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Abstract

This study aimed to investigate the effect of elevated temperatures, combined with the blank holder force and punch radius,
on the thickness distribution of cylindrical cups in the deep drawing of SPCC sheet steel. Numerical simulations and cor-
responding experiments were conducted to evaluate the performance of the hardening equation that combines anisotropy
coefficient based on Hill’s 48 stress models in simulating and comparing the deformed cylindrical cup shapes at room and
elevated temperatures. The results showed good agreement between simulation and experimental data and confirmed that
the thinness of the cylindrical cup increased at elevated temperatures due to the indeterminacy of the blank holder force
parameter. To improve the thickness uniformity of the cylindrical cups, the Taguchi analysis design and ANOVA variance
were employed to optimize the blank holder force, punch radius, and elevated temperature parameters. The optimal param-
eters were selected for simulation and experiment to confirm the uniformity of the cup thickness, with a thickness deviation
of only 1.62% between simulation and experiment. This study provides valuable insights into the process parameters and
conditions necessary for the deep drawing of cylindrical cups with uniform thickness distribution.

Keywords Thickness distribution - Deep drawing at elevated temperatures - SPCC sheet steel - FEM - Taguchi method

1 Introduction cylindrical cup. The uniformity of the cylindrical cup wall is

essential for the long-term working ability of products, lead-

Sheet-forming technology plays an essential role in the aero-
space, automotive, and shipbuilding industries. In particular,
the deep drawing process is normally used to manufacture
cup or box-shaped parts with large forming heights. In the
deep drawing process, numerous studies on the influence of
parameters such as the blank holder force (BHF), punch/die
corner radius, and drawing ratios on the formability of cylin-
drical cups have been conducted to limit the phenomenon
of wrinkles on the cup rim and the uniform thinness of the
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ing to the design of suitable molds. Kim and Lee [1] studied
the effect of ultrasonic vibration on the deep drawing process
of cylindrical cups from cold-rolled carbon (SPCC) steel
sheets through experiments and simulations. The results
showed that the forming force tended to decrease when
ultrasonic vibration was applied. Wahyanti et al. [2] studied
the effect of friction on the phenomenon of wrinkles and
thinning during deep drawing on two materials, SCGA and
SPCC, and concluded that the higher the friction coefficient,
the higher the degree of thinning/wrinkling on the cylindri-
cal cup. Jankree et al. [3] studied the influence of defects at
the rim while deep drawing the SPCC cylindrical cup using
two different types of dies, such as conventional and variable
multi-draw radius (MDR) dies. Research has shown that the
defects at the cup rim are improved when using a variable-
radius die. Phanitwong [4] studied the increase in formabil-
ity when using MDR dies for SPCC cold-rolled steel sheets
and confirmed that using an MDR mold improves the form-
ability and rim defects of SPCC cylindrical cups.

