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Abstract: This paper presents an analysis of the key challenges and irregularities associated
with metal plastic deformation processes, with particular emphasis on phenomena such as
springback, wrinkling, folding, cracking, microcracking, and burr formation. These undesirable
effects can negatively impact the quality of final products and their mechanical properties, as
well as the durability of tools used in processes such as bending, stamping, spinning, and cutting.
The paper discusses the mechanisms leading to the formation of these defects, highlighting the
role of process conditions, such as stress, processing speed, and tool geometry, which can cause
technological issues. It also emphasizes the significance of tool wear, particularly in cutting
processes, where abrasive, adhesive, and fatigue wear can lead to burr formation and
deterioration in the quality of cut components. The study further explores methods to minimize
these defects through process parameter optimization and proper tool design. Special attention
is given to the use of numerical tools, such as the finite element method (FEM), which enables
precise modeling of stress and strain distributions and the prediction of potential defect
locations. Advanced simulations allow for improved prediction of issues like cracking, wrinkling,
and springback, which ultimately enhances the quality of deformation processes and final
products. The paper also highlights the need for further research in plastic deformation and the
development of numerical models, particularly in the context of accounting for microstructural
changes and residual stresses in materials.
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INTRODUCTION
Cold working is a commonly used process in manufacturing plants within the

automotive, railway, aerospace, construction, and even food industries. In other
words, it is applied wherever steel is utilized for production. A significant benefit
of this process is the substantial increase in strength properties, such as in
stainless steel (Coetsee et al., 1990; Afshan et al., 2013). Numerous scientific
studies have demonstrated that effective structural design requires the use of
such processes to enhance structural strength (Ashraf et al., 2005; Rossi et al,,
2013; Cruise and Gardner, 2008; Errera et al., 1974). The result of this process
involves irreversible thermo-visco-plastic-phase deformations, which is why
there are still many unexplored areas within this field of science.

Contact address: piotr.horajski@s.tu.koszalin.pl



42 ZN Systemy Wspomagania w Inzynierii Produkcji

PURPOSE AND SCOPE OF THE STUDY

The purpose of this study is to analyze the key challenges in steel cold working
processes, such as defects resulting from these processes. The elaboration
discusses the impact of process conditions and tool geometry on defect
occurrence, as well as the use of numerical methods, such as the Finite Element
Method (FEM), for predicting and optimizing these processes.

CHALLENGES AND DEFECTS IN PLASTIC DEFORMATION PROCESSES

Plastic forming processes are one of the cornerstones of modern industry,
enabling precise steel shaping and often resulting in complex forms. However,
their extensive application continues to bring numerous challenges and potential
defects that can affect the quality, strength, or durability of the final product
(Yang et al., 2018). Notable phenomena include springback, wrinkling, folding,
cracking, microcracks, and the formation of burrs. It is also important to mention
not only the final product but also the wear and tear of the tools and equipment
involved in the process (Sugita and Arai, 2015; Russo et al., 2021; Watsom and
Long, 2014). Each of these issues can adversely impact the final geometry and
mechanical properties of the material.

Springback is a phenomenon that occurs after unloading, where the material
partially returns to its original shape due to the non-uniform stress distribution
within the material (Li et al., 2002). Based on current research, wrinkling (Fig. 1)
arises when local compressive stresses in the material exceed its deformation
capacity. This phenomenon is particularly evident in the spinning process, where
bending forces and stresses generated by the tool create excessive local stress
values at the sheet edges (Music et al.,, 2010; Russo et al., 2020; Xia et al., 2014).

Fig. 1 Metal spinning during the spinning process of an AISI 304 steel end cap
Source: Own study

An analogous phenomenon to wrinkling is folding, which in most cases
accompanies stamping, where, for example, flange folding can result from an
improperly designed blank holder. Figure 2 illustrates this defect, along with
examples of shape defects in stampings.
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Fig. 2 Defects in stampings - 1, 3, 4 - shape defects, 2 - folding
Source: Own study

The formation of burrs primarily concerns cutting processes, during which thin,
sharp protrusions form on the edges of machined components. This can be
caused by wear on the punch edge, such as frictional wear, adhesive wear, or
fatigue (Bohdal et al., 2022).

