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In today’s automotive industry, the thick sheet materials used in the regions where safety is at
the forefront have been replaced with thin and more durable sheets. Deep drawing has been
widely used in their processing. The parameters affecting their formability quality need to be
identified. In this study the appropriate corner radius value for the die entrance and the punch
nose in the forming of the high strength dual-phase 500 steel sheets was determined. Initially,
deep drawing tests were performed. Secondly, a three dimensional FE model of the process
was developed. Forming Limit Diagram (FLD) damage initiation criteria accompanied by an
appropriate damage evolution law was used to simulate the cracks formed in the samples in
the course of deformation. The time history of the molding force, occurrence of the cracking
and earing in the products as well as their thickness distribution for different tool geometries
were predicted, and they were compared with those obtained experimentally.
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INTRODUCTION respectively. These properties make them favorable for

Dual-phase (DP) steels produced from low or medium
carbon steels have a microstructure predominantly com-
posed by a soft ferritic matrix and hard martensite particles,
where they ensure a good formability and higher strength,
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automotive and other industries. Dual-phase steels are
largely used in the components of a C-class car, designed
with Advanced High Strength Steels approximately 85% of
the body structure [1].
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Deep-drawing operation is used extensively in the
forming of sheet metal into cup or box like structures. In
that process, thickness of the sheet should remain as con-
stant as possible for a successful forming. Punch speed,
blank holder pressure, die clearance, tool edges and friction
are the most important parameters influencing the quality
of the drawn products [2]. In this complex process, fracture,
wrinkling, thinning, tearing, necking, earing and spring
back are mostly observed failure types due to very compli-
cated deformation with tension, compression and bending
loadings are applied simultaneously [3].

A few experimental and numerical studies were per-
formed in the literature to investigate the deep drawing of
DP steels. For instance, Song et al. showed that optimization
of the blank holder and the draw-mold forces reduced the
thickness variation of DP600 sheet material and ensured
lower springback of the U-drawn formed canal pieces [4].
In another study, Liu et al. carried out deep drawing exper-
iments and simulation at different blank holder forces to
determine the forming property of an alloy sheet and to
guide the process. They studied stress distribution and
strain changes in deformation regions. Increased holder
force has contributed to a reduction in ear formation [5].
Weld orientation did not affect the formability of DP600 at
major strain direction; but, it had strong influence in DP980
laser welded blank. On the other hand, Bandyopadhyay et
al. investigated the effect of laser welding on the formability
of dual-phase steels and found that there was a decrease in

Erichsen cupping height compared to basis metals due to
the softening in the heat affected areas of welded blanks [6].
Sung et al. using the draw-bend fracture test showed that
the ratio of R to t, strain rate and the initial specimen width
influenced the tensile failure, transitional failure and shear
fracture of DP steels [7]. It was observed that deformation
inducedtemperaturealsoinfluencedthefailure. Forinstance,
increased strain rate promotes shear fracture because of the
detrimental effect of deformation-induced heating in tight
bending regions. Padmanabhan et al. investigated the influ-
ence of anisotropy in the stitch-welded sheet material on its
formability with a numerical method [8]. It was observed
that the punch force increased with the anisotropy due to
the unequal metal flow in the sheets. Modanloo et al. have
investigated various parameters, in order to achieve a suc-
cessful thickness change in hydrodynamic deep drawing
of a copper sheet material. It is determined that the high
punch and die radius leads to a decrease in the thickness of
the critical areas of the cup product [9]. A numerical model
for forming operation of circular sheets was presented by
Kadkhodaya. He found that the springback ratio trends to
be lower in higher blanks. It was occurred less spring-back
as using deformable tools [10]. Ossia and Soltani formed
circular cups from AZ31B sheet and compared the numer-
ical and experimental results of warm deep drawing. They
showed that the limit drawing ratio rises with an increase in
forming temperature. Also, they reported that an increment
in punch speed causes a reduce in the drawing ratio limit.

Figure 1. The universal test device and modular deep drawing set-up. (1.Top mold plate, 2.Punch holder plate, 3.Middle
guide bush, 4.Punch, 5.Blank holder, 6.Top guide bush, 7.Middle guide pillar, 8.Mold spring, 9.Gas spring, 10.Stop pin,
11.Matrix, 12.Bottom thrust block, 13.Base mold plate, 14.Support plate)
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It was concluded that increasing in the friction coefficient
prompts to an increase in the punch force [11]. Forming
limit curves were determined by experiments with eased
Marciniak method. Experimental results played along with
the new numerical method PEEQ (second time derivative
of the equivalent plastic strain).

