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Abstract: Presented work deals with the prediction of the
forming limit of food can obtained with deep drawing, re-
verse drawing and expansion operations. Two commonly
used materials of TH330 steel and AA5352 aluminium al-
loy for packaging can production were studied. Finite ele-
ment simulation (FEM) is an essential tool in the packag-
ing industry to prevent different sheet metal forming dif-
ficulties such as failure under complex nonlinear strain
paths and plastic anisotropic earing. In order to charac-
terise the material plastic properties and to specify failure
criteria, the uniaxial tensile, hydraulic bulge test, as well
as the routines for obtaining forming limit curveswere car-
riedout. The inputmaterial data required for variousmate-
rialmodels are also described. Utilisation of advancedma-
terialmodels in numerical simulation require a large num-
ber of input data. Prediction of failure location in drawing
and expansion of axi-symmetric cups were estimated for
eachmaterial. The FEM results were verified by real exper-
iments.

Keywords: Deep drawing, redrawing, expansion, failure
prediction, crack location

1 Introduction
The deep drawing process is one of the most used pro-
gressive forming methods with a wide range of applica-
tions in different fields such as packaging, automotive
and aerospace industries. In this process, a sheet metal is

*Corresponding Author: Ján Slota: Faculty of Mechanical En-
gineering, Technical University of Košice, Mäsiarska 74, 040 01
Košice, Slovakia; Email: jan.slota@tuke.sk; Tel.: +421 55 602 3545
Marek Šiser: Faculty of Mechanical Engineering, Technical Univer-
sity of Košice, Mäsiarska 74, 040 01 Košice, Slovakia;
Email: marek.siser@tuke.sk; Tel.: +421 55 602 3519
Ivan Gajdoš: Faculty of Mechanical Engineering, Technical Univer-
sity of Košice, Mäsiarska 74, 040 01 Košice, Slovakia;
Email: ivan.gajdos@tuke.sk; Tel.: +421 55 602 3518

transformed into a hollow part using forming tools whose
geometry is consistent with the shape of the part. Several
process variables influence the success of a deep draw-
ing process. These include the tool geometry, the blank-
holding force, the friction conditions, mechanical proper-
ties of the blank and others.

In recent years, many research works have been con-
ducted to study the influence of process variables on form-
ing process using finite element simulations.

Numerical simulation of deep drawing axi-symmetric
cups provides significant information for processors in the
packaging industry. Thanks to FEM simulation, we can
predict many different errors that greatly affect the cups
production. These errors include extreme thinning, ear-
ing, which is affected by plastic anisotropy, wrinkling,
binding, cosmetic defects on cups and cracks or fractures
started from various combinations of stress states on the
cup, such as, for example, during deep-drawing and cup
expansion.

Based on the background knowledge and experi-
ences [1–4], it is important to select a suitable material
model to predict the material behaviour during plastic de-
formation to achieve adequate simulation results. One of
the most significant factors that are included in the mate-
rial model is the hardening curve, the yield function, and
the forming-limit curve. In order to achieve a better cor-
relation of prediction with experimental results, several
works have focused on improving the quality of consti-
tutive models. Authors [5–7] focused on the effect of the
yield function, in theworks [8, 9] the influence of the hard-
ening curve was examined. A large number of research
works [10–13] deal with predicting failures, where form-
ing limit diagram (FLD) is used. Inmany cases, the authors
deal only with deep drawing processes. However, there is
relatively little research on combined processes such as
deep drawing, reverse drawing and expansion. Our study
aims at predicting sheet behaviour after deep drawing, re-
verse drawing and expansion using FEM simulation. The
main objective of this study was focused on predicting the
failure point after the expansion operation.
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Table 1: Basic mechanical properties of studied materials

Material Direction Yield
Strength

Tensile
Strength

Elongation [%] Normal
anisotropy

[MPa] [MPa] Uniform Total
AA5352 0∘ 197.59 239.29 8.219 11.230 0.535

45∘ 193.94 231.54 9.580 13.090 1.105
90∘ 198.74 239.04 11.032 16.110 2.270

TH330 0∘ 258.87 366.87 15.881 29.042 1.449
45∘ 255.25 371.02 15.665 29.505 1.266
90∘ 249.42 367.08 15.771 29.347 1.510

Table 2:Material properties obtained from hydraulic bulge test and Krupkowski hardening curve