The most serious defects in products subjected to plastic forming include
cracking and surface microcracks, which may result from material defects,
overloading, or excessive deformation. The location of the crack is associated
with areas of highest local stresses and excessive thinning of the material
(Katdunski, 2018).

Currently, one of the most significant challenges in the industry is the proficient
use of CAx tools, with a focus on the FEM. This method allows for precise
simulations of stress distributions, deformations, and material displacements,
enabling the prediction of potential defect locations - such as cracks, wrinkling,
and buc kling - or the mitigation of the springback phenomenon. This area of
science, related to numerical modeling, also requires further development due to
the high computational power needed and the advancement of models that
account for changes in microstructure and residual stresses in the material
(Bohdal et al., 2020; Bohdal et al., 2024; Bohdal et al., 2014; Patyk et al., 2022;
Horajski et al,, 2021).
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SELECTED CHARACTERISTIC PHENOMENA ASSOCIATED WITH MATERIAL
PLASTIC FORMING PROCESSES

Plastic forming is a technology that enhances material strength through
hardening (isotropic, kinematic, or mixed) due to the retention of
crystallographic structure (Imran and Walther, 2016). In the study by Walport F.
et al., the impact of welding on material subjected to controlled deformation was
investigated. Research on AISI 304 austenitic steel sheets showed that the
welding process leads to complete softening of the material in the heat-affected
zone, resulting in the loss of induced hardening within up to 50 mm from the
weld (Walport et al., 2023). Depending on the material or deformation conditions,
hardening curves may vary to some extent, yet the stress-strain curve generally
retains a characteristic shape, as illustrated in Figure 3 (Imran and Walther, 2016;
Wei et al., 2009).
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Fig. 3 Schematic stress-strain curve and hardening rate vs. stress
for large strain plastic deformation of metals and alloys
Source: Imran and Walther, 2016

A study on the static tensile testing of AISI 316 stainless steel regarding the
influence of temperature on its forming showed that lowering the material
temperature to -50°C leads to a significant, uniform increase in elongation and a
slight increase in hardness. However, this comes at the cost of reduced corrosion
resistance compared to tensile testing at temperatures of 20°C, 300°C, and 700°C.
Therefore, the application of technologies that lower the material temperature
(e.g., using liquid nitrogen) before introducing plastic deformations is justified
when increased strength is essential, with the understanding that there will be a
deterioration in anti-corrosive properties (Bruschi et al., 2023).

REVIEW OF SELECTED COLD WORKING PROCESSES

Bending

The bending process is the most commonly used plastic forming process in
manufacturing plants, ranging from the production of simple brackets and multi-
stage bent cabinets and enclosures to products with more complex geometries.
Bending (Fig. 4) is often employed for both functional and practical reasons,
aiming to intentionally strengthen and stiffen the desired geometry. Despite its
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popularity, this process remains a topic of discussion and scientific research -
aparticularly for materials that exhibit anisotropy (Miksza et al., 2022).

g
/I
Fig. 4 Bending proces
Source: https://www.ogsindustries.com

One of the main challenges in plastic forming is the phenomenon of springback,
which signifies an unexpected change in shape after unloading. This topic is
frequently addressed, with modern engineering methods such as numerical
analyses being utilized to mitigate it (Mulidran et al.,, 2020; Lawanwong et al.,
2020; Trzepiecinski and Lemu, 2020).

In the study by Valentino T. et al, research was conducted on an innovative
method for reducing springback by influencing the residual stress state in thin
sheets before the bending process. It was shown that one of the causes of this
undesirable phenomenon is non-uniform stresses resulting from previous
machining processes. The applied method, based on preliminary laser treatment,
confirmed an increase in the material's resistance to springback and achieved
tighter tolerances without the need for costly solutions (Valentino et al., 2023).

Drawing

The industry related to plastic forming emphasizes the importance of creating
mathematical and physical models, which enable a more accurate understanding
of the physical phenomena occurring during stamping (Fig. 5). A common
practice across all manufacturing processes is to intentionally assume that the
stress state of the workpiece being processed is zero, whereas in reality, it is a
component influenced by its production history (Yao and Cao, 2001;
Trzepiecinski and Gelgele, 2011).

One of the significant topics is the stamping of steel sheets using the FEM. In the
study (Katdunski, 2018), this process was defined as a geometrically and
physically nonlinear problem with unknown boundary conditions in the contact
area between the tool and the material.

