complicated structure 

into small elements/ cells, whose dimensions, general geometry, and mechanical properties are 

very simple, enabling remarkably mathematical simulation flexibility and straightforward numerical 

analysis, which can supply substantially exact outputs. These elements shape well-known 

mathematical shapes, such as cubes, prisms, tetrahedral components, polygonal shapes, and 

many plain engineering shapes. After choosing the proper simple shape, the meshing process 

can be initiated by identifying the overall number of these simple geometric shapes that form the 

whole complicated shape (Pagani et al., 2021).  

Nevertheless, researchers should carefully choose the optimum overall number of these 

cells/ elements since massive number of simple elements could affect the simulation process and 

make it remarkably challenging in terms of time consumption, computational complexity, and cost 

(Szabó and Babuška, 2021). 

Concerning the meshing procedure and the whole shape division linked to the three 

specimens (Al, Cu, and Fe) built and modeled in the SolidWorks® platform, Table 1 shows critical 

meshing variables, and their corresponding values exploited in this simulation work.   
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Table 1. Major meshing characteristics of the three metals investigated numerically. 

No. Category Amount/ Clarification 

1 Type of the Chosen Cell XXXX 

2 Dimensions of the Geometric Shape XXXX 

3 The Overall Number of Meshing Elements XXXX 

 

4.3 Finite element analysis (FEA) 

Finite element analysis (FEA) is a breakthrough analytical tactic created by researchers 

for the aim of identifying a number of significant in metals, materials, and engineering structures, 

which have very complicated designs and cannot be flexibly investigated relying on conventional 

solutions and experimental approaches. Mechanical engineering problems, which are nonlinear, 

very sophisticated, and they are time, cost, and effort consuming when they are explored can be 

straightforwardly inspected relying on FEA principles. FEA can allow scholars to predict and 

foresee various mechanical properties of these complicated structures and predict their failure 

trend, deformation behavior, and stress and stress patterns when they are subjected to static, 

dynamic, or thermal loads. FEA results can reach very precise scales because many boundary 

conditions and constraints can be easily identified and distinguished for the problem, like current 

temperature, dimensions, geometrical conditions, pressure, and many more variables. It can 

predict difficult-to-identify features because of numerous complexities and uncertainties related 

to the material behavior and mechanical patterns that would largely vary when loads are 

implemented. FEA can offer cost-effective numerical modeling and investigation solutions through 

precise mathematical simulations, replacing costly and inefficient traditional investigation 

mechanisms (Kurowski, 2022).       

Finite Element Analysis (FEA) and other numerical methods are widely used to simulate 

and forecast SBP. These approaches often need aid to examine material behavior's complexity 

under different forming conditions. These simulations depend on right input data, including 

material properties and numerical techniques (Helmy, 2019; Jiang and Li, 2015; Kim et al., 2010). 

 

4.4 Major Properties of the Three Investigated Materials 

The numerical investigation approach is conducted to examine the behavior of the three 

major materials (Al, Cu, Fe). Fe corresponds to the pure steel since there are many types of iron. 

Table 2 distinguishes the critical properties of these three materials. Most of these variables and 

their corresponding values will be exploited for the identification of the boundary conditions linked 

to the three explored metals.     
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Table 2. Critical common mechanical and physical properties of the three inspected metals.  

No. 
Mechanical and Physical 

Properties 

Metal Name 

Pure Steel Pure Aluminum Pure Copper 

1 Color Gray Silvery-White  Red-Orange 

2 Density 7,850 kg/m3 2,700 kg/m3 8,920 kg/m3 

3 Tensile Strength 420 MPa 90 MPa 200 to 360 MPa 

4 
Modulus of Elasticity/ Young’s 

Modulus 
200 GPa 68 GPa 120 GPa 

5 Shear Modulus 80 GPa 25 GPa 44 Gpa 

6 Poisson’s Ratio 0.25 0.36 0.35 

7 Melting Temperature Point 1,205 °C to 1,370 °C 660 °C 1,083 °C 

8 Thermal Conductivity  44 to 52 W/m.K 237 W/m.K 260 W/m.K 

9 Vickers Hardness 126 HV 150 to 160 HV 40 to 110 HV 

 