DP500 steel possesses good formability and weldabil-
ity where it has been increasingly used in new generation
automotive parts, especially for products where safety and
security are required such as reinforcements. In none of the
studies above, its formability was investigated thoroughly,
especially in terms of size of the edge radius of the tools used.
For this purpose, firstly, deep drawing tests of DP500 sheet
was performed for different punch and die edge geometries.
Secondly, a three dimensional FE model of the process was
developed: An elasto-plastic material model with Forming
Limit Diagram (FLD) damage initiation criteria was used to
characterize the behaviour of the sheet material. To model
the progressive failure, damage evolution option was acti-
vated. After validating the developed model based on the
deep drawing force and thickness variation, the effects of
tool edge geometries on the formability quality of the prod-
ucts were predicted.

EXPERIMENTAL PROCEDURE

In the deep drawing process, a ‘blank’ of sheet metal is
clamped between a blank holder and a die. Then, a punch is
moved against the blank to draw into the die.

In this study, the deep drawing experiments were carried
out by using a set-up as shown in Fig. 1, where a designed
modular die set was connected to the Hounsfield univer-
sal tensile/compression testing device. Its hydraulic power
unit has a maximum load capacity of 50 kN, a displacement
range of 1100 mm and an adjustable speed from 0.5 mm/
min to 500 mm/min. A three-plate cross-column ready-
made mold set was used for deep drawing to be on the same
axis. Since three different edge radius values were used in
the tests, three female molds and drawing punches were
prepared. All mold elements were processed in Computer
Numerical Control machine according to the required
dimensional accuracy and surface quality, where the con-
centricity was taken into account during the assembly.

Table 1. Tool dimensions

Punch diameter, d‘[7 (mm) 16
Inside die diameter, d, (mm) 18.3
Punch nose radius, T (mm) 3-4-6
Die entrance radius, r, (mm) 3-4-6
Blank holder inner diameter, d, (mm) 18.3

Blank (sheet) diameter, D, (mm) 32
Blank (sheet) thickness, t, (mm) 0.9

The chemical composition of DP500 steel sheets stud-
ied here is as follows: 0.08 C, 1.205 Mn, 0.308 Si and 0.048
Al (wt %). Geometric dimensions of the parts used in the
tests are given in Table 1. Here, three different sizes of cor-
ner radius of punch and die edges, namely 2 mm, 4 mm
and 6 mm, were considered. It should be mentioned that
same values were used for both corners at each test. The die
clearance (c,) was fixed at 1.15 mm following Eq. 1. While
the punch diameter was 16 mm, that of the sheet metal was
32 mm to ensure that the limit drawing ratio (Dh/dp) did
not exceed 2 [12]. The thickness of steel sheets was 0.9 mm.
Blank holder force was calculated to be 3770 N by using Eq.
2 and being applied in the tests [13]. All the deep drawn
cups from the tests are shown in Fig. 2. They will be dis-
cussed more in detail in Section 4.
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NUMERICAL PROCEDURE
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In this section the numerical methodology used in the
simulations is presented. The analyses were performed
using ABAQUS software. Fig. 3 is the developed Finite
Element (FE) model of the deep drawing process for the
DP500 steel. Owing to the symmetry, only one quarter
of the process was simulated which ultimately reduce the
computational time. Symmetry boundary conditions were
applied as the x = 0 and z = 0 planes at the sheet quarter
edges. The sheet material was considered deformable and
modelled using continuum linear 4-node shell elements
(S4R), where an enhanced stiffness-based hourglass and
distortion control were employed. A mesh with element
sizes of 0.5 mm x 0.5 mm was employed to discretize the
workpiece material. The punch, die and holder were mod-
elled using discrete rigid form, where they were meshed
with R3D4 elements.

Simulations were carried out using explicit solver in a
quasi-static manner. As a general rule the kinetic energy of

Figure 2. A view of the deep-drawn cups.
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the deforming material should not exceed a small fraction
(typically less than 10%) of its internal energy throughout
the process [14]. In this analysis, the kinetic energy with a
rate of 0.5% was found to be far less compared to the inter-
nal energy; hence confirming that possible dynamic effects
onto the results are eliminated.