The author conducted an extensive analysis using advanced modeling that
considered the stress and strain history from the preceding proces.
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Fig. 5 Illustration of the drawing process
Source: https://www.igsdirectory.com/articles/metal-stamping/die-stamping.htm

One of the main conclusions confirmed the validity of using FEM analyses to
control the final product geometry, stamping force, and stress distribution. Figure
6 shows an example comparison of stress and geometry results of the stamped
part before and after springback, also considering the stress history from
previous processes.
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Fig. 6 Maps of the equivalent stress in the drawpiece with history:
(a) before springback, (b) after springback
Source: Katdunski, 2018

In the study by Zhang P. et al. (Zhang et al., 2022), research was conducted on the
stamping process of thin sheets, which enabled the creation of micro-channels in
bipolar plates used in fuel cells. The research methodology aimed to analyze the
formation of cracks and excessive material thinning caused by inaccuracies in the
positioning of the stamping tool. Additionally, both simulation and experimental
studies demonstrated that the hardness of the blank holder and its compression
percentage were the parameters with the most significant impact on the folding
of the final product.

Spinning

The spinning process is one of the less common plastic forming processes
encountered in manufacturing enterprises. Sheet metal forming in the spinning
process is also possible using a lathe. It requires specialized tooling and
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significant knowledge and experience from the operator. However, it does not
guarantee consistent and repeatable product quality, which is also limited by the
dimensions. In the era of growing demand and the expectation of high and
repeatable quality, the use of automated CNC spinning machines becomes
essential. Designing an optimal technological process that guarantees the
intended functional quality of the product becomes key. The spinning process is
shown in Figure 7.

Fig. 7 The spinning process: 1 - workpiece, 2 - pressure pad, 3 - rigid frame,
4 - control panel, 5 - hydraulic power supply, 6 - support roller,
7 - pressure (forming) roller, 8 - shaping roller
Source: https://www.polteknik.pl

The geometric parameters and the quality of the finished product, as well as the
stress states occurring within it, are determined by a number of factors related to
both the material (stress state resulting from previous processing, thickness,
surface condition, mechanical and chemical properties) and the technological
process (forming roller speed, peripheral speed of the semi-finished product,
pressure force of the shaping roller, number of passes in the forming process,
roller radii, technical condition of forming tools, system rigidity).

The issues of this process focus on many aspects - from the predicted geometry
of the object, elastic deformations, microstructure, post-processing stresses,
damage prediction, to tool path design (Xia et al., 2014; Russo et al.,, 2021).

This type of processing largely relies on practical experience (Zhang et al., 2022).
Simulation studies allow for the analysis of the technological process using
appropriate models, and the results of these studies can be implemented in
experimental applications (Keneshlou et al., 2023; Watsom and Long, 2014; Yu et
al., 2020; Sebastiani et al., 2006; Kocabigcak and Abdel Wahab, 2022; Kleiner et al.,
2002; Quigley and Monaghan, 2002), which is associated, among other things,
with cost optimization.

The analyses contained in the study (Yu et al, 2020) showed that the
phenomenon of material wrinkling is caused by residual stresses at the edge of
the finished product. The work led by Jahazi M. (Jahazi and Ebrahimi, 2000)
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presents an analysis of the impact of process parameters and microstructure
state on product quality. The study identified optimal conditions for the process
aimed at eliminating defects in the case of D6AC steel. Process parameters were
analyzed by Sugita Y. (Sugita and Arai, 2015), where an asymmetrical product
was examined.

The article (Watsom and Long, 2014) focused on the relationship between the
shaping roller, the pressure roller, and the angle of its positioning in relation to
the wrinkling and cracking of aluminum alloy. The results showed that the
greatest material thinning (Russo et al., 2020) is located in the area of increased
curvature.

The study by Yang D. and others (Yang et al, 2018) indicates that a desirable
feature is the flexibility of the process, which can be facilitated by numerical
analyses that contribute to reducing costly and time-consuming experimental
research.