5. Critical Numerical Simulation Outputs 

5.1 Models and Mold Mechanical Design 

After performing the mathematical simulation process and numerical modeling and 

analysis, some critical graphical data were obtained. For example, Figure 4 expresses 3D models 

of the three aluminum specimens created for the numerical mechanical analysis of thicknesses 

of 2 ± 0.13 mm and (a) punch radius of 2.0 mm and a bend angle of 92.42° ± 0.50°, (b) punch 

radius of 3.5 mm and a bend angle of 92.62° ± 0.50°, and (c) punch radius of 4.0 mm and a bend 

angle of 93.26° ± 0.50°. 

 
Figure 4. 3D models of the aluminum specimens of various thicknesses, punch radiuses, and 

bend angles. 

Similarly, Figure 5 indicates these values for the copper specimens.  
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Figure 5. 3D models of copper specimens of various thicknesses, punch radiuses, and bend 

angles. 

 

It can be inferred from Figure 5 that the 3D models of the copper specimens created for 

the numerical mechanical analysis have different dimension. All three specimens have 

thicknesses of 2 ± 0.13 mm. The first one has a punch radius of 2.0 mm, and a bend angle of 

93.75° ± 0.50°. The second specimen has a punch radius of 3.5 mm and a bend angle of 94.68° 

± 0.50°. The third specimen has a punch radius of 4.0 mm and a bend angle of 95.05° ± 0.50°. 

Figure 6 displays the three pure steel specimens.  

 
Figure 6. 3D models of pure steel specimens of various thicknesses, punch radiuses, and bend 

angles. 

It can be inferred from Figure 6 that the 3D models of the pure steel specimens created 

for the numerical mechanical analysis have various dimensions. The first one has a thickness of 

2.0 ± 0.13 mm, punch radius of 2.0 mm, and a bend angle of 96.00° ± 0.50°. The second sample 

has a thickness of 3.5 ± 0.13 mm, a punch radius of 3.5 mm, and a bend angle of 94.57° ± 0.50°. 

The third one has a thickness of 3.5 ± 0.13 mm, a punch radius of 4.0 mm, and a bend angle of 
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94.94° ± 0.50°. The molds created to apply necessary mold loading in the SMF process can be 

shown in Figure 7.  

 

Figure 7. Configurations of (a) the 3D numerical mold, (b) a copper specimen to be bended by 

the mold, and (c) bended Cu specimen.   

It can be noted from Figure 7 that the 3D mold exploited in this study has a V-shape. 

Deformations occurred to this copper specimen after applying the load are shown in Figure 7, c.   

 

5.2 Numerical Simulation Outcomes 

The numerical ANSYS results also revealed some outcomes regarding the six specimens 

(two for each Al, Cu, and pure Fe). These results can be shown in Table 3.  

 
Table 3. The numerical outcomes of the strain analysis of the six samples. 

Time 

(Seconds) 

Strain 

Rate  

(Cu [1]) 

Strain 

Rate  

(Cu [2]) 

Strain 

Rate  

(Al [1]) 

Strain 

Rate  

(Al [2]) 

Strain 

Rate  

(Fe [1]) 

Strain 

Rate  

(Fe [2]) 