A general contact interaction property with kinematic
constraint enforcement method for normal behaviour
was utilised to model the contact between the punch, die,
holder and the sheet material. Coulomb Friction Law was
used for tangential motion with a coefficient of p=0.1, 0.01,
0.001 for punch-sheet, die-sheet and holder-sheet inter-
faces, respectively.

The punch was allowed to move only in the z-direction
and the die and the holder was fixed in all degrees of free-
dom to mimic the experiments. Eq. 3 is used to estimate
the depth of the products to be obtained in the drawing
process [15]. The ideal displacement (/) of the punch was
calculated as 12 mm. However, to detect the maximum

Punch
R3D4™

W Hold
‘=. olaer

8V R3D4

Sheet

height and the earing texture, the punch was displaced up
to 15 mm.

_(pi-d,)
h—4.—dp" (3)

Elasto-plastic material model with FLD damage initia-
tion criteria was used to characterize the behaviour of the
sheet material. To model the progressive failure, damage
evolution option was activated. The respective mechanical
properties for DP500 were presented in Fig. 4 and Table 2.
In the next, theory of the damage model used in the simu-
lations is briefly explained.

The FLD described by the forming limit strains in the
space of principal (in-plane) logarithmic strains is used to
determine the amount of deformation that a material point
can withstand before the failure starts [18]. In fact, major
and minor limit strains refer to the maximum and mini-
mum values of the in-plane principal limit strains, respec-
tively with the former is represented on the vertical axis and
the latter is on the horizontal axis. The forming limit curve
(FLC), the line connecting the states at which deformation
becomes unstable, gives a sense of the formability of a sheet
of material [19].

The damage initiation criterion for the FLD used in the
simulations is given by the following equation:

gma’or
Opp ="mp (4)

FLD FLD
8mujor (gminor )

wheree, . is the current major principal strainand &) /> (¢, . )
is the major limit strain on the FLC evaluated at the current
values of the minor principal strain. Fig. 5 represents the
FLC curve for DP500 steel used in the simulations.

After the damage initiation criterion was achieved at
any material point, displacement type damage evolution
with linear softening law was used to describe the pro-
gressive damage of the material. Here, the effective plastic
displacement, 1, is defined as 1 = | ¢, where [ is the charac-
teristic length of the element and ¢ is the equivalent plastic
strain rate. The damage variable (d) changes according to
the following equations:

Figure 3. The quarter symmetric FE model of the deep d= L& _u (5)

drawing process. u, U

Table 2. Typical mechanical properties of DP500 steel [16]

Material Yield Stress (MPa) Ultimate Tensile Elongation at  Density (kg/m°’) Young’s Modulus Poisson’s
Strength (MPa) Break (%) (GPa) Ratio

DP500 390.0 660.0 0.178 7850 210 0.3
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Figure 4. True tensile stress-strain curves for DP500 steel
[17].

where u_ is the effective plastic displacement at failure
and the material stiffness is fully degraded when u_ reaches
this constant value. It was specified to be 0.1 in the current
study.

RESULTS AND DISCUSSION

In this section, the effect of edge corner radius of
punch and die on the formability of the DP500 steel was
investigated thoroughly in terms of the evolution of the
force applied, change in the thickness of the sheet material,
crack initiation and its evolution and occurrence of the
earing. In the graphics; ‘R-) ‘Num.” and ‘Exp.” stand for the
tool corner radius, numerical and experimental results,
respectively.

Fig. 6 demonstrates the obtained molding force-dis-
placement curves for different radius value, i.e. 2.2 mm, 3
mm, 4 mm, 4.9 mm and 6 mm. For the first and fourth
cases only the numerical results are presented. The molding
force value here is the sum of the force holding the spec-
imen and the punch force forming the sheet material. A
reasonably good agreement between them was achieved.
It was observed that with an increase in the tool radius,
the molding force decreased, but the penetration depth
at which the peak force was obtained increased. This can
be explained by the fact that for a smaller corner radius
value of the punch, the sheet is kept tightly by its corners
and the contacted respective regions are deformed signifi-
cantly. Consequently, the maximum force value is reached
at lower depth just before the crack initiates in these corner
regions. On the other hand, when a tool with a larger radius
value is used, the workpiece material can not be squeezed
from its corners, hence the deformation is not restricted
to a local region, but to a larger region including the base