Cutting

Mechanical cutting finds wide application despite the ongoing development of
laser processing technology. On the one hand, this is due to the high efficiency of
the process, and on the other, specific requirements, such as for shaping magnetic
materials, which are particularly sensitive to thermal deformations after cutting
(Bohdal et al., 2024; Bohdal et al., 2022). Cutting operations, such as punching,
piercing, shearing, guillotine cutting, and cutting with disc shears, are key
processes for production in the broadly understood machinery, automotive,
electronics, and aerospace industries (Bohdal et al, 2019). Like the
aforementioned plastic forming operations, cutting poses challenges related to
maintaining the process, geometric precision, minimizing changes in
physicochemical properties in the cutting area, tool buildup, tool wear, and the
impact of this wear on the final product (Bohdal and Kukietka, 2006; Hambli,
2001; Bohdal and Walczak, 2013; Abbas et al., 2017).

One of the punching techniques is contour cutting, which involves repeated
punching and is widely used in plastic forming for both simple and complex
shapes. It consists of gradually cutting the sheet with a series of holes to achieve
the desired outline, as shown in Figure 8 (Bohdal et al.,, 2022).

The goal of the punching process is to increase efficiency and minimize the
influence of heat compared to laser cutting, which affects the morphology of the
material in the heat-affected zone. It is necessary to obtain a surface with a
properly shaped cutting edge, free from burrs and without the accumulation of
plastic deformations. The main factors influencing the final quality are the
lubrication method, tool geometry, cutting speed, clearance between the punch
and the die, the material properties of the punch, and its wear level (Abu Qudeiri
et al.,, 2020; Arslan et al., 2016).
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Fig. 8 Illustration of the nibbling proces
Source: Bohdal et al., 2022

Figure 9 shows a numerical analysis of the reduced stress state in the tool and
perforated sheet for different stages of the punching process.

@’T-"’.' :

Fig. 9 The state of reduced stresses in the tool and the punched sheet for various levels
of advancement of the process: (a) for 3% advancement; (b) for 10% advancement;
(c) for 80% advancement [MPa]
Source: Bohdal et al., 2022
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CONCLUSIONS

Cold plastic forming, although known for a long time and widely applied, still
contains many unexplored areas. It can be confidently assumed that progress and
discoveries in other fields drive the need for further research in this area.
Analyzing the above overview of current knowledge, it can be stated that present
studies focus on refining technological processes and minimizing defects that
negatively affect the quality and durability of products. The introduction of
innovative methods, such as advanced numerical modeling using the finite
element method, enables precise prediction of stress distributions, elastic
springback phenomena, and potential defect areas in products, including cracks,
wrinkling, or shape deviations. This enhances process control and improves final
product quality without the necessity for costly experimental studies.

In the case of bending and stamping, the key challenge is the analysis of the
elastic springback phenomenon and material cracking. Research in this field, such
as the analysis of residual stresses or preliminary laser treatment, allows for a
reduction in the impact of these phenomena, leading to optimal product
geometries.

In the spinning process, research focuses on automation and the optimization of
technological parameters to increase the repeatability and quality of
manufactured components while avoiding wrinkling or excessive material
thinning.

Studies on the state of the art in punching and cutting emphasize the need to
enhance efficiency and minimize damage and burr formation on the edges.
Various solutions are applied, including controlling the clearance between the
punch and die, variable tool geometries, and appropriate tool lubrication
methods.

From the perspective of technological advancement and the rapid pace of
computer technology development, the FEM has become a key tool in the analysis
of plastic forming processes and many other fields. It brings significant economic
benefits by reducing the need for costly experiments and accelerating fatigue
testing of materials. It allows for a precise understanding of phenomena in
deformation processes and the analysis of stress distribution and concentration.
This tool enhances production stability, flexibility, and efficiency, supports
sustainable development by minimizing energy and material consumption,
reduces environmental impact, and increases the competitiveness of enterprises.
However, this method also has its limitations. The quality of simulation results
can be affected by difficulties in ensuring consistent material properties and
inaccuracies in material models that do not always accurately reflect the actual
behavior of materials under different processing conditions. The development of
this technology also requires substantial computational resources, which can be
challenging for complex simulations. Despite these challenges, FEM remains an
invaluable tool that, combined with tool optimization, significantly improves the
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efficiency and quality of production processes, giving companies a competitive
edge.