The finite element method (FEM) is commonly used
when investigating sheet metal forming because it provides
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useful results on stress and strain in general applications.
Several studies have been conducted on the effects of geo-
metrical and technological parameters on cylindrical cup
thickness [5-9]. Recent simulated studies have focused
on the effect of mesh element type [10], anisotropy [11],
punch—die misalignment [12], BHF [13], and friction coef-
ficient [14] on the distribution of cup wall thickness in deep
drawing processes. Jawad et al. [15] used FE simulation and
corresponding experiments to investigate the influence of
punch radii on the thinness of cylindrical cups when forming
low-carbon steel with a sheet thickness of 0.7 mm. Walzer
and Liewald [16] studied the FE simulation of the deep
drawing processes for cylindrical cups in two cases, with
and without using the embossing technique. The embossing
technique can significantly affect the thinning and redistribu-
tion of thickness to other locations on the cylindrical cup.
Zhang et al. [17] studied the BHF distribution for the deep
drawing process using a blank holder divided into double
rings and concluded that wrinkles on the cylindrical cup
could be better eliminated with appropriate parameter selec-
tion. Salahshoor et al. [18] examined the effect of several
die/punch geometry parameters to improve the formability
of a cylindrical cup in hydrodynamic deep drawing assisted
by radial pressure and showed that increasing the peak
pressure causes a partial reduction in thinning in important
areas. The thinness of the part and the maximum force were
reduced by reducing the friction between the blank/ blank
holder. In addition, increasing the coefficient of friction
between the punch/blank to 0.2 will improve the formabil-
ity and decrease the thinness of the part. A clear description
of the anisotropy of plastic deformation is required for the
numerical simulation of sheet-metal forming processes. For
isotropic metallic materials, the von Mises stress function
[19] is often used to describe stress. However, this is not true
for anisotropic materials, particularly sheet metals. The von
Mises stress function can be modified by introducing addi-
tional parameters to evaluate anisotropy. These parameters
can be adjusted according to the set of experimental data
obtained by subjecting the material under consideration to
mechanical testing. Hill's quadratic stress function (Hill'48
[20] and Hill'52 [21]) is the most frequently used stress func-
tion of this type. The anisotropic stress criteria were studied
by Banabic et al. [22]. Recently, experimental methods for
identifying the anisotropic patterns and advanced criteria for
anisotropic polycrystalline materials with different crystal
structures have been proposed. Yong et al. [23] compared
the accuracy of Hill'48 [20], Barlat89 [24], and Y1d2000
[25] stress models in the springback simulation of U-shaped
parts made from MP980 material. The results showed that
the Y1d2000 stress model with eight parameters markedly
improved the prediction accuracy of the springback of the
U-shaped part. Chen et al. [26] used the cyclic loading kin-
ematic hardening model based on the Hill'48 anisotropy
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criterion and concluded that this combination will provide
accurate predictions in the numerical simulation of the
reverse deep drawing process. Zein et al. [5] predicted the
springback and thickness/thinness distributions of a cylindri-
cal cup using FEM simulation. The technological, geometri-
cal, and physical parameters were changed during the deep
drawing process. The study recommended specific values for
the technological and geometrical parameters to reduce the
thinness and springback of a cylindrical cup. Padmanabhana
et al. [27] studied and optimized the deep drawing process
of cylindrical cups made from stainless steel. The FEM was
combined with Taguchi orthogonal arrays and analysis of
variance (ANOVA) to optimize three input parameters, such
as the radius of the die corner, BHF, and friction coefficient,
which affect the uniformity of the cup thickness after deep
drawing in this study. The bottom of the cup was thinned,
and the top and rim of the cup were thickened. Raju et al.
[28] studied the effect of BHF and the die/punch corner
radius on the thickness distribution of cylinder cups when
deep drawing an AA6061 aluminum alloy sheet of 0.8 mm
thickness. This study used Taguchi orthogonal arrays and
ANOVA analysis of variance to optimize the input param-
eters. The results show that the die corner radius has a sig-
nificant influence (66.49%), followed by the BHF (29.16%)
and the (Rp) punch corner radius (9.23%).

Very few studies have evaluated the effect of heating tem-
perature on the uniform thinness of the cylindrical cup wall in
combination with the BHF and punch/die geometric param-
eters. Thermal assistance during plastic deformation typically
improves the formability of sheet metals. However, if the BHF
is not appropriately selected during deep drawing processing at
elevated temperatures, it will affect the uniformity of the cup
wall and increase the possibility of thinness at critical posi-
tions. Therefore, this study aimed to determine a reasonable
set of parameters for deep drawing cylindrical cups at warm
temperatures to ensure uniformity of the cup wall through the
Taguchi experimental algorithm and ANOVA variance analy-
sis. Investigations of the BHF on cup wall thinness were car-
ried out to determine the preliminary BHF region by numeri-
cal simulation. The corresponding experiments were compared
with the simulation results to confirm good agreement through
deviation errors. The effect of the warm temperature on the
cup wall thinness/uniformity was then investigated using a
FEM simulation. The simulation results and corresponding
experiments showed that the thinness at critical positions at
elevated temperatures was higher than that at room tempera-
ture with the same BHF. Therefore, the Taguchi method com-
bined with ANOVA has been shown to be effective for select-
ing the appropriate parameter values and optimizing cup wall
thinness. Simulation results with the appropriate parameters
set for BHF =8 KN, Rp= 8 mm, and T=250 °C to improve
the cup wall thickness and thinness uniformity. The verifica-
tion experiment with the most significant deviation of 1.62%
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in the cup wall thickness showed a good agreement with the
simulation results.