Figure 5. Forming Limit Diagram for DP500 steel [20].

part. Therefore, the crack initiation is delayed and the max-
imum force is reached at far depths. As the surface area of
the punch contacting the workpiece with a normal angle is
larger in the former case, a larger molding force is observed.
Consequently, the wear in the tools is expected to be severe
compared to the second case. Parallel observations were
reported in Gowtham et al. and Mansourinejad et al. [21,
22]. Aydin et al. measured that the forces increase with rais-
ing the cup depths [23].

In the deep drawing process, the wall thickness should
be kept under control to satisfy the dimensional accuracy
of the parts produced. In fact after the initial contact of the
punch to the sheet, with its penetration, bending stresses
occurring on the sheet have tensile and compressive char-
acteristics. Also, due to the frictional forces developed
tensile and bending stresses occur in the non-contact
zones. As the punch progresses into the mold, only tensile
stresses play an active role in the sheet material within
the mold. Consequently, regional differences are observed
in the wall thickness of the products [24]. Experimentally
and numerically obtained percentage thickness variation
along one of the axes of the drawn product for different
corner radius values are presented in Fig. 7. In this figure
section points between -3 to 3 represent the base, -3 to
-5and 3 to 5 the corners, -5 to -7 and 5 to 7 the side
walls. A noticeable matching between them was achieved.
Since the number of data points taken in the experiments
were limited, numerically obtained variations were not
observed. It was numerically noted that the thinnings in
the base region of the workpiece were 3%, 4%, 6% and
8% when the edge radius of 3 mm, 4 mm, 4.9 mm and
6 mm were used, respectively. The respective maximum
thinning in the corner regions were calculated as 14%,
12% and 11% and 12%. On the other hand, the maximum
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Figure 6. Experimentally and numerically obtained molding force vs. punch displacement plots for different tool edge

radius values.

thickenings at the top part of the products are 36%, 34%,
30% and 26%, respectively. For a punch with a smaller
edge radius, the workpiece material is caught firmly from
its corners, hence, the side walls are deformed significantly
followed by a thinning, whereas this is very limited in the
base region. Ultimately, the thickness of the product base
is about the initial thickness of the material. As the radius
increases, the region of the sheet material contacted by
the punch with an angle increases, hence the deforma-
tion was well distributed in the sample resulting in some
thinning in the base material. In parallel, Ziaeipoor et al.
and Zein et al. reported in their studies that thinning on
corners of the workpiece reduced with an increase in the
die shoulder radius and using a greater punch nose radius
[25, 26].

It was numerically observed that the failure occurred in
the regions in contact with the corners of the punch for its
radius value of 2.2 mm (Fig. 8). In the course of deforma-
tion, when the thickness fell below 79% of its initial value
at a depth of 3.125 mm (see Figs. 9 and 10), the damage
initiated, i.e. the cracks began to arise, and ultimately the
tearing occurred when the minimum thickness variation
reached to 63% (see Fig. 8).

Fig. 9 demonstrates the distribution of percent change
in the thickness of sheet material for different tool edges.
For larger tool radius, for example in the case of R-4.9 and
R-6, a more homogeneous distribution with less thickening
and thinning was obtained. For the second one, however,
the thinning occurred in the base region were severe (see
also Fig. 8). It was therefore concluded that R-4.9 was the
optimum tool geometry among those studied for the deep
drawing of DP500.

The effects of tool geometry on the height of the drawn
products and occurrence of earing were predicted. The
beginning of the shoulder at the top of the piece represents
the minimum height, while the peak point is the maximum,
and the difference in between considered as the earing as
shown in Fig. 10. It was noted that the regions parallel to
the rolling and transverse directions had the minimum
heights while those with £45° w.r.t these directions had the
maximum values. It was observed that with an increase in
the tool corner radius, the maximum height of the formed
workpiece was increased, whereas the tendency of the ear-
ing formation was reduced. Similar results were reported in
Bouchaala et al. [27]. It was shown above that a larger sur-
face area was exposed to the thinning with the tools having
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tool geometries.