Material Thickness (t) Hydraulic Krupkowski model
[mm] bulge test σ=K(ε0+εp)n

σb εt K ε0 n
[MPa] [-] [MPa] [-] [-]

AA5352 0.279 304.24 0.1200 362.7 0.0161 0.1535
TH330 0.270 579.86 0.4642 575.8 0.0045 0.1578

2 Methodology
Experiments with two differentmaterials were carried out.
Medium strength steel grade TH330 is double reduced and
tin coated sheet, specifically intended for round or rect-
angular cans. It is the most common material used in can
industry [14]. The alternative is aluminium alloy AA5352,
used for packaging production processes, but also in auto-
motive and electrotechnical industry. This aluminium al-
loy has good formability and high hardening rate. Due to
the presence of magnesium, it is susceptible to oxidation
and has to be heat treated [15]. In order to determine input
data required for FEM simulation, basic mechanical and
technological tests were carried out. In the present study,
the material properties were characterized by both ten-
sile and hydraulic bulge tests. The tensile test was carried
out according to standard ISO 6892-1:2016. From the test,
basic mechanical properties as yield point, ultimate ten-
sile stress, the strain-hardening exponent, uniform elon-
gation, Lankford’s coefficients and othersmaterial param-
eters were obtained. The mechanical properties obtained
from the tensile test are shown in Table 1.

Thin sheet metal usually splits at a strain of approxi-
mately 10% for aluminium and 20% for steel in a uniaxial
tensile test. In order to obtain the material data at higher
strains, hydraulic bulge test is commonly used to extend
the tensile test data. The use of this test contributes to re-
ducing discrepancies on data extrapolation of hardening

curves too. Scheme of the hydraulic bulge test is shown in
Figure 1. Following equations were used to calculate the
equivalent stress:

σb =
pR
2t (1)

t = t0 * exp (−εt) (2)

where σb is effective stress [MPa], p is hydraulic pressure
[MPa], R is the radius of curvature [mm], εt is current
thickness strain, t and t0 are actual and initial thicknesses
[mm].

Figure 1: Scheme of the hydraulic bulge test

Using values from hydraulic bulge test the strain-
hardening curve can be established. The parameters for
determination of hardening curve and results of hydraulic
bulge test are shown in Table 2.
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Figure 2: Device for estimating of FLC by Nakajima test

In sheet metal forming, the FLD is commonly used to
predict material failure in forming operations. The failure
of sheet material can be induced by strain paths ranging
from uniaxial tension to plane strain and biaxial tensile
loading (different ratios betweenmajor andminor strains).
Forming limit curve (FLC) represents themajor and themi-
nor strains in the plane of a sheet and corresponds to the
maximum admissible local strains achievable just before
the occurrence of visible defects in the sheet metal like
fracture or necking.

FLC’s were determined according to the ISO 12004-
2:2008 for both sheet materials. The universal sheet metal
testing machine Erichsen 145-60 was used for performing
the tests. Experimental samples with different radii were
cut andNakajima test with punch diameter of 100mmwas
applied. Themachine can provide controllable slide veloc-
ity, andpunch speedwas set to 1.5mm/s. The testwasmea-
sured by 3D optical system Aramis M5. The experimental
device is shown in Figure 2.

The experiment consisted of three operations. Cup
was formed in a two-stage process of drawing and reverse
redrawing using a combination tool (Figure 3), which oc-
cur sequentially during a single stroke of the drawing oper-
ation punch. The formed cup was subsequently subjected
to die expansion operation. The diameter of the blank was
Ø162.96 for bothmaterials. Die extension operationwas re-
alized in the separate tool (Figure 4). Inner die diameter
in deep drawing operation was Ø116.84 mm. Cup without
flange with an average height of 27.5 mmwas drawn. After

cup was fully drawn followed redrawing operation. As it is
shown in Figure 3, in the combination tool the punch from
the first operationwas used as die in the second operation.
Inner die diameter was Ø87.85 mm and cup was drawn
without failure with approximately 52.5 mm of height.

