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Abstract

Deep drawing is a forming process widely used in aerospace, military, automotive, and various industries. One of the essential
useful parameters in the quality of deep-drawn products is blank holder force (BHF). By controlling BHF during the form-
ing process, formability can be improved and it can reduce forming energy. Tearing is one of the most common and crucial
defects in this process due to high radial stress in the cup’s wall, resulting in many limitations in this field. In this process,
the BHF plays an indispensable role in causing tearing. Therefore, controlling BHF during the process would be inevitable
to avoid tearing or even wrinkling. This study aims to calculate the tearing limit with new criteria in analytical dominating
plasticity equations based on the slab method. The St14 sheet with 1 mm thickness and 200 mm diameter is used in this study.
The maximum BHF in each stage of punch stroke with new criterion based on strain energy with three different frictional
coefficients is calculated, compared, and verified with FEM simulation and experimental results. Analytical results with
new criterion are also compared with previous procedures. Finally, it is realized that results related to energy criteria have a

lot more similarity with FEM simulation and experimental results in comparison with the previous methods.

Keywords Slab method - Deep drawing process - BHF - Tearing limit - Strain energy

1 Introduction

A manufacturing company’s mission today is to create
high-quality products with no defects, reduce lead times,
and increase production rates. Metal forming is an integral
part of deformation-based manufacturing. These mechani-
cal components can be found in automobiles [1], aerospace
[2], home appliance industry [3], and food industry [4]. In
addition to its strength and durability, metal manufacturing
is also crucial for all sectors of the economy. It is possible
to fabricate metal components in as many ways as desired,
but deep drawing is the most common metal forming pro-
cess used when a cup-like cylindrical component is to be
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made by radially drawing the metal blank into a die. With
deep drawing, metals are reshaped while still solid by tak-
ing advantage of the plasticity of certain metals. In order
to plastically deform a metal, more force must be applied
than the yield strength. The deep drawing process, however,
entails a number of problems including wrinkles, ruptures,
tearing, and cracking. Several methods can be used to iden-
tify and detect the process parameters used during the form-
ing process. Many key parameters are taken into account
in deep drawing, including BHF, friction coefficient, die
configuration, and material characterization. For assessing
the effect of process parameters and determining the opti-
mal process parameters in deep drawing, researchers have
recently proposed online monitoring methods. Using deep
drawing parameters, Dwivedi and Agnihotri [5] identified
directions for future research, and the results of the present
study demonstrated the production of aluminum alloy cups
successfully. Numerous studies have been conducted on
the experimental aspect of key process parameters and the
impact they have on objective function [6—10].

As demonstrated by Padmanabhan et al. [11], variables
such as die radius, holder force, and friction coefficient
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affect the deep drawing characteristics of axis-symmetric
stainless steel cups more than other parameters. In addi-
tion to the BHF and the friction coefficient, the small die
radius can also affect the BHF and the friction coefficient.
Experimentally, Afshin and Kadkhodayan [12], shown in a
deep drawing process using laminated sheets, demonstrate
the ability to thin and wrinkle materials such as Al 1050/
St 304 and Al 5052/St 304. As a result of the study, their
results indicate that the BHF determines the forming load
variation when the temperature is raised. Research by Reddy
et al. [13] has investigated the effects of key process param-
eters (punch nose radius, die shoulder radius, and BHF).
Consequently, the BHF (56.98%) was the most significant
parameter, followed by punch nose radius (30.12%), and the
die profile radius (12.90%) was the least significant param-
eter. The influence of the aluminum alloy AA5754-O on
the blank holder and sheet plate during the forming process
was investigated by Demirci et al. [14] by applying variable
forces in a computer-controlled manner to the blank holder
and sheet plate. According to their findings, the best forma-
tion occurred at a pressure of 5 MPa. In [15], numerical
analysis and experimental validation of deep drawing were
performed for the purpose of preventing thinning and wrin-
kles. Deep-drawn cups commonly tear due to a crack near
the bottom of the vertical wall caused by high tensile stress
that results in thinned and cracked metal. Two analytical
approaches are proposed to predict the safe area in the form-
ing operation: slab [16] and upper bound [17]. Friction is
considered in the slab method (SM), also called stress local
analysis method (SLA). Consequently, the results obtained
by employing this method are generally better than the ones
obtained by using other methods. Rubio [18] evaluated tube
drawing processes by an analytical model employing the
slab method (SM) and the upper bound method (UBM). The
plastic deformation zone is also modeled using triangular
rigid zones (TRZ). In order to understand the wrinkling
limit diagram for two-layer sheets, Bagdad and Hashemi [19]
used a mathematical model, a numerical method, and experi-
mental tests. The authors conclude that material properties,
blank geometry, and stack order influence optimum BHFs.
During deep drawing of two-layer (aluminum-stainless
steel) sheets, we developed an analytical method, performed
numerical simulations, and performed experiments to inves-
tigate the effects of wrinkling [20]. Our results show that
the optimum BHEF is affected by the geometry of the sheet,
the properties of the material, and the layup. The study by
Gharib et al. [21] proposes an optimization method for lin-
early varying BHF that seeks to minimize the maximum
punch force and avoid process limitations. In their study,
they found that the slope of the linear BHF increases linearly
with drawing ratio. Additionally, the intercept of the func-
tion showed a nearly linear relationship to the drawing ratio.
Following is an equation that shows what force is optimal
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regardless of drawing ratio. Because metal parts are nonlin-
early deformed, there are many different types of stress dis-
tributions. Large deformations can cause meshes to distort
and generate defects [22]. For this reason, selecting the right
formulation for developing an appropriate FE model for the
problem is crucial. Sugiyanto et al. [23] developed a finite
element model based on the finite element method (FEM)
to evaluate the effect of a blank holder on the deep drawing
process. The clearance variable should result in a decrease
in the force required for deep drawing, according to simula-
tions of this process without blank holders. Nevertheless,
the force required for the drawing will still be greater. A 3-D
finite element simulation was used to analyze the hydro-
mechanical deep drawing process of anisotropic laminated
bimetallic sheets with an implementation of a Fortran-based
code to accurately model the distribution of non-uniform oil
pressure in Bagherzadeh et al. [24]. As part of their study
of force control in deep drawing, Yoshihara et al. [25] used
finite element simulations to verify the LDR of magnesium
alloy sheets. In FEM simulations, we confirm that the behav-
ior resembles that observed in experiments, with *-rupture
occurring during the fracture at the wall. Sheng et al. [26]
developed an adaptive simulation strategy during the simula-
tion process. By doing so, it is possible to predict a BHF pro-
file from a single simulation, thereby reducing computation
time. The proposed strategy has been successfully applied to
several conical cup drawing operations. To compare the pre-
dictions, experimental results have been used, and they show
that the adaptive simulation strategy may also be useful for
improving drawing for non-symmetric parts. Qin et al. [27]
have developed a blank holding technique that allows BHF
to be independently loaded during sheet metal forming using
electro-permanent magnets (EPM). The theoretical method
and FEM are used to analyze and solve the coupling problem
involving the magnetic field and stress field. Also, the new
technique can be used to obtain the blank holding force and
the BHF on the sheet. Despite the design cushion’s BHF
being large enough, the selected sheet could go through a
deep drawing process with the BHF applied through the
design cushion.