0.16 0.06125 0.07250 0.04500 0.05875 0.04000 0.04125 

0.24 0.06125 0.07375 0.04375 0.05875 0.04000 0.04125 

0.32 0.06125 0.07250 0.04500 0.05875 0.04000 0.04125 

0.40 0.06125 0.07250 0.04375 0.06000 0.04000 0.04125 

0.48 0.06125 0.07250 0.04500 0.05875 0.04000 0.04125 

0.56 0.06125 0.07375 0.04375 0.05875 0.04000 0.04125 

0.64 0.06125 0.07250 0.04500 0.05875 0.04000 0.04125 

0.72 0.06125 0.07250 0.04375 0.05875 0.04000 0.04125 

0.80 0.06125 0.07250 0.04500 0.05875 0.04000 0.04125 

0.88 0.06125 0.07250 0.04375 0.05875 0.04000 0.04125 

0.96 0.06125 0.07375 0.04500 0.05875 0.04000 0.04125 

1.04 0.06125 0.07250 0.04375 0.05875 0.04000 0.04125 

1.12 0.06125 0.07250 0.04500 0.05875 0.04000 0.04125 

1.20 0.06125 0.07250 0.04375 0.05875 0.04000 0.04125 
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To explain the relevance and importance of these findings, corresponding graphical plots 

were created. Figure 8 displays a comparative analysis concerning the variation of strain of the 

six specimens (two in each of Al, Cu, and pure Fe) with respect to the time.  

 
Figure 8. The numerical results of the strain profile of the six investigated samples.  

It can be inferred from Figure 8 that the second copper specimen has the highest rates of 

strain compared with other specimens (accounting to approximately 0.073 across the numerical 

simulated time), followed by the first copper specimen (0.062 along the whole simulated time), 

which is followed by second aluminum specimen (0.0585). In contrast, the lowest strain rates were 

noted in the first and second pure steel specimens, accounting to 0.040 and 0.041, respectively. 

The first aluminum specimen, which is lighter than pure steel and is remarkably practical for 

manufacturing light-weight vehicles has a very closer strain rate to the two pure steel specimens, 

whose strain rate reached 0.045.  

 

In addition, referring to the numerical simulation results expressed in Table 3, relevant 

graphical illustrations can be expressed in Figure 9. Specifically, this figure indicates the variation 

of the strain of the three metals with the load application time.    
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Figure 9. The strain rate of the three investigated metals with the load application time. 

 
It can be inferred from the outcomes illustrated in Figure 9 that there is a dramatic increase 

in the strain rate at the first intervals of the load application time, which indicates similar rapid 

response to the load among the three metals. Then, after about 13 seconds, the three strain rate 

profiles would show more stability fluctuating around a steady strain value, which is about 0.0008 

across the rest of the load application time.     

Accordingly, a conclusion can be reached regarding the SBP behavior among aluminum, 

copper, and pure steel, translated in the large similarity of SBP pattern, which shows substantial 

and abrupt response to the load, which becomes more stable after a certain portion of time. These 

observations are the same in the three investigated metals, which can enable their exploitation in 

certain manufacturing scenarios under which loads are applied and considered.      

The results also revealed the kind of the deformation behaviors among the three 

investigated metals with the load application time, which can be expressed in Figure 10. 



Page 14 of 24 

Journal of Mechanical Engineering 

DOI: http://doi.org.10.000000 XXXX.XXXXX.XXXX Vol. XX.     Issue: XX 

 

 
Figure 10. Deformations of the three investigated metals with the load application time. 

 

It can be concluded from Figure 10 that deformations increase linearly with the load 

application time, which is greatly similar to the three metals. This fact can clarify that aluminum, 

copper, and pure steel have larger behavior in terms of the deformation change respecting to the 

time. The simulation results provided data on the SBP of the aluminum specimens (Figure 11). 

 
Figure 11. The SBP results from the simulation outcomes of the three aluminum samples.  
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It can be concluded from the outcomes shown in Figure 11 that the behavior correlated 

with the SBP would rise with respect to the metal dimension (the radius of punch). Those 

aluminum specimens with lower thicknesses would have greater effects and notable SBP impacts 

compared with aluminum specimens with more thickness. The deformation is observed to 

increase with more metal thickness.   

Figure 12 displays the behavior of the SBP from the numerical simulation outcomes of the 

three copper specimens with three thicknesses. 

 
Figure 12. The behavior of the SBP from the numerical simulation outcomes of the three copper 

specimens with three thicknesses. 