Figure 3: Combination tool for deep drawing and redrawing opera-
tions

Figure 4: Experimental tool for expansion operation

After drawing operations, the die expansion operation
was performed. From practical knowledge we know, that
force required to expand cup up to failure will cause the
material flow to the bottom of the cup. This cause wrin-
kling in the cup bottom and reduce cup height. To avoid
this, the bottom of the cup was clamped by inner clamp
plate attached by a bolt to cup support tool. The preformed
cup was placed between inner clamp plate and cup sup-
port tool as shown in Figure 4. In the centre of the bot-
tom of cup is placed hole with Ø9 mm diameter. Clamp-
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Table 3: Parameters defined in Pam-Stamp 2G software

Units Deep drawing Redrawing Expansion
Drawing speed [mm/min] 400 400 200
Friction coeflcient [-] 0.05 0.05 0.05
Holding force [kN] 21.1 16.6 -

Table 4: Parameters defined in FEM software

Parameter Value Parameter Value
Mesh type Quadrilateral Level of refinement 5
Element type Shell Hardening curve Krupkowski
Friction coeflcient 0.05 Hardening Rule Isotropic
Yield function (TH330) Hill48 Yield function (AA5352) Barlat2000
Number of integration points 5 Failure criteria Strain-based FLD

ing plate was screwed to cup support tool (Figure 4). Bleed
at punch prevents accumulation of air. The same clamp
arrangement is used for both materials - steel and alu-
minium alloy. Some process parameters defined in FEM
code are shown in Table 3.

FEM software with the explicit time-integration
scheme was used. Parameters defined in numerical simu-
lation are shown in Table 4.

The tools geometry together with material input data
were imported into FEM software. Krupkowski harden-
ing curve was used for both materials because it shows
the best correlation with experimental curves. For each
material, different yield function was used. Hill48 yield
function best describes the behaviour of the conventional
steel materials during plastic deformation. This material
law is most frequently used for steel materials and there-
fore been used in this case for steel tinplate TH330. How-
ever, this yield function is not suitable for aluminium al-
loys [16]. Therefore, more sophisticated yield function e.g.
Barlat2000 is needed [16]. This law requires determin-
ing both, the exponent m and eight parameters used in
the model. Exponent m is defined on the basis crystalline
structure of the material. For metals with so-called BCC
unit cell like steel is m = 6, while for FCC metals like alu-
minium alloys is exponent m = 8. These eight coefficients
are required for this function and they have been gained
numerically, based on the mechanical tests referred to Ta-
ble 5 [17]. For anisotropic yield models, the biaxial r value
(rb) is required and obtained from disk compression tests.

Krupkowski hardening curve is defined as [17]:

σ = K * (εp + εo)n (3)

where εp is plastic strain [-], εo is offset strain [-], n is strain
hardening exponent [-] a K is material constant [MPa].

For plane stress conditions Hill48 yield function may
be written as [16]:

σ2K = σ21 −
(︂
2 * r0
1 + r0

)︂
* σ1 * σ2 +

r0
r90

*
(︂
1 + r90
1 + r0

)︂
* σ22 (4)

where σK is yield stress [MPa], σ1 is major principal stress
[MPa], σ2 isminor principal stress [MPa] and r0, r45, r90 are
Lankford’s coefficients [-].

