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Abstract

The sheet metal forming operations process involves the Male (Punch) and the female (Die). The procedure is
of sheet metal deformation due to the relative movement between the punch tool and the sheet, an interaction
that generates friction forces between the elements. The formability of AISI 304 stainless steel sheets is
examined in this study using the Nakajima test specimen. The Nakajima test is a widely used method for
evaluating the formability of sheet metals. The forming limit diagram (FLD) of AISI 304 steel sheets is
experimentally determined in this work using the Nakajima test.

Additionally, the FEA HyperForm Radioss software is used to simulate the forming process and validate the
experimental results. The effects of various process parameters, such as punch speed and lubrication, on the
formability of AISI 304 steel sheets are also investigated. The results of this study offer valuable insights into
the formability of AISI 304 steel sheets, which can be utilized to optimize the sheet metal forming process.

Keywords: FEA, Forming, Hyperform, Nastraw, Optimization, Sheet metal.

1. Introduction

Sheet metal forming is a widely used manufacturing process in various industries, including the automotive,
aerospace, and consumer goods sectors. The formability of a material is a critical factor in determining the
success of the forming process.

AISI 304 stainless steel is a popular material used in sheet metal forming due to its excellent corrosion
resistance, high strength, and formability. Theoretical and experimental analysis of the Nakajima test
specimen, making of FLD, and calculating results, the Nakajima test is used to experimentally determine the
forming limit diagram (FLD) of AISI 304 steel sheets. Additionally, the Hyper Form Radioss software is used
to simulate the forming process and validate the experimental results.

The intricate process of sheet metal forming entails shaping a flat sheet of metal into the required shape without
failure, fracture, or undue thinning. The formability of a material refers to the amount of deformation it can
undergo before failure, and it depends on several factors, including thickness, manufacturing process, speed,
lubrication, and intrinsic material properties.

The FLD of AISI 304 steel sheets are experimentally determined in this work using the Nakajima test. The
HyperForm Radioss software is used to simulate the forming process and validate the experimental results. The
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effects of various process parameters, such as punch speed and lubrication, on the formability of AISI 304 steel
sheets are also investigated. The results of this study offer valuable insights into the formability of AISI 304
steel sheets, which can be utilized to optimize the sheet metal forming process.
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Figure 1 Punch and Die [52]

Stefanos C. Spathopoulos [2020] studied an innovative neural network system that predicts springback in sheet
metal forming processes. A meticulous simulation of an S-Rail setup was conducted, and several samples were
produced for the ANN training objectives. 1. The Bayesian regularized back propagation neural network was
utilized to implement several springback predictions following the validation of the FE model for a test case
used in related industrial investigations. With regards to the conclusions drawn from this study, during the FE
model simulation, one can observe that errors reach values of 15.4% and 9.9% in the stresses and plastic strains
plots, respectively.

Subsequently, no strange indications concerning material failures were detected, except for some wrinkling
phenomena, at specific areas. The largest differences between the two unloaded geometries in the spring back
condition are 2.02 mm for the E side and 0.26 mm for the D side. Considering the fact that the current analysis
is a complex-shaped problem, the material used was nonlinear, as well as some model parameters like mesh
elements, punch velocity, etc., were differentiated from the compared simulation, one can say that those error
levels could be reasonable. Localized necking in the sheet metal process, including die design optimization,
process design parameters, and sheet plasticity prediction, is frequently predicted by the forming limit diagram
(FLD) in the forming industries. 3. The ability of a sheet to change shape without rupturing is known as its
plasticity. 4. The commencement of localized necking, which ultimately results in rupture, determines the
maximum amount of deformation that the sheets can undergo.
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Figure 2 forming limit diagram and strain paths [60]

Shenghua Wu et al [60] studied a formability study of FLD prediction is presented using three different dual
phase steels: DP500, DP600, and DP780, with 0.8 mm thickness. Four analytical models, Marciniak-
Kuczynski (M-K), Hill-Swift, MMFC (Hora model), were used to predict the FLCs using the Hill1°48 yield
criterion. A comparison between the predicted results and the experimentally measured results from Nakajima
tests allowed assessing and validating the analytical approaches.

1.1 Sheet Metal Forming Process

Table 1 Basic sheet metal forming process

Design and Tooling The design of the part is created, and the necessary tools and dies are developed.
Development

Material selection and The sheet metal material is selected and procured.
procurement

Blanking and Shearing | The sheet metal is cut into the required shape and size using a blanking die or shear.

Forming The sheet metal is formed into the desired shape using a variety of techniques,
such deep drawing, spinning, or bending.

Trimming and piercing [ The excess material is removed, and any necessary holes or features are pierced

Bending and Folding The part is bent or folded into its final shape.
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Rapid prototyping is another significant advantage of sheet metal forming, enabling quick testing and iteration
of designs before full-scale production. Furthermore, this process can be seamlessly integrated with other
manufacturing techniques, such as welding and assembly, streamlining overall production workflows.
Aesthetic appeal is also a consideration, as formed sheet metal can be finished in various ways, providing
attractive options for consumer products and architectural elements.