 

It can be understood from the numerical outcomes expressed in Figure 12 that the 

behavior pertaining to the SBP would record small reduction with respect to the metal dimension 

(the punch radius). Copper specimens with larger thickness were noted to have higher SBP and 

elastic recovery after deformation compared with those ones that have lower thicknesses. As a 

result, the copper deformation would record higher rates with larger thicknesses but less values 

with more significant punch radius rates.  

Similar to aluminum and copper, Figure 13 shows the behavior of SBP under various 

punch radius rates of three pure Fe specimens with different thicknesses.   
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Figure 13. The behavior of the SBP from the numerical simulation outcomes of the three pure 

steel specimens with three thicknesses. 

It can be realized from the numerical outcomes illustrated in Figure 13 that the pattern 

respecting the SBP in the three pure steel tends to rise with larger values of punch radius. In 

addition, it can be noted that pure steel specimens that have lower thicknesses have more 

significant effects and observations of SBP compared with other pure Fe specimens with higher 

thicknesses.  

As a conclusion, it can be said that pure steel specimens, which have less thicknesses 

would be remarkably influenced by SBP compared with specimens with higher thicknesses. 

Additionally, larger punch radius rates would cause more realized occurrence of the SBP.   

 
5.3 Comparative Analysis of the SBP between the Three Metals 

To provide means of comparison and better understanding concerning which metal would 

respond effectively or poorly to the mold loading and cause lower or larger deformations and 

harmful effects due to SBP, respectively, some graphical plots were created. Figure 14 expresses 

the SBP behavior (the elastic recovery ratio) of the three metals of a thickness of 2.0 mm. 

It can be inferred from the graphical comparative analysis in Figure 14 that the numerical 

results proved that the pure steel specimens of a thickness of 2.0 mm showed more significant 

elastic recovery after deformation (higher values of SBP), compared with copper and aluminum.  

Comparatively, the aluminum specimens have lower elastic recovery after removing the mold 

load. However, copper did approximate the aluminum behavior at a thickness of 2.0 mm. Both 

had an elastic recovery of 93.7%. Nonetheless, pure steel still has the highest elastic recovery 
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compared to the two metals. It reaches its maximum elastic recovery ratio (96.0%) when the 

specimen thickness of 4.0 mm. 

 
Figure 14. The SBP behavior (the elastic recovery ratio) of the three metals of a thickness of 

2.0 mm. 

 

Accordingly, it can be said that the pure steel consistently exhibits the highest elastic 

recovery (SBP) rate across all metal thicknesses, while aluminum shows the lowest values, 

except at 2.0 mm where it ties with copper. In conclusion, the graph highlights the superior elastic 

recovery of steel in deformation conditions compared with the other two metals. 

Concerning the specimens’ thickness of 3.5 mm, Figure 15 expresses the percentage of 

the elastic recovery of the three metals with varying thicknesses after the applied mold load was 

removed through numerical simulations. 

It can be realized from the graphical comparative analysis shown in Figure 15 that the 

numerical results confirmed that, again, the pure steel specimens of a thickness of 3.5 mm did 

show more remarkable elastic recovery percentage after deformation compared with copper and 

aluminum. In contrast, the aluminum specimens have lower elastic recovery after removing the 

mold load (92.6% at a thickness of 2.0 mm). Copper was closer to the aluminum elastic recovery 

behavior at a thickness of 2.0 mm (92.8%). Nonetheless, pure steel still record the highest elastic 

recovery ratio compared with those two metals. It reaches its maximum elastic recovery ratio 

(95.0%) when its specimen thickness was 4.0 mm. 
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Figure 15. The SBP (the elastic recovery ratio) of the three metals of a thickness of 3.5 mm. 

 
As a whole, it can be concluded that the steel consistently exhibits the highest elastic 

recovery (SBP) proportion across all metal thicknesses, while aluminum shows the lowest values, 

except at 2.0 mm where it ties with copper. Therefore, Figure 15 proves the superior elastic 

recovery of steel in deformation conditions compared with the other two metals.  

