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Abstract. Sheet metal forming processes are widely used in industry. The quality of formed parts
can be significantly affected by various sources of uncertainty inevitably associated with the
forming process. The objective of this work is to quantify the influence of thickness variability on
the forming process of a cylindrical cup. Using numerical simulation, the influence of the sheet
thickness variance on the evolution of the punch force versus displacement, the equivalent plastic
strain distribution, the earing profile and the thickness around the cup is studied for a given cup
height. Four thickness distributions with different variance values and the same average thickness
value were studied. It was concluded that an increase in variance leads to an increase in thickness
dispersion (at the base and curvature of the cup) and an increase in equivalent strain dispersion
along the cup. The earing profile of the cup is also affected by the thickness variability, but to a
lesser extent. On the other hand, the development of the punch force is not affected by the thickness
variability.

Introduction
Sheet metal forming is a widely used metalworking process in the automotive, aerospace, and
metalworking industries [1]. These processes are generally designated and optimized through
numerical simulation [2]. The Finite Element Method (FEM) is typically used, although it is based
on a deterministic approach [3] that ignores the various sources of uncertainty that are unavoidable
in areal industrial environment, such as variations in material properties, sheet thickness or process
conditions [4]. These sources of uncertainty can significantly affect the quality of the final product
[5-6], which can lead to inefficient manufacturing and costly redesign of the forming process.

Blank thickness is one of the most important factors in the stamping process, as it is dictated by
the geometric requirements of the part, but also by its cost. The blanks are usually produced by the
cold rolling process, so there is always some variability in the blank thickness along the material
coil [7], for example due to mill chatter [8]. Several authors have studied the influence of thickness
variability on wrinkling behaviour [9] and buckling [10-11], and conclude that the thickness
uncertainty generates uneven stress and strain distributions, which in some cases can affect the
forming results. In this sense, the blank thickness uncertainty can be one of the main uncertainty
factors affecting the component quality.

This work presents a numerical study to quantify the influence of blank thickness uncertainty
on the forming results of a cylindrical cup. The cylindrical cup was chosen because it is a
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commonly used benchmark test to represent sheet metal forming processes [12]. However, to the
best of our knowledge, the influence of thickness uncertainty on the forming results of the
cylindrical cup is still unexplored. Therefore, the aim of this work is to understand how the
thickness variability can affect the forming results, in particular to evaluate the areas of the final
part where the initial variations in material thickness have the greatest influence on the forming
results. To this end, numerical simulations of the cylindrical cups are used to evaluate the influence
of different levels of initial blank thickness variability in order to analyse their impact on the
forming process results.

Numerical Model

In this work, the cylindrical cup drawing benchmark proposed in ESAFORM 2021 [12] is studied.
This forming process setup consists of four tools, the punch, the blank holder, the die and the
stopper. Fig. 1 illustrates the geometry and dimensions of these tools. The circular blank has an
initial average thickness, ty, of 1 mm and a diameter of 107.5 mm. The numerical simulation of
the forming process consists of three stages: (i) at the start of the process, the blank holder moves
downwards, pressing the blank against the die until a blank holder force of 40 kN is reached; (ii)
the punch then moves downwards by 54 mm, drawing the blank completely into the die, while
keeping the blank holder force constant at 40 kN; (iii) the last stage consists of the removal of the
tools, resulting in the springback of the cup. During the second stage, a stopper of the same
thickness as the blank is used to prevent the cup ears from being pinched.
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Fig. 1 - Cylindrical cup forming process. (a) numerical model; (b) dimensions of the tools and
blank in mm (adapted from [12]).

The numerical simulations were carried out using the software DD3IMP (Deep Drawing 3D

Implicit Code) [13]. In order to reduce the computational cost of the numerical simulation, only a
quarter of the model was simulated due to the symmetry conditions of the material, geometry and
boundary conditions. The friction between the tools and the sheet was assumed to be described by
Coulomb's law with a constant friction coefficient of 0.07. The blank is discretised with 67968 (8-
node hexahedral solid) elements, with 2 elements in thickness, combined with a selective reduced
integration technique [13]. The final mesh is shown in Fig. 2 (a). It can be seen in this figure that
the mesh is coarser in the centre because the blank is not significantly deformed in this area (bottom
of the cup). In the most discretised area, i.e. the area between the flange and the punch corner, at
least one element per 0.3 mm is used to represent the spatial distribution of the thickness
variability. Each numerical simulation took an average of 36 hours on a computer equipped with
an Intel® Core™ 17-8700K Hexa-Core processor (4.7 GHz).
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Fig. 2 — Blank model: (a) mesh discretization, (b) thickness distribution (Case 4).