To the best of the authors’ knowledge, there is a lack of
investigation for the numerical solution, FEM simulation,
and experiment of the deep drawing process for estimat-
ing tearing limit with slab method and new criteria based
on strain energy. In order to prevent cracking, this study
provides a suitable mathematical approach to determine the
maximum BHF, tearing threshold, over the punch stroke.
Furthermore, a new method based on strain energy was used
to predict the tearing limit. The slab method’s methodologi-
cal perspective with the assumption of a constant volume
of material was used to evaluate stress and strain in dif-
ferent stages of deep drawing process. The impact of fric-
tion and material anisotropy were also taken into account
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in this study. In order to assure the accuracy of analytical
results, an adequate number of experiments as well as FEM
simulations were carried out, and the results of analytical
method as well as FEM simulation were verified with the
experimental tests. In addition, to evaluate the efficacy of
the proposed method based on strain energy, previous meth-
ods estimating the tearing limit were compared with this new
method, and they were eventually compared and verified
with FEM and experimental tests. The following scheme
diagram shows the concept of this study as a systematic
investigation (Fig. 1). As can be seen from Fig. 1, firstly,
FEM simulation was carried out precisely, and then they
were verified with experimental ones. After assurance of the
FEM simulation accuracy, FEM simulations were done with
various BHFs to estimate tearing threshold along the punch
stroke. To this end, firstly, it is necessary to calculate the
safe area. In the deep drawing process, the region free from
tearing and wrinkling is deemed as the safe area (Fig. 9).
Indeed, in FEM simulations, all of the deep drawing param-
eters were considered the constant parameters, and just BHF
was altered to obtain their corresponding drawn depth either
at the tearing moment or at wrinkling. Furthermore, in the
tearing area where BHFs vary from 25 to 200 kN (Fig. 9),
a various numbers of h;(s), according to their correspond-
ing BHF, were obtained from FEM simulations. These h;(s),
then, were considered the inputs for the analytical approach
such that they were imported into analytical calculations,
and with the usage of these h;(s), contrary to the previous
stage, the corresponding BHFs were calculated. Accord-
ingly, as illustrated by Fig. 1, different BHFs in tearing area
(Fig. 9) were firstly used as the inputs in FEM simulation,
and then for each BHF, h;(s) were obtained, and these h;(s)
were used as the inputs in analytical approach for calculat-
ing their corresponding BHFs. Finally, the BHFs obtained
from analytical approach as well as FEM simulations were
compared to each other in accordance with their correspond-
ing h;(s) (Fig. 12). They were also compared with previous
analytical methods to evaluate the practicality of the new
criteria to estimate BHF during the deep drawing process
(Fig. 12). This method can also be generalized to other cylin-
drical deep drawing molds to predict tearing threshold with
various BHFs along the punch stroke. However, it is man-
datory to have sheet metal properties precisely in addition
to process parameters including coefficient of friction, die
or punch speed, clearance, and the exact dimension of the
mold’s components.