Concerning the specimens’ thickness of 4.0 mm, Figure 16 expresses the outcomes of the 

ratio of the elastic recovery of the three metals of varied thicknesses after removing the load. 

 
Figure 16. The SBP (the elastic recovery ratio) of the three metals of a thickness of 4.0 mm. 
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It can be understood from the graphical comparative analysis explained in Figure 16 that 

the mathematical simulations affirmed, a second time, that the pure steel specimens of 

thicknesses of 2.0 mm, 3.5 mm, and 4.0 mm did exhibit significantly large elastic recovery 

percentage after deformation occurred after the mold loading was removed in comparison to 

copper and aluminum. Contrastingly, the aluminum specimens have lower elastic recovery after 

removing the mold load (93.1% and 93.2% at thicknesses of 3.5 mm and 4.0 mm). Copper has 

closer elastic recovery ratio to that of aluminum at a thickness of 2.0 mm, corresponding to 92.5% 

and 92.3%, respectively.  

As seen in previous figures, pure steel did also record the highest elastic recovery ratio 

compared with copper and aluminum. It reaches its maximum elastic recovery ratio (94.4%) when 

its specimen thickness was 4.0 mm. Correspondingly, a conclusion can be reached that 

manufacturing companies and automobile engineers can exploit pure steel due to its consistent 

exhibition of the highest elastic recovery (SBP) percentage across all metal thicknesses. 

Aluminum shows the lowest elastic recovery ratios, except at 2.0 mm where it approximates the 

SBP behavior of copper. For this reason, this figure can confirm the superior elastic recovery of 

pure steel amidst deformation conditions after removing the mold loading.  

 
6. Discussion 

6.1 The Effect of Punch Radius on SBP 

The influence of punch radius on SBP value is studied. In the FEA simulations and the 

experiment, the punch radii were 2.0 mm, 3.5 mm, and 4.0 mm. The obtained results through 

simulations provided some critical insights on the influence of punch radii on the SBP of pure 

aluminum, pure copper, and pure steel. It was distinguished that the SBP value (elastic recovery 

percentage) would increase after removing the applied mold loading as the punch die radius 

increases. The SBP relies on the size of the plastic deformation zone.  

A punch with a small radius concentrates the pressure force within a narrow space, 

resulting in higher local stress and more plastic deformation. As the punch radius increases, the 

force spreads to a large plastic area; thus, increasing the SBP.  

In other words, as the punch radius increases, the contact angle and contact area would 

increase. As a result, this phenomenon can create more friction surface between the punch and 

the sheet. So, it is obvious that SBP ratios would increase with increasing the punch radius. Pure 

steel and copper exhibit larger elastic recovery ratios after removing the mold load than aluminum 

across all thicknesses. This can happen because with greater punch radii of the contact area 

between the punch and the sheet would become greater. As a result, the bending moment would 

escalate, causing a larger spring back angle.  

These outcomes are consistent with Wu (1996), who exploited virtual forming model after 

implementing spring-forward simulations. Deformable part mesh became rigid. The study 

investigated the impacts of the virtual die and punch dimensions. It was found that the die shape 

and dimensions would have significant impact on the SBP of the metal. Also, the metal’s punch 

radius has significant effect on the elastic recovery ratio of the material, relying on FEA. 

The corresponding metal’s dimensions impacts on the SBP of the steel were also 

examined and confirmed by the Slota et al. (2013) research, who explained that optimization of 

the die radius, SBP angle, and critical dimensions of some investigated metals, specifically high-
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strength steel and lightweight alloys, play a crucial role in modifying and amending the behavior 

of SBP in these metals.  

These results are also compatible with the study conducted by Şen and Taşdemir (2021), 

who found that SBP would lessen with greater values of the die angle. They noticed that SBP 

would increase with larger values of the punch radius under limited mold load application time.  