2 Material properties
2.1 Chemical composition of SPCC sheet steel

In this study, tests were performed on SPCC sheet steel to
obtain the necessary data to develop a model that predicts the
formability of the cylindrical cup deep stamping process. The
chemical composition of the materials is listed in Table 1.

2.2 Determining the mechanical properties
of experimental materials

The mechanical properties of the SPCC sheet steel were deter-
mined using uniaxial tensile tests. The tensile tests were con-
ducted at room temperature and high temperatures of 150 °C
and 250 °C. The measurement results are shown in Fig. 1,
and the material properties are listed in Table 2. This study
used the Kim—Tuan model [29] corresponding to Eq. (1) to
describe the results. The properties of the SPCC sheet material
are shown in Fig. 1.

Kim — Tuan : & = 6y + K(1 —exp (—2) ) (£ + 0.00Z)h
(D
where: o, and € represent true stress and true strain, respec-

tively. The hardening parameters, namely o;K;¢; and h, are
listed in Table 2

3 FE simulation and experimental results
of deep drawing process

3.1 Experimental setup

The experimental products were cylindrical cups made of an
SPCC sheet steel with a thickness of 0.6 mm. This study aimed
to determine the thinning of cylindrical cups using both simu-
lations and experiments. The geometrical parameters of the
die/punch set are shown in Fig. 2a with a punch diameter (d,))
of 67 mm, die corner radius (R;) of 6 mm, clearance between
the punch and die (W,) of 1 mm, and a varied punch corner
radius (R;) of 6 to 8 mm. The experimental die/punch/blank-
holder setup is shown in Fig. 2b. The BHF and temperature (7)
in the deep drawing process were studied with variable values
of BHF from 6 to 10 kN and temperature 7 from 25 to 250
°C. The deep drawing process of the SPCC cold-rolled steel

Table 1 Chemical composition of SPCC sheet steel

Material C Mn P S

SPCC <0.1 <045 <0.035 <0.04
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Fig.1 Flow stress curves of SPCC sheet steel at different tempera-
tures

sheets for a cylindrical cup was performed on a dual-dynamic
hydraulic press with a load capacity of 150 tons. The oil used
in the deep drawing process is commercially available.

The thickness of the cylindrical cup part after deforma-
tion was measured using an Axiovert 40 MAT microscope
and analyzed in the micrometer-sized region. Cylindrical
cups were cut, machined, and tested for their thickness at
eight positions. As shown in Fig. 3, the curvature radius of
the cylindrical cup at position 5 was magnified to a microm-
eter size of 500 mm.

3.2 FEsimulations of deep drawing process

In this study, the cylindrical cup deep drawing process was
simulated using ABAQUS 6.13 software [30]. Figure 4
depicts the FE simulation 3D model for the deep drawing
process, in which the punch is fixed and the blank-holder
and die are moved longitudinally to achieve the forming

Table 2 Properties of SPCC sheet steel at different temperatures

Materials SPCC

Property Room tem- 150 °C 250 °C
perature

Yield stress (MPa) 152.1 110.6 72.5

Tensile strength (MPa) 428.8 341.8 326.3

Elastic modulus (E, kN/mm?) 210 171 163

K (MPa) 460 326.3 324.6

t 25.86 20.16 12.02

h 0.48 0.42 0.35

Density (p kg/mm?) 7.8e—06

Elastic modulus (E, kN/mm?) 210

Poisson ratio (x) 0.3

@ Springer



348 Page4of14

Journal of the Brazilian Society of Mechanical Sciences and Engineering (2023) 45:348