This paper present a novel method intended to estimate
the tearing limit in deep drawing process with new crite-
rion in analytical dominating plasticity equations based
on the slab method. The maximum BHF along the punch
stroke with new criterion based on strain energy is calcu-
lated, compared, and verified with FEM simulation and

experimental tests. Analytical results with new criterion
are also compared with the previous ones, and the practi-
cality of this new method is evaluated by three different
frictional coefficients. This paper is organized as follows.
Section 2 presents analytical method in which BHF,, is
calculated with plasticity equation based on slab method
in addition to FEM simulation using ABAQUS software
and tensile tests based on ASTM E8 [31] to extract sheet’s
mechanical properties. In this section, calculations were
conducted by MATLAB software. It is followed by experi-
mental studies in Sect. 3. This section describes the steps
of deep drawing mold manufacturing and the informa-
tion associated with mold’s components dimensions and
properties. Results obtained using our analytical method
based on strain energy, along with an evaluation of its per-
formance using FEM simulation and experimental tests,
are presented in Sect. 4. Finally, conclusion and ideas for
future works on this issue is presented in Sect. 5.

2 Analytical method
2.1 Radial stress calculation in the flange

In this section, the slab method was used to anticipate the
maximum BHF along the punch stroke with the following
assumptions (Fig. 2):

1. The volume of the sheet during the process is considered
constant.

2. The Tresca yield criterion is used to calculate the equi-
librium stress.

3. The metal flow in the flange part is considered a plane
strain.

4. The effects of friction and material anisotropic are also
considered in the analysis.

Axial and radial stresses in an element can be seen
from Fig. 3. Under the condition of force equilibrium in
an element of the flange and the absence of friction, the
radial stress in the form of mathematical equation can be
obtained as follows [32]:

rdo,d0t, — 0,d,.dOt, — 2agsind79drt0 =0 ¢))

where r is the inside radius, o, is the radial stress, df is a
small portion angle of the flange, #, is the initial thickness
of the sheet, and o, is the tangential stress in the flange. As
d0/2 is very small, it can be considered to be equal to sin(df
/2). Therefore, by simplifying Eq. (1), the following relation
is obtained [32]:
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Considering Tresca criterion:

0, — 0y = Uf (3)

Fig.4 Different steps of deep
drawing process a first step and
b second step

By substituting Eq. (3) into Eq. (2) and integrating Eq. (2),
the radial stress is obtained at each stroke of the forming pro-
cess, as follows:

R, d;

0= O'fln—"i Oro,, = O'fln7 4)

rl 1

where o, is the mean flow stress between points 1 and 2,
flange segment, in Fig. 4, d| ; is the outer diameter of the
blank in each step of the process, and d; is the average diam-
eter of the cylindrical cup or the inner die diameter minus
the sheet thickness (d; = d, — t,).

2.2 The effect of sheet anisotropy on radial stress

As can be seen from Eq. (4), radial stress can be calcu-
lated, regardless of the anisotropy coefficients. In order to
simplify the effect arising from sheet anisotropy on radial
stress, Hill’s relation for a planar isotropy material was
used in this regard; using this, the following relation is
established [28]:

(O'r—az)2+ (61—0'9)2+R(0'9 —G,)Z =R+ 1)6f2 (5)

where R is anisotropy coefficient. As sheet thickness’s devi-
ation, just in flange area because of its small deviation, can
be ignored, so, in z direction, de, can be considered rela-
tively equal to zero. If so;

de, =d/l[F(GZ—69) —G(ar—o-z)] =0 6)

Since, in a Planar isotropy condition, F'=G, so:

o,.+0y
;=% (7

By substituting Eq. (7) into Eq. (5), in case that the equiva-
lent stress is equal to the flow stress, so:

2R+ 1)
=% =\ r¥1 ¥ ®

() (b)
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2.3 Calculation of radial stress of the wall in 3 parts
of the cup by strain relief

This section aims to estimate the radial stress in different parts
of the cup along the punch stroke. As shown by Fig. 3, to
calculate radial stress in different parts of the sheet, in this
method, the sheet is divided into two parts. Calculating strain
at different stages of the process is necessary to calculate stress
in the wall during the forming process. With strain at points 1,
2, and 3 of the sheet and plastic properties of the sheet along
the punch stroke, it is possible to calculate flow stress in dif-
ferent sheet’s parts using work hardening relations. For this
purpose, it is first essential to calculate the outer diameter of
the sheet at different deep drawing stages. Considering that
the volume of the sheet is assumed constant before and after
the process, by writing the equilibrium volume equation for a
cylindrical cup with bends, as illustrated by Fig. 2, the outer
diameter along punch stroke is obtained as follows: [29]

dy; = \/dy? — ddplh; — (0.43r, —0.43r,)] ©)

As shown by Fig. 4, h; is the height of the cup or punch
displacement, dj, is the internal diameter of the die,r, is die
edge radius, d,) is the initial outer diameter of the sheet, and d,
is the outer diameter along punch stroke at different stages of
forming process. Accordingly, considering dy, dp, r,,, and ry,
are constant and related to die and punch diameters and with 7,
which can be obtained from FEM simulation, we will be able
to calculate d, ; at different stages of punch stroke. With d
and d,, it is possible to calculate the equivalent strain at point
1 at different stages of punch movement, according to Eq. (12).