 
6.2 Effect of Sheet Metal Type 

From the FEA simulations, it was found that the three sheet metal thickness values of 2 

mm, 3.5 mm, and 4 mm linked to the three metals, which are aluminum, copper, and pure steel 

did exhibit different behaviors of SBP and corresponded to various elastic recovery percentages. 

To explain, the relation between the SBP and material properties was found to have some 

considerable effects linked to the materials’ applicability in production. For ductile materials, the 

SBP ratio is much lower than in hard metals, with dependence on the modulus of elasticity 

(Young’s modulus) of a particular material.  

The amount of SBP rises with greater yield strength materials. For instance, aluminum, 

copper, and pure steel could exhibit different ranges of SBP characteristics. The obtained 

analytical results of SBP radius of wiping die bending sheet metal are different for these three 

metals, aluminum, copper, and pure steel. The aluminum has lower ratios of SBP/ elastic recovery 

percentage than the other two metals, copper, and pure steel. When the SBP bending radius 

increases, the material would show more SBP than the lower bend radius.  

In conclusion, it was discovered that the SBP would lessen from pure steel across copper 

to aluminum.  

These results are compatible with the findings of Özdemir (2020), who did also 

investigated the SBP behavior and elastic recovery in the Dp-600/ dual-phase steel sheet metal 

on which a V-mold loading was applied. The author did affirmed the effect of a collection of 

variables on the SBP of the Dp-600/ dual-phase steel, including various values of bending 

variables, like the punch tip radii, sheet thicknesses, and other model geometrical characteristics 

and dimensions. Thus, the researcher exploited signal-to-noise ratio to make careful choice and 

optimization concerning the best rates of each index.  

Moreover, the results regarding the effect of the sheet metal type were consistent with the 

mathematical simulation outcomes of Lafta et al. (2020), who studied the SBP in copper and 

aluminum relying on V-shape mold loading. The scholars found that the change of die radii, punch 

radii, metals’ thicknesses could affect the behavior of the SBP, elastic recovery, and strain profile.  

 

7. Conclusions 

The research in this article was conducted to distinguish the impacts of a number of 

geometry variables of sheet metal models on their SBP behavior, performance, strain, and elastic 

recovery after deformation occurs after the applied mold load is removed. To achieve the study 

objectives a mathematical simulation process was implemented after formulating three sheet 

metal models, including aluminum, copper, and pure steel. V-shape mold was created in the 

SolidWorks software and exported to the ANSYS software tool through which corresponding 

mathematical simulations were performed to these three metals under careful section of 
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thicknesses and punch radii. Relying on the numerical primary data collection and analysis of, the 

substantial research findings can be listed in the following points: 

A- The SBP value (elastic recovery percentage) would increase after 

removing the applied mold loading as the punch die radius increases. The 

SBP relies on the size of the plastic deformation zone, 

B- A punch with a small radius concentrates the pressure force within a narrow 

space, resulting in higher local stress and more plastic deformation. As the 

punch radius increases, the force spreads to a large plastic area; thus, 

increasing the SBP, 

C- As the punch radius increases, the contact angle and contact area would 

increase. As a result, this phenomenon can create more friction surface 

between the punch and the sheet.  

D- SBP ratios would increase with increasing the punch radius. Pure steel and 

copper exhibit larger elastic recovery ratios after removing the mold load 

than aluminum across all thicknesses.  

E- Greater punch radii of the contact area between the punch and the sheet 

would become greater. As a result, the bending moment would escalate, 

causing a larger spring back angle, 

F- For ductile materials, the SBP ratio is much lower than in hard metals, with 

dependence on the modulus of elasticity (Young’s modulus) of a particular 

material, 

G- The amount of SBP rises with greater yield strength materials. Aluminum, 

copper, and pure steel could exhibit different ranges of SBP characteristics, 

H- The aluminum has lower ratios of SBP/ elastic recovery percentage than 

the other two metals, copper, and pure steel. When the SBP bending radius 

increases, the material would show more SBP than the lower bend radius.    
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