Initial Forming
DO
[ D _
b
e Die
Blank
l—
Thermocouple
Blank holder
L/
Punch

b) 9) d)

Fig.2 Experimental system for the deep drawing process: a The
geometry dimensions; b Die; ¢ Blank holder and d Punch

cup depth through the deformation state. The rigid body
model was used to analyze the punch, blank holder, and die,
whose displacements were activated by reference points. The
blank workpiece was modeled using deformed and reduced
integrated shell modeling (S4R). In this study, the friction
between the punch, die, and blank holder during deep draw-
ing was obtained from [6, 31].

The anisotropic state of the material and the elastic and
plastic deformation of the SPCC sheet steel were simulated
based on the stress criteria of Hill'48.

Specifically, the equivalent stress determined by the Hill
stress function 1948 [20] is calculated as follows:

o= \/G6f+FU§+H(61 —62)2. )

Fig.3 Measured thickness of
cylindrical cups after the deep
drawing process
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Fig.4 FE model deep drawing in Abaqus

where: o, and o, represent the normal Cauchy stresses. The
values of G, F, and H are constants that can be calculated
based on the given value of R, as follows:

1 1 1

! 1
2w, TR, T R (€))

I
|
+
|
|
|

R = roo(ro +1)
22 — - N
rolrep + 1

] Nl +1) “
R — rgo(r90+1)
TN (o +w)

where: the anisotropy ratio is measured at 0° and 90° load-
ing angles with respect to the rolling direction of the parent
sheet, denoted by r, and ry, respectively. Anisotropy ratios
are represented by R, Ry, R33, R}, Rj3and Ry;.
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Fig.5 Deformed shapes of cylindrical cups a Wrinkle occurrence for a BHF of 5 kN; b Fracture occurrence for a BHF of 18 kN, ¢ Thickness
determination and d Thickness distribution

For the plane stress case, only four stress ratios are  and 1.2026, respectively. This anisotropy ratio value was
required. Here, assuming that the rolling direction (RD) is  declared in the material model to investigate the fracture
the user-defined reference stress, R, =1; further, R, and R;;  occurrence through FE simulation.
are calculated according to the system of Egs. (4) as 1.0143
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Fig. 5 (continued)

4 Results and discussion
4.1 The limitation range of blank holder force (BHF)

To investigate the effect of the BHF on the uniformity of
the thickness of the cylindrical cup, simulations and cor-
responding experiments were carried out using a workpiece
diameter of 140 mm (DO0) and a fixed deep drawing depth
of 40 mm (H). The BHF of the deep drawing process was
then selected, starting from the lower limit region when the
part was wrinkled on the rim. When the BHF was less than
6 kN, the cylindrical cup appeared wrinkled, as shown in
Figure 5a. As the BHF increased, the wrinkling tended to
decrease. However, the cylindrical cup’s formability was
limited by the deformation of the side wall of the cylindrical
cup. If the strain of the cylindrical cup reaches the maximum
value, a fracture will occur at the punch corner, as shown in
Figure 5b, with a BHF of 18 kN. Thus, the BHF was varied
from 6 to 14 kN to investigate the cylinder thickness distri-
bution based on both the numerical simulations and corre-
sponding experiments. Figure 5S¢ shows the measurements of
eight points on the cross-section of the cylinder cup profile.
Figure 5d shows that the cylindrical cup thickness suddenly
decreased at point 5 in the case of 14 kN of BHF. Therefore,
this study is limited to the BHF range from 6 to 10 kN.

4.2 The deviation between FE simulation
and experiment on thickness distribution
at room temperature

To evaluate the difference between the simulation and exper-

imental results, cup thickness was measured after deep draw-
ing at room temperature with a BHF of 10 kN (Fig. 6 (a)).