In order to calculate the equivalent strain at point 2, it
is necessary to calculate the length of this point (twice the
distance from point 2 to the z-axis, Fig. 4) at different stages
of the deep drawing process. Given that the material volume
from the initial outer diameter d, to the initial stage of the
sheet at point 2 (d,,, ;) is always constant by writing the equi-
librium of volume in this distance and at different stages of
the punch stroke, the mathematical equation of d,,,; can be
written as follows:

2
; ndy’ _ ;i - (”dl,iz B x(dp +2rp) ) 10)
0N 4 4 0y 4

By simplifying Eq. (10) and having d, ; at each stage
of the punch stroke and as the other parameters are con-
stant,d,,, ; can be calculated at each step of the punch stroke
as follows.

iy = \/ dy* +(dp +2rp)’ = dy (11)

It is important to note that both of d, ; and d,,,, ; are func-

tions of the height of the cup or the punch stroke (4;). In
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other words, d; ; and d,,,; are dependent upon h;, as other
parameters are related to die and punch dimensions and
they are constant parameters.
Therefore, by computing d,; and d;,,; and taking into
account the anisotropy of the sheet in calculations. The equiv-
alent strain at points 1 and 2 can be obtained at each stage of

the punch stroke from Egs. (12) and (13), respectively:

2R+ 1), d,
Y ok Ly U
DTV R+ M, (12)
2(R+1 iy i
6= ) Rt Dy, S (13)
’ R+ 1 dy+2m,

After calculating the equivalent strains at points 1 and
2, the mean flow stress between points 1 and 2 can be
calculated according to Eqgs. (14) and (15) [32]:

1 n n
Of1-2,i = §k<£1,i + 52,1') (14)

1
Of1_0; = Ek(e’l',i + 63’1.) + 0 (15)

where k is the strength coefficient of the material and n is
the strain hardening exponent of material. Depending on
the type of work hardening relation, both Eqs. (14) and
(15) can be used. In this research, it is worth mentioning
that tensile tests were conducted, and the interpolation of
stress and strain data were conducted by MATLAB soft-
ware. According to the MATLAB software’s estimated
function, Eq. (15) is used to estimate the work-hardening
relation. Besides, taking into account the bending effects in
this region, the equivalent strain at point 3 was calculated
as follows [29]:

2R+ 1) fo
€31 = &2t \| Sppy I+ 5 ) (16)

According to the sheet deformation, when it flows over
the die radius and under bending condition, mean flow
stress can be anticipated either by Eqgs. (17) or (18):

1 n n
Opsi = Sk (5,+ €5, (17)

1
Opy3; = 5]((8;,[ + 6;[.) + 0y (18)

As the estimated function arising from tensile test data
in the plastic region, sheet behavior during the form-
ing process had more conformity with Eq. (18), used as
work-hardening relation. MATLAB software was used
for regression in which k, n, and o, are calculated 359.3,
0.7718, and 223.3 respectively.
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2.4 Effect of friction and BHF on the radial stress

Friction between the blank holder and the flange increases
the radial stress. BHF can also be considered a line force of

magnitude % per unit length, as can be seen from Fig. 5.
0

The friction force on the flange, per unit length around the
edge, was calculated as follows [32]:

2uFpyr
ﬂd1,1t0

OrBHF = (19)
where £, is the initial thickness of the sheet, F ;- is the blank
holder force, p is the friction coefficient, and d, ; is the outer
diameter along the punch stroke. Therefore, by applying
the BHF and considering the effects of sheet anisotropy,
the flange’s radial stress can be obtained from calculation
according to Eq. (20).

C,; = —2(R+1)o- In & +
ri =\ R 1 O d,

By applying friction on all surfaces in addition to the ten-
sion in bending at the die radius, the radial stress equation
can be written as follows: [29]

z d,; 2uF t,
o) | J2RED (D 2 | o
ori =€ [ R+1 20N ) T Td | T,

@

2uFpyp

2.5 Calculation of tearing limit with the energy
criterion

2.5.1 Crackinitiation criteria

As indicated in the introduction, this study’s analytical pur-
pose is to calculate the tearing limit with a new criterion
based on the strain energy. The first criterion for estimation
of the crack initiation was the maximum stress of the mate-
rial (Eq. (22)) [29].

Gr,l,crack Z c.UTS (22)
Fig.5 Effect of BHF on radial B
stress i
nd,
B
nd,

Previous researchers calculated the tearing limit based on
this criterion (Eq. (22)), where UTS is the ultimate tensile
stress and c is the cracking factor which should be greater
than unity [29]. Since the sheet material is St14 steel in this
study, ¢ was considered between 1.05 and 1.55 [29]. In this
study, c is considered 1.25, according to tensile tests. This
study intends to calculate the tearing limit with the first fail-
ure criterion and new criterion based on the strain energy
and compare them with simulation and experimental results.
The second criterion of failure based on the strain energy is
written as follows:

Ur,Z,crack'Eﬁi,i Z C'SUTS (23)
So:
c.S
UTS
Ur,Z,crack 2 (24)
€3,

where Syrg is the area under the stress—strain curve and
€5 is the strain at point 3, where tearing happens. Accord-
ing to Eq. (23), when the strain energy in each element
of the wall reaches critical energy, tearing would hap-
pen in sheet metal. In other words, if it becomes equal
to multiple of the area under the stress—strain curve of
the uniaxial tensile test, the sheet will be faced tearing.
Therefore, if the wall’s radial stress (o, ;) reaches each of
these stresses (6, ), tearing or cracking on the wall
will happen. Finally, Fgy ..., is obtained using Eq. (21).
In order to calculate Fyyg, . based on the first and second
criteria, o, ...« 18, firstly, obtained using either Egs. (22)
or (24), thereby Fgyp .« i Obtained at different stages of
the punch stroke using Eq. (25).