REFERENCES

Abbas, A. T., Pimenov, D. Yu.,, Erdakov, I. N., Mikotajczyk, T., & El Danaf, E. A. (2017).
Minimization of turning time for high-strength steel with a given surface roughness
using the Edgeworth-Pareto optimization method. International Journal of
Advanced Manufacturing Technology, 93, pp- 2375-2392.
https://doi.org/10.1007/s00170-017-0678-2

Abu Qudeiri, ]. E., Zaiout, A., Mourad, A-H. L., Abidi, M. H., & Elkaseer, A. (2020). Principles
and characteristics of different EDM processes in machining tool and die steel.
Appied. Sciences, 10(6), 2082. https://doi.org/10.3390/app10062082

Afshan, S., Rossi, B, & Gardner, L. (2013). Strength enhancements in cold-formed
structural sections - Part I: Material testing. Journal of Constructional Steel
Research, 83, 177-188. https://doi.org/10.1016/j.jcsr.2012.12.008

Arslan, Y., Seker, U., Ozcatalbas, Y., & Ozdemir, A. (2016). An investigation of the hole
diameter and circularity on the stainless steel sheet perforated via by deep
cryogenically treated cold work tool steel punches. Journal of Engineering
Research and Applied Science, 5(1), pp. 378-398.

Ashraf, M., Gardner, L., & Nethercot, D. A. (2005). Strength enhancement of the corner
regions of stainless steel cross-sections. Journal of Constructional Steel Research,
61(1), pp- 37-52. https://doi.org/10.1016/j.jcsr.2004.06.001

Bohdal, t., Kalata, F., Katdunski, P., Kukietka, L., Kukietka, K., & Patyk, R. (2019). Badania
symulacyjne i eksperymentalne procesu wykrawania czesci z blach aluminiowych
o zmiennej grubo$ci. Autobusy: technika, eksploatacja, systemy transportowe,
20(9), pp. 52-56.10.24136/atest.2019.202

Bohdal, L., Koska, K., Miksza, M., Patyk, R., & Kalata, F. (2022). Modeling and numerical
analysis of the process of punching aluminum sheets taking into account punch
wear. Journal of Mechanical and Energy Engineering, 6(1), pp. 13-20.
10.30464/jmee.2022.6.1.13

Bohdal, L., & Kukietka, L. (2006). The effect of selected material parameters on the stress
and strain states in the process of cutting a sheet plate with circular cutters. Task
Quarterly,10, pp. 391-400.

Bohal, t., Kukietka, L., Kukietka, K., Kutakowska, A., Malag, L., & Patyk, R. (2014). Three
Dimensional Finite Element Simulation of Sheet Metal Blanking Process. Applied
Mechanics and Materials, 474, pPp- 430-435.
10.4028/www.scientific.net/AMM.474.430

Bohdal, t., Kukietka, L., Legutko, S., Patyk, R., & Radchenko, A. M. (2020). Modeling and
Experimental Analysis of Shear-Slitting of AA6111-T4 Aluminum Alloy Sheet.
Materials, 13(14), 3175. https://doi.org/10.3390/ma13143175

Bohdal, %., Kukietka, L. Patyk, R. Koska, K., Chodér, ], & Czyzewski, K. (2022).
Experimental and Numerical Studies of Tool Wear Processes in the Nibbling
Process. Materials, 15(1), 107. https://doi.org/10.3390/ma15010107

Bohdal, t. Kutakowska, A, & Kutakowski, M. (2024). Numerical Modelling and
Simulation of the Shear-Slitting Process of Electrical Steels. Acta Mechanica et
Automatica, 18(2), pp. 341-351. https://doi.org/10.2478/ama-2024-0038

Bohdal, L., & Walczak, P. (2013). Eco-modeling of metal sheet cutting with disc Sears.
Annual Set The  Environment Protection, 15(1), pp. 863-872.
https://www.researchgate.net/publication/260158328_Ecomodeling_of metal_sh
eet_cutting_with_disc_shears

Bruschi, S., Simonetto, E., Pigato, M., Ghiotti, A., & Berolini, R. (2023). Analysis of the AISI
316 Stainless Steel Sheet Response to Sub-zero Deformation Temperatures.