@ Springer

The measurement results are shown in Fig. 6b and Table 3,
with a deviation error (A#(%)) calculated using Eq. (5). The
measurement results show that the rim of the cup tends to
thicken (from positions 1-3), while the measuring positions
from positions 4 to 8 of the cylindrical cup were thinner than
the average thickness of the sheet. Table 3 and Fig. 6b show
that, the average thickness distribution in the FE simulation
is close to the average thickness obtained from the respective
experimental results. The difference in the cylindrical cup
thickness between the thinnest point and average thickness
(At,,.x(%)) was calculated using Eq. (6). The thickness at
the thinnest measurement position in the simulation model
was 7.17% thinner than the average thickness. Meanwhile,
on experimental results, the thinnest measuring position was
8.13% thinner than the average thickness. The comparison
results showed good agreement between the FE model and
the corresponding experiments in measuring the thickness
distribution.

|75 — 1|

At(%) = - 100% )

E

t... —t
Atmax(%) = |m“‘t—A|

A

- 100% 6)

where fg, t5, t,,;,, and?, are the simulation, experimental,
minimum, and average cup thicknesses, respectively.

4.3 Thickness distribution of cylindrical cups
at elevated temperatures

To investigate the effect of heat treatment on the thickness
distribution when deep drawing SPCC metal sheets, simu-
lations and corresponding experiments were performed, as
shown in Fig. 7a. The results of measuring the thickness
of the cylindrical cup at 150 °C and 250 °C are shown in
Table 4 and Fig. 7b. The obtained results showed that the
thickness on the cup rim had the highest value (position 1)
and tended to become thinner at the die corner radius (posi-
tion 2), and then at the cup wall (positions 3 and 4); finally,
the thinnest value was observed at the punch corner radius
(position 5) in both the simulation and experiment.

At the cup rim measurement point (position 1), the sheet
metal was the thickest, and at the punch radius measurement
point (position 5), it had the thinnest value (Fig. 7c). The
deviation error between the simulation and experiment was
determined using Eq. (5). The most significant deviation
values at measuring position 1 are 2.67% and 3.14% at 150
and 250 °C, respectively. Meanwhile, the smallest deviations
at the elevated temperatures of 150 and 250 °C were 0.68%
(position 8) and 0.29% (position 7), respectively. The differ-
ence in the cylindrical cup thickness between the thinnest
point and average thickness was calculated using Eq. (6).
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Fig.6 Deformed cup a and
thickness distribution of the STH

cylindrical cup vs deviation (Avg: 75%)
error between FE simulation +6.879%9e-01
and experiment b at room +6.770e-01
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Table 3 Deviation between FE simulation and experiment on cylin-
drical cup thickness at room temperature

Measured thickness ~ Experiment  Simulation — %At deviation
(mm) at locations

1 0.695 0.688 1.02
2 0.665 0.649 2.34
3 0.612 0.599 2.19
4 0.573 0.579 1.04
5 0.554 0.557 0.57
6 0.563 0.574 1.93
7 0.572 0.577 0.86
8 0.588 0.579 1.60
Average 0.603 0.600 0.43

Location of thickness measured

b)

The thicknesses at the thinnest measurement positions in
the simulation were less than 8.14% and 8.47% compared to
the average thickness values at 150 and 250 °C, respectively.
Meanwhile, the thinnest measuring positions compared to
the average thickness value in the corresponding experi-
ments were 9.48% and 10.26% thinner at 150 and 250 °C,
respectively.