o
zdy ity Orjcrack  °f2-3i3, 2(R+1) dy;
F, < - - - - An| —
sFmar < =, 1=y 2 Ve 20 ))

e e 25)

Therefore, the maximal force is a function of:

Fopp max = f(k,n, UTS, R, 1y, dy, dp, 1y, dy i, By iy i 1) (26)

2uB
ntd,
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2.5.2 Finite element method

In this simulation, a sheet of deformable and 3D element
with 1 mm thickness and 200 mm diameter was consid-
ered, and other mold parts are simulated in 3D, shell, and
rigid instead of the blank, which was considered a 3D and
deformable part. For all mold components, the reference
points were considered the center of gravity, and each of
the volumes was calculated in SOLIDWORKS, and then
they were applied in ABAQUS. To extract the sheet’s mate-
rial properties including modulus of elasticity, stress—strain
curve, and anisotropy coefficient, uniaxial tensile tests based
on ASTM ES8 [31] were applied, as can be seen from Fig. 6a.
In order to obtain anisotropy properties of the sheet, the ten-
sile tests were done on three samples, which had been cut in
three different directions including parallel, perpendicular,
and angle of 45 degrees in proportion to the rolling direction
(Table 1). The sheet had a thickness of 1 mm and was tested
with a strain rate of 0.001 s~

In order to estimate the energy needed for ductile failure,
the area under the stress—strain diagram was utilized. Then,
the stress—strain data of plastic area was imported directly
in ABAQUS to simulate sheet’s behavior precisely during
metal forming process and to obtain fracture properties of
the sheet, considering that the sheet material is of ductile
type. To simulate tearing or element removal in ABAQUS
using ductile damage criterion, four parameters including
strain at crack initiation, stress triaxiality, strain rate, and
fracture energy are required.

@7

all|

According to Eq. (27), triaxial stress was calculated.
For obtaining fracture properties, the test sample should be

Fig.6 a Tensile test based on
ASTM ES8, before necking and
b after necking

@ Springer

Table 1 Mechanical properties of St-14 obtained by uniaxial tensile
test

Sample E(GPa) kg o(MPa) o UTS. (MPa)
P/ h3) )

0° 165 7800 155 0.33 410

45° 165 7800 165 0.33 444

90° 165 7800 150 0.33 426

similar to standard test samples but at the same time should
have a groove in the middle with a determined radius. If
the model has a circular cross-section, this groove would be
troughout, but if the sample has a rectangular cross-section,
the groove is made on both sides of the sample. Of course,
by considering the radius of the groove, one can calculate
the triaxial stress index. If fracture properties are obtained
from the standard sample, the related groove radius should
be taken as infinity. Equation (28) is Bridgman modified
formula with which the triaxial stress index will work out
0.577 for the standard tensile test sample.

n= L + %ln(l + %) (28)

V3

For choosing a suitable element for modeling the sheet,
it was referred to the ABAQUS library (Fig. 7). With
choosing explicit dynamic elements, three-dimensional
stress element, C3D8R element was recognized as ideal
for studying the process. The continuous shell element
is a 3-dimensional element for modeling high and nar-
row structures with similar sheet behavior. The use of
this element is for thin shells, high deformation, and
nonlinear behavior. This element is suitable for the thin
shell, high deformation, and nonlinear behavior such as
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Fig.7 Exploded view from components of the simulated model in
ABAQUS

the elastoplastic behavior of material like spring back in
the deep drawing process. 3D stress element is a solid
element for calculating stress—strain in a 3D space, and
studying the possibility of sheet tearing during forming
is an appropriate option. It should be mentioned that this
element has sheet properties like fracture strain and frac-
ture energy, which can model sheet tearing but cannot
directly show the changes in sheet thickness. The con-
tinuum shell element is suitable for studying thickness
changes, whereas 3D strain elements can be used to study
sheet-tearing possibilities and exchange for each other. It
was referred to the ABAQUS library for choosing suitable
elements for punch, die, and the other mold components.
Since the components of mold were rigid shell elements,
R3D4 was used. This element cannot describe properties
for stress—strain calculation because it is used for the rigid
surface without strain. It can only calculate and report
force, speed, and torch.