52 ZN Systemy Wspomagania w Inzynierii Produkcji

Manufacturing Letters, 35, pPp. 208-214.
https://doi.org/10.1016/j.mfglet.2023.08.023

Coetsee, J. S., Ven den Berg, G. ]., & Van den Merwe, P. (1990). Effect of workhardening
and residual stresses due to cold work of forming on the strength of cold-formed
stainless steel lipped channel sections. CCFSS Proceedings of International
Specialty Conference on Cold-Formed Steel Structures (1971-2018).
https://scholarsmine.mst.edu/isccss/10iccfss/10iccfss-session5/2

Cruise, R. B., & Gardner, L. (2008). Strength enhancements induced during cold forming
of stainless steel sections. Journal of Constructional Steel Research, 64(11), pp.
1310-1316. https://doi.org/10.1016/j.jcsr.2008.04.014

Errera, S. J.,, Popowich, D. W., & Winter, G. (1974). Bolted and welded stainless steel
connections. Journal of the Structural Division, 100(6), pp. 1279-1296.
https://doi.org/10.1061/J]SDEAG.0003805

Hambli, R. (2001). Comparison between Lemaitre and Gurson damage models in crack
growth simulation during blanking process. International Journal of Mechanical
Sciences, 43(12), pp. 2769-2790. https://doi.org/10.1016/5S0020-7403(01)00070-
4

Horajski, P.,, Bohdal, L. Kukietka, L., Patyk, R, Katdunski, P, & Legutko, S. (2021).
Advanced Structural and Technological Method of Reducing Distortion in Thin-
Walled Welded Structures. Materials, 14(3), 504,
https://doi.org/10.3390/ma14030504

Imran, M., & Walther, F. (2016). Metal Forming (Cold): Dislocation Mechanisms and
Microstructural Changes. Reference Module in Materials Science and Materials
Engineering. https://doi.org/10.1016/B978-0-12-803581-8.02881-2

Jahazi, M., & Ebrahimi, G. (2000). The influence of flow-forming parameters and
microstructure on the quality of a Dé6ac steel. Journal of Materials Processing
Technology, 103(3), pp- 362-366. https://doi.org/10.1016/S0924-
0136(00)00508-2

Katdunski, P. (2018). Numerical analysis of the deep drawing process including the
history of stress and strain. Journal of Theoretical and Applied Mechanics, 56(3),
pp. 781-792. https://doi.org/10.15632 /jtam-pl.56.3.781

Keneshlou, M,, Biglari, F. R., & Shafaie, M. (2023). A numerical and experimental analysis
of noncircular blank spinning. Journal of Manufacturing Processes, 94(1), pp. 159-
182. https://doi.org/10.1016/j.jmapro.2023.03.045

Kleiner, M., Gobel, R, Kantz, H., Klimmek, C., & Homberg, W. (2002). Combined methods
for the prediction of dynamic instabilities in sheet metal spinning. CIRP - Annals,
51(1), pp. 209-214. https://doi.org/10.1016/S0007-8506(07)61501-7

Kocabicak, A., & Abdel Wahab, M. (2022). Multiphysics numerical modelling of backward
flow forming process of AISI 5140 steel. Simulation Modelling Practice and Theory,
121(1), 102656. https://doi.org/10.1016/j.simpat.2022.102656

Lawanwong, K., Hamasaki, H., & Hino, R. (2020). Double-Action Bending for Eliminating
Springback in Hat-Shaped Bending of Advanced High-Strength Steel Sheet. The
International Journal of Advanced Manufacturing Technology, 106, pp. 1855-1867.
https://doi.org/10.1007/s00170-019-04678-y

Li, K. P., Carden, W. P., & Wagoner, R. H. (2002). Simulation of springback. International
Journal of Mechanical Sciences, 44(1), pp- 103-122.
https://doi.org/10.1016/S0020-7403(01)00083-2

Miksza, M., Bohdal, L., Katdunski, P., Patyk, R., & Kukietka, L. (2022). Forecasting the
Fatigue Strength of DCO1 Cold-Formed Angles Using the Anisotropic Barlat Model.
Materials, 15(23), 8436. https://doi.org/10.3390/ma15238436

Mulidran, P., Spisak, E., Tomas, M., Slota, ], & Majernikova, J. (2020). Numerical
Prediction and Reduction of Hat-Shaped Part Springback Made of Dual-Phase AHSS
Steel. Metals, 10(9), 1119. https://doi.org/10.3390/met10091119