At the cup rim measurement point (position 1) the sheet
metal tends to the thickness and at the punch radius meas-
urement point (position 5) gives the thinnest value (Fig. 8).
Deviation error between simulation and experiment is deter-
mined according to Eq. (5). The largest deviation values
at measuring position no 1 are 2.67% and 3.14% for 150
and 250 °C, respectively. Meanwhile, the smallest devia-
tions with the elevated temperature of 150 and 250 °C are
0.68% (position 8) and 0.29% (position 7), respectively. The
difference in cylindrical cup thickness between the thinnest
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Fig.7 Deformed cups: a thickness distribution of the cylindrical cup with a deviation error between FE simulation and experiment and b meas-
ured thickness at thickest/thinnest positions ¢ at elevated temperatures
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Position 1

Position 5

150 °C

Position 1 Position 5
250°C
c)

Fig. 7 (continued)
Table 4 Deviation between Measured thick- 150 °C 250 °C
FE sirr}ula?ion and ex.periment ness (mm) at : . . — : . ‘ —
on cylindrical cup thickness at locations Experiment Simulation Deviation % Az Experiment Simulation Deviation % At
elevated temperature

1 0.711 0.692 2.67 0.718 0.695 3.14

2 0.662 0.655 1.03 0.672 0.659 1.97

3 0.613 0.604 1.42 0.614 0.612 0.36

4 0.572 0.584 2.06 0.576 0.581 0.84

5 0.544 0.553 1.62 0.542 0.551 1.59

6 0.562 0.572 1.78 0.564 0.570 1.04

7 0.568 0.575 1.32 0.571 0.573 0.29

8 0.573 0.577 0.68 0.576 0.574 0.33

Average 0.601 0.602 0.15 0.604 0.602 0.39

point and the average thickness is calculated by Eq. (6). The
thicknesses at the thinnest measurement positions on the
simulation are thinner than 8.14% and 8.47% compared to
the average thickness value at 150 and 250 °C, respectively.
Meanwhile, the thinnest measuring positions compared to
the average thickness value in the corresponding experi-
ments are 9.48% and 10.26% thinner at 150 and 250 °C,
respectively.

4.4 Input parameter optimization on the thickness
distribution of cylindrical cups

The analysis of the thickness distribution of the cylindri-
cal cups at room and elevated temperatures shows that

the thickness at the thinnest measuring position tends to
decrease with increasing heating temperature. This is in
contrast to previous studies [29, 32] on the effect of increas-
ing temperature on the uniform thickness distribution and
thinness at critical positions. This phenomenon can be
explained by the BHF value being kept constant during deep
drawing at room and high temperatures. In particular, a high
temperature can improve the formability of the SPCC mate-
rial but is limited by the selected BHF value. Therefore, it is
necessary to examine the relationship between the param-
eters, such as the BHF, punch radius (Rp), temperature (7),
and the uniform thickness distribution (#) of the cylindrical
cup. The effects of BHF, Rp, and T on the uniformity of
the cylindrical cup thickness can be predicted, analyzed,

@ Springer
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Fig.8 Thickness distribution of sheet metal from FEM simulation

Table 5 Input parameters and their levels

Parameters levels

1 2 3
Blank holder force (BHF) KN 6 8 10
Punch radius Ry mm 4 6 8
Temperatures (7) °C 25 150 250
Table 6 Taguchi L9 orthogonal array
No. BHF (KN) R, (mm) T (°C)
1 6 4 25
2 6 6 150
3 6 8 250
4 8 4 150
5 8 6 250
6 8 8 25
7 10 4 250
8 10 6 25
9 10 8 150

and evaluated using simulation data. The selected optimal
parameters of BHF, Rp, and T were tested through corre-
sponding experiments. During the simulations, 3 levels of
each input parameter were selected (Table 5). Therefore,
the orthogonal array L9 was used to design the experimen-
tal design. A minimum of nine experiments were needed
to check the effect of the variable parameters during the
simulation. Using the Taguchi orthogonal algorithm, the
number of experimental designs were reduced from 27 to 9.
The simulation results for the sheet metal thickness values

@ Springer

for the selected cases using the Taguchi method are listed
in Tables 6 and 7.

The results for the thickness (7) of the nine simulated sam-
ples are presented in Table 7 and Fig. 8. The S/N ratios for
each experiment are presented in Table 8. The S/N ratio with
the characteristic for the thickness of the cylindrical cup is
nominal-the-best determined by Eqs. (7) and (8).