The material under investigation has an isotropic elastic behaviour described by the generalised
Hooke's law and an orthotropic plastic behaviour described by the Voce hardening law and the
Hill'48 yield criterion. The yield criterion is defined by:

F(oyy — 0,2)* + G(0y; — 0xx)? + H(0xyx — 0yy)* + 2L15, + 2M1%, + 2N15, = Y?, (1)

where 0, 0y, 0,5, Txy, Ty, and T, are the components of the Cauchy stress tensor; Y is the yield

stress; F, G, H, L, M and N are anisotropy parameters. The parameters follow the conditions G +
H =1and L=M = 1.5 (von Mises). The Voce hardening law is defined by:

Y = YO + (Ysat - YO)(l - exp(_Cng ))a (2)

where €P is the equivalent plastic strain; Y, is the initial yield stress, Y, ; is the saturation stress
and cy is the hardening rate. The material parameters used in the study are given in Table 1. These
parameters were identified for an AA 6016-T4 aluminium alloy.

Table 1 — Material Parameters.

E[MPa] v Y,[MPa] Y, [MPa] Cy F G H L=M N

65113 033 15795 368.07 9311 0.5980 0.5981 0.4019 1.5 1.2716

Thickness Distribution
To assess the influence of thickness variability, four sheet thickness distributions were analysed.
These distributions are characterised by different levels of thickness variance but identical average
thickness values. For each distribution, the influence of the thickness variability on the numerical
results of the cylindrical cup was evaluated, in particular the evolution of the punch force, the
earing profile, the cup thickness and the equivalent plastic strain distribution.

The spatial distribution of the blank thickness is generated with a spatial random field following
a Gaussian covariance model. This approach ensures a smooth spatial distribution of the random
thickness values, which better represents the experimental thickness distribution [14]. In contrast,
using a pure random thickness distribution could lead to a spatial distribution where the minimum
and maximum thickness values could be in neighbouring points, which is unlikely due to material
continuity. The fields are generated numerically using the randomisation method described in [15]
and the Gaussian variogram given by:
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yld] = ¢ (1 — exp (—(d/l)2)>, ©)

where &2 is the random field variance, d is the distance between two points in the field and [ is the
length scale, which defines the distance at which the correlation between points becomes
negligible. It is assumed that [ = 2/+/m, meaning that 95% of the random field variance is reached
at a distance of 2 mm.

To investigate the influence of the random field variance, four blank thickness distributions
were generated. These distributions are characterised by different levels of thickness variance
(indicated in Table 2) but identical average thickness values, t, = 1 mm. For a clear physical
meaning, the minimum and maximum thickness values for each case are also given in Table 2.
Case 1 represents the ideal situation where the thickness is constant along the blank, while Case 4
represents an extreme situation where the difference between the maximum and minimum
thickness values is approximately 0.1 mm. The distribution of Case 4 is shown in Fig. 2 (b).

Table 2 — Characteristics of the blank thickness distributions.

Case Variance, 2 [mm?]  Minimum thickness [mm] Maximum thickness [mm]
1 0 1 1
2 0.00003 0.987 1.012
3 0.00013 0.973 1.025
4 0.0004 0.947 1.048

Forming Results

In this section, the influence of the four thickness distributions on the results of the cylindrical cup
are analysed, namely the evolution of the punch force versus displacement, the equivalent plastic
strain distribution, the earing profile, 7, and the thickness, t, around the cup for a given cup height,
h. Fig. 3 illustrates the measurement locations of the earing profile and thickness.

y=TD
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Fig. 3 — Representation of measurement locations of the earing profile and thickness.

Punch Force Evolution. This subsection analyses the influence of blank thickness variability on
the evolution of punch force versus displacement. Fig. 4 shows these results for the 4 cases studied.
It can be seen that the force reaches its maximum value of 42.5 kN at a displacement of 19 mm.
After this maximum, the punch force decreases in a non-linear behaviour up to a displacement of
27 mm, i.e. the moment when the blank holder loses contact with the blank. After this point, the
force continues to decrease, but in a linear trend. When the thicker parts of the blank (caused by
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the radial deformation of the blank) are embedded in the die, the punching force first increases
(between 36 mm and 42 mm) and then decreases (between 42 mm and 44 mm) as the ears are
embedded. When the blank is fully embedded (44 mm), the punching force is practically constant
to counteract the frictional force. This behaviour is identical in all cases, so it can be concluded
that the punching force is not influenced by the thickness variation. This conclusion is to be
expected since the force is a global result, i.e. it is influenced by the deformation that occurs along
the blank, so it is less sensitive to local thickness variations and more sensitive to the average
thickness value.
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Fig. 4 — Evolution of the punch force for the 4 thickness distributions.