Barlat2000 (Yield2000 2nd) yield function can be writ-
ten as [18]:

ϕ′ =
⃒⃒
S′1 − S′2

⃒⃒M; ′′ =
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′′
, which can be expressed by:

S̃1,2 =
1
2

(︂
s̃xx + s̃yy ±

√︁
(s̃xx − s̃yy)2 + 4s̃2xy

)︂
(7)

The S
′

ij and S
′′

ij are the linear functions of the stress devia-
tors. ⎛⎜⎝s

′
xx
s
′
yy
s
′
xy

⎞⎟⎠ =

⎡⎢⎣L
′

11 L
′

12 0
L

′

21 L
′

22 0
0 0 L

′

66

⎤⎥⎦
⎛⎜⎝sxxsyy
sxy

⎞⎟⎠ (8)

⎛⎜⎝s
′′
xx
s
′′
yy
s
′′
xy

⎞⎟⎠ =

⎡⎢⎣L
′′

11 L
′′

12 0
L

′′

21 L
′′

22 0
0 0 L

′′

66

⎤⎥⎦
⎛⎜⎝sxxsyy
sxy

⎞⎟⎠ (9)



358 | J. Slota et al.

Table 5: Summary of experimental data used in calibration of the Yld2000-2d model

Test Flow stress ratio Normal anisotropy – r
Uniaxial tensile test (7x @ 0∘, 15∘, 30∘, 45∘, 60∘, 75∘, 90∘) X X
Disk compression - X
Hydraulic bulge test X -
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The coefficients L
′

ij and L
′′

ij are described by relationships
of a set of eight coefficients αk as shown in (10) and (11).
The coefficients α1− α8 are reduced to one coefficient if an
isotropic case is considered.

Even if the aim of this section is to failure prediction
during expansion operation, other important values were
analysed too. Overall, there are four parameters evaluated
in this work:

(i) Ear profile after deep drawing,
(ii) Wall thickness after deep drawing in 25 mm and 45

mm distance from cup bottom,
(iii) Punch force,
(iv) The position of crack.

3 Results and discussion
Since we used anisotropic models (anisotropy in 0∘, 45∘

and 90∘ according to rolling direction) results will be same
in every quadrant (every 90∘) of the specimen. For this rea-
son, all compared results will be only in the first quadrant
(from 0∘ to 90∘). As the first, the earing profile after re-
drawing cycle was examined. Cup height was measured
around the whole specimen as shown in Figure 5. The
biggest impact in ear creation has material anisotropy. In
the directions where the coefficient of normal anisotropy
was higher, ear occurs on cups.

The following data was measured in experimental
cups:

(i) Steel cups:

Figure 5: Ear measurement [19]

Figure 6: Ear creation on aluminium cup [19]

– Creation of 4 ears in 0∘, 90∘, 180∘ and 270∘

direction
– Average cup height was 52.61 mm
– Amplitude (max–min) was 1.14 mm.

(ii) Aluminium alloy cups:
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Figure 7: Ear profile of the cup from aluminium alloy AA5352 (left) and steel sheet TH330 (right)

Figure 8:Wall thickness of AA 5352 (left) and TH330 steel (right) in 25 mm (top) and 45 mm (bottom) from cup base

– Creation of 8 ears in 0∘,45∘, 90∘, 135∘, 180∘,
225∘, 270∘ and 315∘ direction

– Average cup height was 52.05 mm
– Amplitude (max–min) was 4.13 mm
– As a result of blankholder load acting in the

directions 0∘ and 180∘ was material highly
thinned, and secondary ears were created
(Figure 6).

Results of the experiment and FEM simulation are
compared in the Figure 7 - 9. The cup heights of studied
materials are shown in Figure 7. At the left side is the com-
parison of aluminium alloy experimental cup height with
FEM simulation. The main difference is in 0∘ direction.
That is due to the above-mentioned blankholder force ap-
plied in the rolling direction. In the directions 0∘ and 180∘

regarding to rolling direction was material highly thinned
and secondary ears were created. This phenomenon is
closely linked to the so-called ironing effect, which is an
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Figure 9: Punch force during expansion operation for AA5352 (left) and TH330 sheets (right)

Figure 10: Expansion punch stroke at the moment of failure occurred (a.), drawn cups with failure of TH330 (b.) [19] and AA5352 (c.) [19]

increase inwall thickness (Figure 8). For deepdrawingwas
used the same tool, with the gap between the punch and
the die of 0.605 mm for drawing and 0.63 mm for redraw-
ing. For material with a higher thickness, which was an
aluminiumalloy, the effect ismore significant. The average
cupheight of aluminiumwas 51.81mmand steel 52.56mm.
The amplitude for steel was 1.29 mm and for aluminium
2.22 mm.