Fig. 8 Different parts of the
deep drawing mold (a) punch,
blank holder, and guidepost
(b) die

3 Experiment

The experimental cup is an axial symmetrical cylinder
with about 40 mm depth, while its initial and final diam-
eters are 200 and 100 mm, respectively. Punch and die
materials were chosen from VCN200 steel to avoid heat
treatment and provide a good abrasion resistance against
tensile strength tests. The internal diameter was taken
2 mm larger than a punch to avoid friction on the die sur-
face. More looseness would cause the blank after forming
would come out of the die easily without deformation.
Considering that forming height is variable, the height
of the die is taken 105 mm. The blank holder was a ring
with a 92-mm internal diameter. The blank holder’s thick-
ness was chosen 25 mm to have an appropriate resistance
against the BHF transfer and exertion uniform force to
the sheet. Both surfaces of the holder were polished with
magnetic grinding to have uniform force transfer on both
sides. The punch was designed based on the drawn depth
and external diameter of the blank. The material for punch
was also VCN200, and the contact surface with sheet and
radius of punch angles were the same as the die burnished
in three stages. Two rams with st52 material were designed
suitable with a hydraulic press and die dimensions. Two
standard guideposts for the alignment of mold components
were used. In the lower ram, four holes were considered
for the passage of press air pin bars. To assembly, the
guideposts of mold are fastened to the lower ram with pin
and screw, and then the punch is fastened to the middle of
the lower ram with pin and screw. The upper ram is also
located on guideposts, and after alignment, the holder is
placed around the punch, and the die is placed on top of
that. Then, with the use of standard holders, looseness
between punch and die was adjusted. With the use of pins
and screws, the die was assembled on the upper ram. Dif-
ferent parts of the manufactured mold are shown in Fig. 8.

It is also crucial to note that parameters, including d,,
dp, Iy, Ips Lo, UTS, R, and yield stress, are needed to cal-
culate tearing limit; these parameters related to the dimen-
sion of mold’s elements, and sheet properties are listed
in Table 2. In addition, the deep drawing process was

(b)
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Table 2 Die’s element dimensions

Definition Symbol Unit Value
Initial sheet diameter dy (mm) 200
Die diameter dp (mm) 100
Punch radius I, (mm) 20
Die radius Ip (mm) 10
Initial sheet thickness ty (mm) 1
Ultimate tensile stress UTS (MPa) 410
Anisotropy coefficient R - 1.03
The area under the Suts (MPa) 151.67
stress—strain plot
Punch velocity \% (mm / :) 66
Cracking factor c - 1.25

conducted without lubricant. The friction of coefficient
was measured 0.2 for all surfaces, and the die speed was
33 mm/s. A sliding friction test was applied to measure
the friction between surfaces in contact with each other.
Testing took place by dragging a flat block of known
mass across a flat table. Graphs of force, displacement,
and time were used to measure both static and kinetic
frictions. Defining friction coefficients requires precisely
and repeatedly measuring peak forces required to initiate
(static) and maintain (kinetic) movement.

4 Results and discussions

This research’s main objective is to introduce and develop
a new method for estimating the tearing limit by analytical
approach. As a result of this, it is necessary to compare and
verify the FEM results with that of the experiment to ensure
the accuracy of FEM simulation. After insurance of FEM

Fig.9 Safe area plot with FEM 250

simulation accuracy, analytical results based on strain energy
as well as previous criterion are compared with FEM simula-
tion results, to evaluate the efficacy and practicality of each
fracture criterion.

4.1 Comparing and verifying FEM simulation
with experimental results

In order to compare and verify FEM simulation with experi-
mental results, first of all, it is imperative to anticipate the
safe area by FEM simulation and then determine the area
related to tearing limit. Eventually, drawn depth at the tear-
ing moment, which was obtained from FEM, simulation
should be compared and verified with that of experimental
tests with different BHFs. The safe area in the deep drawing
process is referred to as the area in which it is free from tear-
ing and wrinkling. One of the most critical parameters lead-
ing to the occurrence of these defects is the BHF. Therefore,
researchers present a region as a safe area in which the maxi-
mum and minimum force is calculated at different stages of
punch stroke. In order to calculate safe area by FEM simula-
tion, all of the deep drawing parameters were considered the
constant parameters, and just BHF was altered to obtain their
corresponding drawn depth either at the tearing moment or
at wrinkling. Tearing threshold and wrinkling threshold, as
can be seen from Fig. 9, accordingly, was calculated with
different BHFs along the punch stroke. FEM simulation was
carried out with friction coefficient of 0.2 and the die speed
of 33 mm/s, these two parameters are equal to experimental
ones. It is also important to note that 1.6t (sheet thickness)
is considered the wrinkling criteria, meaning that when the
distance between blank holder and die reach 1.6t,, wrinkling
will happen.

After simulation and conducting experimental tests with
these parameters, it was determined that when the BHF

simulation p = 0.2,v = 33'%

200 +

150 +

100 +

Safe area

BHF(kN)

50 +
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become more than 200kN, the sheet cannot move on the
blank holder, so drawn depth will not be changed, albeit
BHF increasing. Therefore, the BHFs of over 200kN are not
considered in Fig. 9. After FEM simulation and evaluating
its results, the safe area was divided into three independent
parts in accordance with the amount of BHFs in addition to
their specific features.

Frist region: When BHF was between 25 and 200 KN. In
this area, in case of BHF decreasing, the drawn depth will
increase, and tearing also happened in the upper region of
the cup’s wall. The location of the tearing in the first region
can be seen from Fig. 9.

Second region: When the BHF is between 10 and 25kN,
the drawn depth is more than other regions. Supplementary
to this, drawn depth deviations, in this region, are much less
than that of the first region. Drawn depth in this area does
not have a specific pattern along with changes of BHFs. In
other words, in this area, changes of drawn depth are not
uniform, meaning that drawn depth deviations have no any
linear relation with BHFs variations. In the second region,
tearing of the sheet happens in the lower region of the cup
that is close to the flange. The location of the tearing in the
second area is shown in Fig. 9.