Equivalent Plastic Strain. Fig. 5 (a) shows the distribution of equivalent plastic strain along the
cup for the 4 cases. It can be seen in this figure that as the variance increases, the distribution of
equivalent plastic strain becomes less uniform (i.e. relative to Case 1). The maximum value of the
equivalent plastic strain also increases with the variance, reaching values of 0.777, 0.807, 0.848
and 0.886 for cases 1, 2, 3 and 4, respectively. For the most extreme variance (Case 4) there is an
increase of 14% in the maximum equivalent plastic strain compared to the case with no variability
in thickness (Case 1). Comparing Fig. 5 (a) with Fig. 5 (b), it can also be concluded that the regions
where the blank thickness is initially smaller (black circles in Fig. 5 (b)) correspond to regions
where the equivalent plastic strain reaches higher values (black circles in Fig. 5 (a)). Although this
is to be expected in regions subjected to stretching, this observation is also valid in regions that are
subjected to ironing (e.g. the upper part of the cup wall).

1831



Material Forming - ESAFORM 2024 Materials Research Forum LLC

Materials Research Proceedings 41 (2024) 1827-1835 https://doi.org/10.21741/9781644903131-202

a)

Case 2

_ Plastic Strain
\s

I IU_B
0.7

Fig. 5 — Distribution of the: (a) equivalent plastic strain for the 4 cases; (b) thickness
distribution for the Case 4.

Thickness distribution. This subsection analyses the influence of the initial thickness variance
on the thickness results around the cup for a given cup height, h. The thickness evolution in the
circumferential direction was evaluated for 5 different cup heights, 10, 15, 20, 25 and 30 mm (as
shown in Fig. 3). Fig. 6 shows the evolution of the cup thickness as a function of the angle with
the rolling direction for the 4 cases. It can be seen that the increasing variance of the initial blank
thickness leads to a greater dispersion of the thickness distribution at the bottom and in the
curvature zone of the cup. However, for a cup height of 30 mm, there is almost no influence of the
initial thickness variance on the thickness distribution. In fact, as the height of the cup over which
the thickness distribution is analysed increases, there is less variation in the thickness results,
because the ironing of the blank tends to uniformise the blank thickness in the upper part of the
cup wall.
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Fig. 6 — Thickness distribution evaluated for cup heights, h, of 10, 15, 20, 25 and 30 mm, for the
4 cases.

Earing profile. This subsection analyses the influence of the variability of the initial blank
thickness on the earing profile. Fig. 7 shows the evolution of the earing profile as a function of the
angle with the rolling direction for the 4 cases. It can be seen in this figure that the earing profile
has a similar evolution for the 4 cases, with four ears in total, due to the fact that it is an anisotropic
material described by the Hill'48 criterion with a minimum anisotropy coefficient at 45° with the
rolling direction. It can be seen in Fig. 7 that increasing the variance of the initial thickness leads
to an increase in the dispersion of the earing profile. In particular, it can be seen that the cup height
at 0° decreases as the variance increases.
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Fig. 7 — Earing profile of the cup for the 4 cases.
Conclusion
This work numerically analyses the influence of blank thickness variability on the forming results
of a cylindrical cup. For this purpose, four blank thickness distributions characterised by different
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levels of thickness variance but identical average thickness values were studied. The influence of
the thickness variability was evaluated in the evolution of the punch force versus displacement,
the equivalent plastic strain distribution, the earing profile and the thickness distribution around
the cup for a given cup height.

From the numerical results of the cylindrical cup, it could be concluded that the results of
thickness distribution, equivalent plastic strain and earing profile are influenced by the thickness
variability, while the influence in the evolution of punch force versus displacement is negligible.
As the thickness variance increases, there is an increase in the scatter of the thickness distribution,
equivalent plastic strain and earing profile. However, some regions of the cylindrical cup are more
sensitive to this variance than others. In particular, the thickness distribution is more affected at
the bottom and in the curvature zone of the cup. On the upper part of the cup wall, the influence
of the variance on the variability of the thickness distribution is insignificant because it is subjected
to ironing.

In future work, the influence of the thickness variability on the results of the cylindrical cup
will be analysed for different thickness distributions. For example, using distributions generated
for different variogram models or characterised by anisotropy, which can be caused by the rolling
process. It would also be interesting to carry out a study similar to the one presented in this work,
but considering the numerical simulation of the entire cup (i.e. without assuming geometrical
symmetries in the numerical model), with the aim of understanding, for example, whether the
thickness variability can lead to a decentralisation of the cup during stamping.

Acknowledgements

This work was sponsored by FEDER funds through the program COMPETE (Programa
Operacional Factores de Competitividade), by national funds through FCT (Fundagao para a
Ciéncia e a Tecnologia) under the projects UIDB/00285/2020, UIDB/00481/2020,
UIDP/00481/2020, CENTRO-01- 0145-FEDER-022083, LA/P/0104/2020 and LA/P/0112/2020.
It was also supported by the project RealForm (reference 2022.02370.PTDC), funded by
Portuguese Foundation for Science and Technology. All supports are gratefully acknowledged.