Horajski P. Cold Forming of Steel — Selected Processes.........cccceeeeeiveeeiivevennnn. 53

Music, 0., Allwood, J. M., & Kawai, K. (2010). A review of the mechanics of metal spinning.
Journal of  Materials Processing  Technology, 210(1), pp. 3-23.
https://doi.org/10.1016/j.jmatprotec.2009.08.021

Patyk, R, Bohdal, t., & Gontarz, Sz. (2022). Experimental and Numerical Investigations
and Optimisation of Grain-Oriented Silicon Steel Mechanical Cutting Process. Acta
Mechanica et Automatica, 16(3), pp. 292-300. https://doi.org/10.2478/ama-2022-
0035

Quigley, E., & Monaghan, ]. (2002). Enhanced finite element models of metal spinning.
Journal of Materials Processing Technology, 121(1), pp. 43-49.
https://doi.org/10.1016/50924-0136(01)01138-4

Rossi, B., Afshan, S., & Gardner, L. (2013). Strength enhancements in cold-formed
structural sections - Part II: Predictive models. Journal of Constructional Steel
Research, 83, pp. 189-196. https://doi.org/10.1016/j.jcsr.2012.12.007

Russo, I. M,, Cleaver, Ch. ], & Allwood, J. M. (2021). Seven principles of toolpath design in
conventional metal spinning. Journal of Materials Processing Technology, 294(1),
117131. https://doi.org/10.1016/j.jmatprotec.2021.117131

Russo, I.; Cleaver, |.; Allwood, ].; Loukaides, E. (2020). The influence of part assymetry on
the achievable forming height in multi-pass spinning. Journal of Materials
Processing Technology, 275(1), 116350.
https://doi.org/10.1016/j.jmatprotec.2019.116350

Russo, I. M,, Cleaver, Ch. ]., Loukaides, E. G., & Allwood, J. M. (2020). Raising by spinning.
CIRP Annals, 69(1), 277-280. https://doi.org/10.1016/j.cirp.2020.04.073

Sebastiani, G. Brosius, A, Ewers, R, Kleiner, M., & Klimmek, C. (2006). Numerical
investigation on dynamic effects during sheet metal spinning by explicit finite-
element-analysis. Journal of Materials Processing Technology, 177(1-3), pp. 401-
403. https://doi.org/10.1016/j.jmatprotec.2006.04.080

Sugita, Y., & Arai, H. (2015). Formability in synchronous multipass spinning using simple
pass set. Journal of Materials Processing Technology, 217(1), pp. 336-344.
https://doi.org/10.1016/j.jmatprotec.2014.11.017

Trzepiecinski, T., & Gelgele, H. L. (2011). Investigation of anisotropy problems in sheet
metal forming using finite element method. International Journal of Material
Forming, 4, pp. 357-369. https://doi.org/10.1007/s12289-010-0994-7

Trzepiecinski, T., & Lemu, H. G. (2020). Improving Prediction of Springback in Sheet
Metal Forming Using Multilayer Perceptron-Based Genetic Algorithm. Materials,
13(14), 3129. https://doi.org/10.3390/ma13143129

Valentino, T., Stephen, A., Radel, T., & Vollertsen, F. (2023). Applicability of a laser pre-
treatment for a robust subsequent bending of thin sheet metal. CIRP Journal of
Manufacturing Science and Technology, 44(1), pPp- 45-54.
https://doi.org/10.1016/j.cirpj.2023.05.001

Walport, F.,, Zhang, R.,, Meng, X., Gardner, & L. (2023). The softening effect of welding on
the mechanical properties of cold-worked stainless steel. Journal of Constructional
Steel Research, 211(1), 108192. https://doi.org/10.1016/j.jcsr.2023.108192

Watsom, M., & Long, H. (2014). Wrinkling failure mechanics in metal spinning. Procedia
Engineering, 81(1), 2391-2396. https://doi.org/10.1016/j.proeng.2014.10.339

Wei, D. B, Jiang, Z. Y, Lu, C, Tang, Y., & Tieu, A. K. (2009). Experimental study of the
effects of rough texture on surface deformation during cold metal forming. Wear,
267(9-10), pp. 1746-1751. https://doi.org/10.1016/j.wear.2009.01.025