Third region: When the BHF is less than 10kN, the sheet
will be wrinkled. Different criteria are used in determining
the moment of wrinkling, in most of which, when the distance
between the die and blank holder reaches a coefficient of the
sheet thickness, wrinkling will happen. This coefficient can
vary from 1.25 to 2, depending on the sheet’s properties and
thickness [30]. In this study, the coefficient of wrinkling is
considered 1.6. Figure 9 shows wrinkling in the flange region.

After reviewing these regions’ specifications, knowing
that drawn depth variations have no specific pattern in the

u, U2
+3.155e-01

-2.607e+01

()

Table 3 Comparison and verification of FEM simulation results and
experimental results

Num EXP,h,(mm) FEM,h(mm) BHF (N)
1 39.41 40.79 30,000

2 32.36 34.20 100,000
3 28.12 27.62 150,000
4 26.39 26.03 250,000
5 26.72 26.32 300,000

second region, sheet behavior cannot be estimated in this
area by plasticity relationships. The experimental and ana-
Iytical study, accordingly, was conducted merely in the first
region. As detecting the drawn depth at the tearing moment
is so difficult in experimental tests and needs a lot of try
and errors, drawn depth was calculated by five BHFs at the
tearing moment, the results of which are shown in Table 3
and Figs. 10 and 11. Considering process parameters when
the BHF becomes more than 200kN, the BHF is so much
that the sheet can hardly move over the blank holder. As
simulation and experimental results show, drawn depth at the
moment of tearing with a constant BHF of 300 and 250kN
is almost equal.

4.2 Comparison of analytical and FEM simulation
results

This section aims to calculate the tearing limit with the first
and second approaches in an analytical method using plastic-
ity relations and compare them with FEM and experimental
ones. The tearing limit was calculated by FEM simulation,
first criterion (Eq. (22)), and the second criterion (Eq. (24)),

(b)

Fig. 10 Comparison of the drawn depth at the moment of tearing with the 294kN BHF, p = 0.2, v = 33 ”:—”‘ a drawn depth in the experimental
sample: 26.32 mm, b drawn depth in the FEM simulation sample: 26.38 mm
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separately, and the results of them were compared with each
other. The method for calculation of the effective param-
eters on the tearing limit is that the safe area, at first, is
calculated using FEM simulation. After obtaining safe area
calculated by FEM and determination of variation range of
punch stroke, different values for h; in each stage will be
specified according to FEM results. With having parameters
dyj» dipti» €14> €24 Op1-2; and 0553, BHF, is calcu-
lated along punch stroke with the use of Eq. (24). Param-
eters, including d,, dp, Iy, Ip, Lo UTS, R, and yield stress,
are needed to calculate mentioned items; these parameters
related to mold’s element dimensions are listed in Table 2.
With the Egs. (22), (24) and (25) and having parameters
given in Tables 2 and 4, BHF,,, in each stage of punch
stroke was calculated with two methods based on strain
energy and maximum stress of material criteria, and they
were compared with FEM results according to Table 5. It
is important to note that in the FEM simulation, BHF was
considered the input and then, corresponding drawn depth
at the tearing moment, was measured. Furthermore, h;(s)
obtained from ABAQUS were considered the outputs of
FEM simulation. By contrast, in analytical calculations (the
first and second approach), h; measured by ABAQUS was

mm

Fig. 11 Comparison of the drawn depth at the moment of tearing with the 98kN BHF,p = 0.2, v =33 -4 drawn depth in the experimental
sample: 32.36 mm, b drawn depth in the FEM simulation sample: 34.2 mm

considered as the input of analytical calculation, and with
usages of them, BHF,,, was calculated by Eq. (25) in dif-
ferent stages of punch stroke. This process is shown in Fig. 1
in a more detail.

Using parameters given in Table 4, 0, ..,k Was, firstly,
calculated using either Eqs. (22) or (24). Then, with the
usage of 0, .yqck, BHF,,, was calculated using two criteria
based on strain energy and maximum stress of material. The
related results are provided in Table 5, and tearing threshold
with three methods of FEM, analytical approach based on
strain energy and maximum stress of material with friction
coefficient of 0.2 can be seen from Fig. 12.

In Table 5, BHF, ,,,, is the maximum BHF, which was
calculated using ultimate tensile stress criterion, first cri-
terion, BHF} ,,,, is the maximum BHF, which was calcu-
lated using the strain energy criterion, second criterion,
and BHF g, is the maximum BHF, which was calculated
using FEM simulation. As shown in Fig. 12, the second
approach is related to BHF,,, calculated using strain
energy criterion, FEM is BHF _,, obtained from FEM
simulation, and the first approach is associated with the
BHF,,,, calculated from ultimate tensile stress criterion.
As shown in Table 5 and Fig. 12, there is considerable

Table 4 Analytic calculation of

strain and mean flow stress in hi(mm) i (mm) di""i(mm) ELi 2. €3 °r '1_2,,-(Mpa) °r "2_3‘i(Mpa)
flange at 3 different points 25 185.3 133.2 0.11 027 033 306.74 345.48