References

[1] A. E. Marques, P. A. Prates, A. F. G. Pereira, M. C. Oliveira, J. V. Fernandes, and B. M.
Ribeiro, “Performance comparison of parametric and non-parametric regression models for

uncertainty analysis of sheet metal forming processes,” Metals, vol. 10, no. 4, p. 457, 2020.
https://doi.org/10.3390/met10040457

[2] A.F.G. Pereira, M. F. Ruivo, M. C. Oliveira, J. V. Fernandes, and P. A. Prates, “Numerical
study of the square cup stamping process: a stochastic analysis,” ESAFORM 2021, 2021.
https://doi.org/10.25518/esaform21.2158

[3] P. A. Prates, A. S. Adaixo, M. C. Oliveira, and J. V. Fernandes, “Numerical study on the
effect of mechanical properties variability in sheet metal forming processes,” The International
Journal of Advanced Manufacturing Technology, vol. 96, no. 1-4, pp. 561-580, 2018.
https://doi.org/10.1007/s00170-018-1604-y

[4] A. Col, “Investigation on press forming scatter origin,” in Proceedings of the 6th international
conference on material forming, 2003, pp. 183-6.

[5] W. Hancock, and M. Zayko, M. Autio, and D. Ponagajba, “Analysis of components of
variation in automotive stamping processes,” Qual Eng, vol. 10, no. 1, pp. 115-124, 1997.
https://doi.org/10.1080/08982119708919114

1834



Material Forming - ESAFORM 2024 Materials Research Forum LLC

Materials Research Proceedings 41 (2024) 1827-1835 https://doi.org/10.21741/9781644903131-202

[6] K.D.Majeske and P. C. Hammett, “Identifying sources of variation in sheet metal stamping,”
International Journal of Flexible Manufacturing Systems, vol. 15, no. 1, pp. 5-18, 2003.
https://doi.org/10.1023/A:1023993806025

[7] H. Miillerschon, W. Roux, D. Lorenz, and K. Roll, “Stochastic analysis of uncertainties for
metal forming processes with LS-OPT,” Proceedings NUMISHEET, Interlaken, Switzerland,
2008.

[8] V. Panjkovic, “Steel Rolling: Chatter,” in Encyclopedia of Iron, Steel, and Their Alloys, CRC
Press, 2016, pp. 3333-3345. doi: 10.1081/E-EISA-120050422

[9] H. Li, H. Sun, H. Liu, and N. Liu, “Loading conditions constrained wrinkling behaviors of
thin-walled sheet/tube parts during metal forming,” J Mater Process Technol, vol. 296, p. 117199,
2021. https://doi.org/10.1016/j.jmatprotec.2021.117199

[10] V. Papadopoulos and M. Papadrakakis, “The effect of material and thickness variability on
the buckling load of shells with random initial imperfections,” Comput Methods Appl Mech Eng,
vol. 194, no. 12-16, pp. 1405-1426, 2005. https://doi.org/10.1016/j.cma.2004.01.043

[11]Y. Luo, J. Zhan, and P. Liu, “Buckling assessment of thin-walled plates with uncertain
geometrical imperfections based on non-probabilistic field model,” Thin-Walled Structures, vol.
145, p. 106435, 2019. https://doi.org/10.1016/j.tws.2019.106435

[12] A. M. Habraken et al., “Analysis of ESAFORM 2021 cup drawing benchmark of an Al alloy,
critical factors for accuracy and efficiency of FE simulations,” International Journal of Material
Forming, vol. 15, no. 5, p. 61, 2022. https://doi.org/10.1007/s12289-022-01672-w

[I3]L. F. Menezes and C. Teodosiu, “Three-dimensional numerical simulation of the deep-
drawing process using solid finite elements,” J Mater Process Technol, vol. 97, no. 1-3, pp. 100—
106, 2000. https://doi.org/10.1016/S0924-0136(99)00345-3

[14] B. Engel and R. Steinheimer, “Obtaining more precise flow curves from uniaxial tensile tests
for FE-Simulations,” 2008.

[15]F. HeBe, V. Prykhodko, S. Schliiter, and S. Attinger, “Generating random fields with a
truncated power-law variogram: A comparison of several numerical methods,” Environmental
Modelling & Software, vol. 55, pp. 32-48, 2014. https://doi.org/10.1016/j.envsoft.2014.01.013

1835



	Influence of the sheet thickness variability on  the deep drawing of a cylindrical cup
	Introduction
	Numerical Model
	Thickness Distribution
	Forming Results
	Conclusion
	Acknowledgements
	References