Xia, Q., Xiao, G., Long, H,, Cheng, X., & Sheng, X. (2014). A review of process advancement
of novel metal spinning. International Journal of Machine Tools and Manufacture,
85(1), 100-121. https://doi.org/10.1016/j.ijjmachtools.2014.05.005

Yang, D. Y., Bambach, M,, Cao, ., Duflou, ]. R,, Groche, P., Kuboki, T., Sterzing, A., Tekkaya,
A.E, & Lee, C. W. (2018). Flexibility in metal forming. CIRP Annals, 67(2), pp. 743-
765. https://doi.org/10.1016/j.cirp.2018.05.004



54 ZN Systemy Wspomagania w Inzynierii Produkcji

Yao, H., & Cao, J. (2001). Assessment of corner failure depths in the deep drawing of 3D
panels using simplified 2D numerical and analytical models. Journal of
Manufacturing  Science and Engineering, 123(2), pp- 248-257.
https://doi.org/10.1115/1.1349553

Yu, Z., Zhao, Y., Dy, C,, Liu, R., & Evsyukov, S. (2020). Study on flange-constrained spinning
process for hemispherical aluminium alloy part. Journal of Materials Processing
Technology, 278(1), 116515. https://doi.org/10.1016/j.jmatprotec.2019.116515

Zhang, P., Pereira, M. P., Rolfe, B. F., Wilkosz, D. E., Hodgson, P., & Wiess, M. (2022).
Investigation of material failure in micro-stamping of metallic bipolar plates.
Journal of Manufacturing Processes, 73(1), pp- 54-66.
https://doi.org/10.1016/j.jmapro.2021.10.044

https://www.journaleras.com/index.php/jeras/article /view/55

https://www.ogsindustries.com/
https://www.igsdirectory.com/articles/metal-stamping/die-stamping.html
https://www.polteknik.pl

Obrdbka plastyczna stali na zimno - wybrane procesy, problematyka, CAx

Streszczenie: Niniejsza praca przedstawia analize kluczowych wyzwan i nieprawidtowosci
zwigzanych z procesami deformacji plastycznej metali, ze szczegélnym uwzglednieniem takich
zjawisk jak powro6t sprezysty, marszczenie, faldowanie, pekanie, mikropekniecia oraz
powstawanie gratu. Te niepozadane efekty moga negatywnie wplywaé na jakos$¢ finalnych
produktéw oraz ich wiasciwosci mechaniczne, a takze na trwato$¢ narzedzi wykorzystywanych w
procesach, takich jak giecie, ttoczenie, wyoblanie czy ciecie. W pracy omdwiono mechanizmy
prowadzace do powstawania tych wad, zwracajac uwage na role warunkéw realizacji procesu i
zjawisk fizycznych, takich jak naprezenia, predkos$¢ obrébki oraz geometrie narzedzi, ktére mogg
prowadzi¢ do probleméw technologicznych. Podkreslono réwniez znaczenie zuzycia narzedzi, w
szczegdlnosci w kontekscie proceséw ciecia, gdzie zuzycie cierne, adhezyjne oraz zmeczeniowe
moze prowadzi¢ do powstawania gratu oraz pogorszenia jakosci cietych elementéw. Analizowano
takze metody minimalizowania wspomnianych wad poprzez optymalizacje parametréw
procesowych i odpowiednie projektowanie narzedzi. Szczeg6lng uwage poswiecono
wykorzystaniu narzedzi numerycznych, takich jak metoda elementéw skonczonych (MES), ktéra
pozwala na precyzyjne modelowanie rozktadéw naprezen, odksztatcen oraz przewidywanie
miejsc potencjalnych wad. Dzieki zaawansowanym symulacjom mozliwe jest lepsze
przewidywanie zjawisk takich jak pekanie, fatdowanie czy powrét sprezysty, co pozwala na
poprawe jakosci proceséw deformacyjnych i produktéw koncowych. Wskazano réwniez na
potrzebe dalszych badan w zakresie obrobki plastycznej oraz rozwoju modeli numerycznych,
szczegdlnie w kontekscie uwzgledniania zmian mikrostrukturalnych i naprezen resztkowych w
materiatach.

Stowa Kkluczowe: obrébka plastyczna, analiza numeryczna, MES, wyoblanie, giecie, ciecie,
ttoczenie
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