27 178.4 142.3 013 029 035 331.28 373.76

30 175.3 146.1 015 032 038 340.99 384.38

32 173.2 148.5 016 034 039 34727 391.06

35 170.1 152.1 018 037 042 35643 400.54

38 166.9 155.6 020 04 045  409.45 365.36

40 164.7 157.9 022 041 0.47 371.19 415.10
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Table 5 Analytical results for
BHF, max; u = 0.2

Fig. 12 Comparison of maxi-
mum BHF with energy criteria,
UTS criteria, and FEM simula-
tion; u = 0.2

BHFFEM(N) BHFZ,max(N) O-rrm:k.Z,i(Mpa) BHF] ,max(N) Gcruck,lJ(Mpa) hl(mm)
200000 209800 575 85772 450 25
150000 167670 540.91 80562 450 27
125000 120810 498.42 74000 450 30
100000 95692 474.61 71238 450 32
70000 64420 444.07 70287 450 35
55000 40098 450 64271 450 38
30000 26698 403 58696 450 40

250

----------------- First approach
0w€0f N | - FEM

150

BHF(kN)

100

50

second approach

25

27

consistency between the results related to the strain energy
criterion and FEM. The results related to the strain energy
criterion were much closer to the FEM ones in compari-
son with that of the ultimate tensile stress criterion. To
evaluate the efficacy and practicality of the proposed

Fig. 13 Comparison of BHF-
max with energy criteria and
FEM simulation; = 0.1

BHF(KN)

250

200

150

100

50

30

32

35

Punch Stroke(mm)

38

40

model based on strain energy, BHF ,, was calculated with
two methods of FEM and strain energy method (second
approach) with two other friction coefficients of 0.1 and
0.15, the results of which can be seen from Figs. 13 and
14, respectively.

--&--FEM

—&— Second approach

35

40

45

50

Punch Stroke(mm)

60
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Fig. 14 Comparison of BHF,,
with energy criteria and FEM
simulation; y = 0.15

Table 6 Analytic calculation
of strain and mean flow stress
in flange every punch stroke;
u=0.1

Table 7 Analytic calculation
of strain and mean flow stress
in flange every punch stroke;
u=0.15

@ Springer

250
--&- FEM
r —&A— Second approach
200 4 PP
150 +
é
E L
m 100 T
50 +
0 ey :
27 32 37 42 47 52
Punch Stroke(mm)
h(mm) d, (mm) d,, (mm) €, &,; &; 04 1-2,{Mpa) ©6,_3(Mpa) ©,per Mpa) BHF,,,, (N)
39 165.8 156.7 0.21 040 0.46 368.2 412.3 410.3 192109
41 163.4 159.4 0.23 042 047 374.0 417.8 396.1 161863
43 161.9 161.3 0.24 044 049 379.8 423.2 383.1 136154
45 159.2 163.5 0.26 045 0.51 3854 428.3 371.4 114512
48 155.7 166.8 0.28 0.47 0.53 3939 435.8 3555 88706
51 152.2 170.0 0.31 0.50 0.55 4022 442.8 341.5 69789
53 149.8 172.8 0.33 0.51 0.57 407.8 447.4 332.9 60772
56 146.2 175.4 0.36 0.53 0.59 416.1 453.9 321.3 51689
58 143.77 177.2 0.38 0.54 0.60 421.7 458.1 314.2 48447
h(mm) d, (mm) d,, (mm) &£ ; &; &; ©671_5(Mpa) o7, 3(Mpa) 06.,4,,Mpa) BHF,, (N)
31 174.3 147.3 0.16 0.34 0.39 3442 387.7 485.7 194230
33 172.2 149.7 0.17 0.36 0.41 350.4 394.3 463.4 160000
35 170.1 152.1 0.19 0.37 0.43 356.4 400.5 443.7 130693
38 168.0 154.5 02 0.39 044 362.4 406.5 426.1 100564
39 165.8 156.8 022 0.41 0.46 368.3 412.3 410.3 84422
41 163.6 159.1 023 043 048 374.1 417.9 396.1 66463
43 161.4 161.3 025 0.44 0.49 379.8 423.2 383.2 51259
45 159.2 163.5 026 0.46 0.51 385.5 428.4 371.4 38678
48 155.7 166.8 0.29 0.48 0.53 3939 435.8 355.5 24021
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5 Conclusion

A new method based on strain energy was presented for
predicting BHF,,, along the punch stroke for the first time
(Tables 6 and 7). Supplementary to this, using dynamic
explicit analysis of ABAQUS software, 3D finite element
simulation of deep drawing was conducted, in which a new
method based on ductile damage criterion was introduced
to simulate cracking in sheet metal forming. Additionally,
experimental investigations were carried out to be com-
pared with FEM ones. Firstly, FEM results were verified
with experimental ones, demonstrating that the results of
these two were considerably close to each other. Then,
BHF,,,, was calculated by two criteria based on strain
energy and ultimate tensile stress, and the results of these
two approaches were compared with FEM ones. The results
related to the strain energy criterion were much closer to the
FEM ones in comparison with that of the ultimate tensile
stress criterion. Finally, the BHF, , was calculated by two
new friction coefficients based on the energy strain criterion,
and their results were compared to the FEM ones to ensure
the new method accuracy. Compared to previous related
research, the strain energy criterion would seem to be a bet-
ter approach for estimation of tearing threshold in the deep
drawing process.
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