Figure 8. Distribution of unit thickness change of the sheet material when R-2.2 was used.

alarger edge corner radius. In fact, material volume in these
regions flew upward direction and hence the earing forma-
tion was reduced. Before the drawn products are used in the
service, they should be cut circumferentially from the min-
imum height level to eliminate the earing formed, therefore

their height are shorter than the desired. Ear formation,
therefore, should be minimized since it causes loss of mate-
rial and increases the cost with an additional cutting step.
In a deep drawing procedure, the risk of failure can be
evaluated by using the FLD defined in the plane of principal
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Figure 9. Distribution of unit thickness change of the sheet material when the corner radius of 3 mm, 4 mm, 4.9 mm, and

6 mm for the tool edges were used.
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Figure 10. Predicted earing profile of the drawn products
vs. rolling direction at various tool edge radius values.

strains [28]. Here, we compared the predicted in-plane
major and minor strains with the forming limit curves. Fig.
11 demonstrates the corresponding values for the corner
edge radius value of 2.2 mm. In this figure, Loc 1 and Loc
2 refer to the different integration points of a shell element
with the fractions of -0.774597 and 0.774597 lying on the
SNEG and SPOS surfaces, respectively, at which values are
calculated [19]. It was seen that the damage occurred at
both surfaces of some elements in the sheet material since
the intersection of principal values (shown as dots) are
above the FLC. Of them, Locs 1 and 2 had a compressive
and tensile characteristics, respectively due to the bending
effect. When the scalar damage variable showing the degree
of damage level reached unity, complete failure reached and
the corresponding elements were removed from the FE
mesh (Fig. 8).

Fig. 12 presents the plots of principal strains for other
tool geometries. It is known that the points indicated by the
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Figure 11. Comparison of forming limit curve with major
vs. minor strain values for different material points of the
workpiece material when R-2.2 was used.

red (or round shape) and blue (or triangular shape) colors
represent the region in the proximity of the inner and outer
surface, respectively. The respective regions were exposed
to compressive and tensile loadings as a consequence, they
were getting thicker and thinner. In the case of R-3 and
R-4, some material points exposed to tensile stresses were
beyond the safe zone. However, there was no crack initi-
ation and propagation with regards to these elements was
observed since not all the integration points of these ele-
ments exceed the FLC.

Filho and Marcondes reported that in the case of smaller
tool edge radius was used, the major strains occurred sig-
nificantly in the region contacted with die shoulder and
surface of the punch [29]. Risk of tearing was reduced for
larger corner radius value. As seen in Fig. 12 for the cases
of R-4.9 and R-6, the principal strain values at none of the
integration points exceed the critical region, hence the
damage initiation does not take place.
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CONCLUSION

In this study, the deep drawing of the DP500 steel sheet
was investigated both experimentally and numerically. In
the developed FE model, the crack initiation in the sheet
material in the course of deformation was predicted using
the Forming Limit Diagram (FLD) damage initiation
criteria.

From our study, the following observations and conclu-
sions were made:

It was observed that the corner radius value of die
entrance and punch nose had strong effects on the
drawn products.

With an increase in the corner edge radius value of
the tools, the deformation in the products was well
distributed, therefore, a more homogeneous thick-
ness distribution (with less thickening and thinning)
was achieved. At the same time, their maximum
height was increased, but the tendency of the earing
formation was reduced. In parallel, the wear in the
tools was expected to be less since a smaller maxi-
mum force was reached at far depths.

The tools with a corner edge radius value of 2.2 mm
caused tearing in the forming of DP500 sheet material

having an initial thickness of 0.9 mm. That of 4.9 mm
was found to be the optimum tool geometry.

FLDs were used to predict the drawability of the
products with different tool geometries. It was
observed that the damage initiated at the material
points of an element exposed to tensile loading
rather than the compressive one.

NOMENCLATURE

‘v:]} w-:B

O,
<

QRS }mNr’.ﬂ SWR

8&‘

FLD
major

™

Sheet area (m?)

Punch area (m?)

Die clearance (mm)

Sheet diameter (mm)

Punch diameter (mm)
Damage variable

Blank holder force (N)
Element characteristic length
Punch displacement (mm)
Sheet thickness (mm)
Effective plastic displacement at failure
Effective plastic displacement
Sheet tensile strength (MPa)
Damage initiation criterion
Current major principal strain
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