1.2 Reference and citations

The paper investigates the manufacturing of thin-walled five-branched AISI 304 stainless steel tubes using
hydroforming technology, focusing on both finite element analysis (FEA) and experimental validation. The
authors explore the feasibility of producing these complex geometries with varying diameters, emphasizing the
advantages of hydroforming in achieving high precision and material efficiency. Through FEA, the study
analyzes stress distribution and deformation patterns during the hydroforming process, providing insights into
optimal parameters for tube formation. Experimental trials complement the simulations, allowing for a
comparison of theoretical predictions with practical outcomes. The results demonstrate that hydroforming can
effectively produce intricate tube designs while maintaining structural integrity.

Additionally, the research highlights the importance of response surface optimization in enhancing the
manufacturing process, ultimately contributing to advancements in the production of lightweight and high
performance components. The findings have significant implications for industries requiring complex tube
shapes, offering a pathway for improved manufacturing techniques and material utilization. Overall, this study
provides a comprehensive understanding of the hydroforming process for stainless steel tubes, showcasing its
potential in modern manufacturing applications [1]

The paper by Peng Zhao, Cheng Cheng, Ali Abd EI-Aty, Jie Tao, Xunzhong Guo, and Yuting Jia introduces a
multi-scale framework for crystal plasticity modeling to investigate the deformation behavior and texture
evolution of AISI 304 stainless steel microtubes manufactured through 3D-FBF (3D Fused-Building
Fabrication) technology. The authors focus on the intricate relationship between microstructural characteristics
and mechanical properties, highlighting how the unique manufacturing process influences the material’s
response to deformation. By employing a crystal plasticity model, the study captures the anisotropic behavior of
the microtubes under various loading conditions, providing insights into the mechanisms of slip and twinning at
the crystal level. The research also examines the evolution of texture during deformation, which is critical for
predicting the performance of the microtubes in practical applications. The findings reveal that the

Multi-scale approach effectively correlates microstructural features with macroscopic mechanical behavior,
offering a comprehensive understanding of the material's performance. This work contributes to the
advancement of modeling techniques in materials science, particularly for applications involving complex
geometries and demanding mechanical requirements. Overall, the study underscores the importance of
integrating multi-scale modeling with experimental observations to optimize the design and manufacturing of
stainless steel micro tubes [2]

The paper by Bora Sener, Emre Esener, and Mehmet Firat presents a comprehensive study on the modeling of
plastic anisotropy evolution in AISI 304 steel sheets using a polynomial yield function. The authors aim to
address the complexities of anisotropic behavior in sheet metals, which is crucial for applications in
manufacturing and forming processes. They develop a mathematical framework that captures the yield surface
evolution as the material undergoes plastic deformation, allowing for a more accurate prediction of mechanical
behavior under various loading conditions. The polynomial yield function is tailored to reflect the material’s
response to strain and stress, incorporating factors such as texture and microstructural changes. Through
experimental validation, the model demonstrates its effectiveness in predicting anisotropic properties, which are
essential for optimizing forming processes. The findings highlight the significance of understanding plastic
anisotropy in enhancing the performance and reliability of steel sheets in industrial applications. Overall, this
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research contributes valuable insights into the modeling of material behavior, paving the way for improved
design strategies in metal forming technologies [3]

The paper by Mohammadali Keshtiara, Sa’id Golabi, and Rasoul Tarkesh Esfahani explores the multi objective
optimization of the laser forming process for stainless steel 304 tubes using genetic algorithms (GA). The
authors aim to enhance the process by maximizing the bending angle while simultaneously minimizing ovality,
thickening, and energy consumption. Through a systematic approach, they identify optimal laser parameters
that balance these competing objectives. The study employs experimental and numerical methods to validate
the effectiveness of the proposed optimization framework. Results demonstrate significant improvements in the
quality and efficiency of the formed tubes, showcasing the advantages of using GA in manufacturing processes.
The findings contribute valuable insights into the application of laser forming technologies, highlighting the
potential for further research in optimizing similar processes. Overall, this work emphasizes the importance of
advanced optimization techniques in enhancing manufacturing efficiency and product quality [4]

The paper by Kamel Bensaid, Atef Boulila, Mahfoudh Ayadi, and Nabil Ben Fredj presents a numerical
investigation into the incremental forming process of AlSI 304 stainless steel. The authors utilize finite element
analysis to study the effects of various process parameters on the material's deformation behavior during
incremental forming. They focus on key factors such as tool path, step size, and forming speed, analyzing how
these variables influence the mechanical properties and surface quality of the formed parts. The study reveals
that optimizing these parameters can lead to improved accuracy and reduced defects in the final products.
Additionally, the authors discuss the challenges associated with the incremental forming process, including
material thinning and the potential for wrinkling. The findings provide valuable insights for manufacturers
looking to enhance the efficiency and effectiveness of incremental forming techniques. Overall, this research
contributes to a deeper understanding of the incremental forming process, paving the way for future
advancements in the field of metal forming [5]