Another compared parameter was wall thickness af-
ter redrawing cycle in 25 mm and 45mm distance from the
cup base. Measurement of experimental samples was car-
ried out on the whole circumference at a distance of 30∘.
Results of numerical simulation were compared with ex-
perimental results and are shown in Figure 8. Wall thick-
ness 25 mm from cup base is same for both materials and
shown a little deviations.

Next, the punch force during the expansion operation
was evaluated. Experimental results are compared with
numerical simulation in Figure 9. On the right are results
for steel TH330 and on the left for aluminiumalloyAA5352.

The failure occurredduring the last operation. Thedis-
tance from the base to the expansion punch at themoment
of crack formation for each material was measured (Fig-
ure 10). In aluminium alloy, the crack appeared when the
punch stroke reached 25.55mm, corresponding to distance
from expansion punch to the bottom of cup 24.27 mm. As
regards the steel TH330, the crack appeared when punch
stroke reached 35.33mm,which is 14.46mm from the base.
When the failure occurs, cup height reached 49.79 mm for
TH330 and 49.82 mm for AA5352 material. Figure 11 shows
the position of failures.

As shown in Figure 11, numerical results more accu-
rately predicted the position of the crack at theAA5352 alu-
minium alloy as for TH330 steel. This may result from the
yield function. Aluminium alloys require a more sophis-
ticated description of yield function such as Barlat2000.
This anisotropic model gives a more precise prediction
of material behaviour. For most conventional steels, the
Hill48 yield law is sufficient, but for high-strength steels
or aluminium alloys, this model is not appropriate. To
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Figure 11: Failure position for AA5352 (a) and TH330 (b) sheets

describe material behaviour with satisfactory accuracy,
Hill90, BBC, Vegter or other more sophisticated models
should be used.

4 Conclusions
Simulations of the sheet metal parts forming processes us-
ing FEM are performed in the early design phases. Many
commercial FE programs are today capable of reliably pre-
dicting possible crack and tear formation, wrinkle, earing
fromplastic anisotropy andmany different sheetmetal de-
fects and instabilities that significantly affect the efficient
production of these parts. Approximation of the simula-
tion model is satisfactory to achieve good forming simula-
tion results. However, for a more accurate calculation, the
material model used and the hardening rule for describ-
ing sheet metal behaviour have great influence. This study
has the main objective of predicting the failure point af-
ter deep-drawing, reverse redrawing and expansion oper-
ations. Two commonly used materials of TH330 steel and
AA5352 aluminium alloy for packaging can production
were studied. For each sheet metal, the material model for
FEManalysiswas created. Results of numerical simulation
were compared with experimental results.

Prediction of earing after the reverse redrawing oper-
ation due to the plastic anisotropy of the material showed
good correlationwith experimental results. For TH330, the
experimentally measured average cup height was 52.61
mmand thedifference inmaxandminheightwas 1.14mm,
with numerical simulation predicting a difference in max
and min height of 1.3 mm and an average cup height of
52.27 mm. For the aluminium alloy, an average cup height
was 52.05 mm and a difference in max andmin height was

4.13mm,which in numerical simulation corresponds to an
average cup height was 50.76 mm and a difference in max
and min height was 2.22 mm. As a result, the selected ma-
terialmodel for TH330 steelwasmore accurate in this case.

Experimentally measured values of the wall thickness
correlated with the FEM simulation results more at a dis-
tance of 25 mm from the cup bottom than 45 mm from the
bottom. This applied to both investigated materials. How-
ever, in the case of aluminium alloys, deviations were not
so pronounced. The more sophisticated material model
thus predicted more accurately the thickness of the cup
wall. The failure position after the expansion operation for
AA5352 material was more accurately predicted. Our find-
ings canbeuseful for achieving amore accurate prediction
of the forming processes.
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