The study also reveals that the mechanical properties, such as yield strength and hardness, are influenced by
the annealing process, demonstrating a trade-off between strength and ductility. Overall, the findings provide
valuable insights into optimizing the processing conditions for bilayer sheets, contributing to advancements in
manufacturing techniques for lightweight composite materials [65]

Figure 3Compression device used in Nakazima test [65]
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The paper by S.M. Atifeh, R. Hashemi, and M. Sedighi focuses on the investigation and optimization of the
formability of bilayer sheets composed of Aluminum 1050 and Stainless Steel 304L, which are fabricated using
the cold roll bonding technique. The authors employ the Box-Behnken method, a statistical approach for
response surface methodology, to systematically analyze the effects of various processing parameters on the
mechanical properties and Formability of the bilayer sheets. The study emphasizes the significance of
optimizing parameters such as bonding pressure, temperature, and rolling reduction to achieve enhanced
formability and mechanical performance. Through a series of experiments, the authors assess the influence of
these parameters on the yield strength, tensile strength, and elongation of the bilayer sheets. The results indicate
that the optimal conditions for maximizing formability can lead to improved performance in applications
requiring lightweight and high-strength materials.

Additionally, the paper discusses the microstructural characteristics of the bonded layers, highlighting the
importance of interfacial bonding quality in determining the overall formability. The findings contribute
valuable insights into the processing and application of aluminum-stainless steel bilayer materials, paving the
way for advancements in manufacturing techniques and material design. Overall, this research provides a
comprehensive understanding of the factors influencing the formability of cold roll-bonded bilayer sheets,
offering practical guidelines for optimizing their production in industrial settings [50]
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Figure 4 Safe forming areas, defined as design window and formability criterion [50]

The paper by Raghu Echempati and Andrew Fox explores the integration of metal forming processes with
vibration analysis for sheet metal parts. The authors highlight the significance of understanding the dynamic
behavior of sheet metal during forming operations, as vibrations can adversely affect the quality and accuracy
of the final products. They present a comprehensive approach that combines numerical simulations of metal
forming with vibration analysis techniques to predict and mitigate potential issues related to vibrations. The
study investigates how different forming parameters influence the vibrational characteristics of the material,
providing insights into optimizing the forming process to enhance product performance. The authors utilize
advanced computational methods to model the interactions between forming forces and vibrational responses,
demonstrating the effectiveness of their integrated approach. The findings indicate that incorporating vibration
analysis into the design and optimization of metal forming processes can lead to improved quality and reduced
defects in sheet metal components. The paper concludes by emphasizing the need for further research in this
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area to develop more robust manufacturing practices that account for dynamic behaviors during forming
operations. Overall, this work contributes to the understanding of the interplay between metal forming and
vibration, offering valuable insights for both researchers and practitioners in the field [19]

Forming Limit Diagram: Study 1
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Figure 5 forming limit diagram (FLD) for the material of the bracket [19]

The paper by Yasmine Gabsi et al. focuses on the development and characterization of cladding AISI 304L
stainless steel on aluminum, exploring the microstructure and mechanical properties of the resulting composite
material. The authors detail the cladding process, emphasizing the importance of interfacial bonding and the
effects of various parameters on the quality of the cladding. Through a series of experiments, they analyze the
mechanical behavior, including tensile strength and corrosion resistance, highlighting the advantages of this
cladding technique for applications requiring lightweight and durable materials. The study also discusses the
potential for improved performance in industries such as automotive and aerospace, where the combination of
stainless steel and aluminum can lead to enhanced functionality and longevity. Overall, the research provides a
comprehensive understanding of the cladding process and its implications for material science and engineering
[68]
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Figure 6 Hydraulic Machine with a capacity of 5 tons [68]

2. Apparatus and Procedures

2.1 Experimental Sets

The process of punching and removing the unusable part plays an important role in developing the required
shape so that the sheet created inside should be set into the die set cavity. The strain paths of the cracked sheet
were sensed in a computer system and further processed to analyze the forming parameters. The process
parameters, such as pressure and axial feeds, affect the material behavior and quality of the components. The
pressure and feed range from 0 to 0.05 GPa.The higher hardness properties in AlISI304

3. Conclusion

As per the objective of this work, the simulation model results are compared with an experimental analysis for
sheets with varying dimensions. According to research, under unidirectional settings, the mathematical and
simulation model for austenitic and ferritic stainless steel has a sufficient degree of accuracy. There is a
stronger link between the three categories of forecasts. When manufacturing sheet metal parts, the influencing
or interacting parameters are taken into account through the optimization of materials, formability, and process
parameters, as well as the selection of alternative materials for vehicles, weight reduction, product quality
improvement, and customer satisfaction.

1) FLD shifts up and down simultaneously because of the bending effect. The applied normal stress by the
punch is the main cause of the rise in the formability limit diagram. Due to the bending action, FLD
simultaneously shifts up and down. The primary reason for the increase in the formability limit diagram is the
typical stress that the punch applies.

2) In this study, the effect of crack formation on FLD is presented as linear principal (minor and major) strains,
and this is given from experimental results.
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