S/N = —101log(MSD) 7

With the nominal-the-best quality characteristic, MSD
is defined as:
§2
MSD = ? 8)

y

s (n)

where: y = Zf:rl i Sg = —=

Here, y; are the measured value in the experiment, r is the
number of measurements in each experiment, and y is the
nominal or target value.

The Taguchi method was used for the experimental
design in this study to determine the influence of the input
parameters on the thickness distribution of cylindrical cups.
This method allows each parameter to be evaluated inde-
pendently and in randomized experiments. The S/N ratio of
each control parameter with three levels and their influence
on the thickness of the cylindrical cup were analyzed, as
shown in Fig. 9. The optimal level of input parameters is the
higher value, as shown in Table 9, with the optimal param-
eters of M,N;P;: BHF=8 KN, R,=8 mm, 7=250 °C. The
ANOVA results for the cylindrical cup thickness (Table 9)
show that the temperature and punch radius have the greatest
(38.79%) and smallest (29.01%) influences on the cylindrical
cup thickness, respectively.

The deformation results of the cylindrical cup with opti-
mal parameters by simulation and experiment are shown
in Fig. 10a and b, respectively. The thickness distribution
of the optimal cylindrical cup is presented in Table 10 and
Fig. 10c. The deviation between the thinnest point and the
average thickness of the optimal cylindrical cup was cal-
culated using Eq. (6). The thickness at the thinnest meas-
urement position in the simulation model was 4.16% thin-
ner than the average measurement value. Meanwhile, the
measurement results for the experimental cylindrical cup
indicated that the thinnest measuring position was thinner
than the average measurement value of 5.78%. The devia-
tion data between the measurement points show that the
thinness variation of the optimal cylindrical cup is closest
to the average measurement value. The comparison results
also show a good agreement in the thickness distribution
of cylindrical cups between the FE simulation and the cor-
responding experiment, with a maximum thickness devia-
tion of 1.62%.
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Table 7 The results of

. . Measured thickness  Taguchi L9
measuring the thickness

(mm) at locations

of cylindrical cups in 9 L1 L2 L3 L4 L5 L6 L7 L8 L9

experiments
1 0.692 0.691 0.675 0.688 0.675 0.697 0.695 0.686  0.682
2 0.657 0.665 0.647 0.631 0.643 0.651 0.659 0.645 0.643
3 0.610 0.617 0.608 0.605 0.607 0.615 0.612 0.602 0.604
4 0.584 059 0597 0594 0593 0598 0581  0.581  0.596
5 0.562 0551 0557 0.558 0.558 0561 0551 0.564  0.563
6 0.570 0560 0.569 0.561 0.574 0568 0570 0.572  0.567
7 0.570  0.562 0581 0582 0.585 0.568 0.573 0576  0.571
8 0.574 0573 0582 0584 0587 0569 0574 0580  0.579
Average 0.602 0.602 0.602 0.600 0.603 0.603 0.602 0.601 0.601

Table 8 S/N ratio Table 9 ANOVA results for cylindrical cup thickness

No. BHF (KN) R, (mm) T (°C) S/N S/_N Parameter S/N ratio Sum of Contribution

squares percentage(%)

1 10.0 4 25 2022 22571 ! 2 3

2 10.0 6 150 21.263 BHE (M) 22257 22.918% 22.538 0.220 30.96

3 10.0 8 250 23.485 Rp(N) 22,197 22703 22.812% 0.192 27.01

4 12,5 4 150 23.005 T (P) 22268 22.459 22.985% 0.276 38.79

5 12.5 6 250 23.906 Noise 0.023 3.24

6 12.5 8 25 21.841 Sum 0.711 100

7 15.0 4 250 21.564

8 15.0 6 25 22.940 *)Optimal value

9 15.0 8 150 23.109

the thinness of the cup wall. Therefore, FE simulations
and corresponding experiments were used to evaluate the
23.2 ' ' ' ' ' ' ' influence of room temperature and elevated temperatures
| in combination with the BHF and punch radius on the
thickness distribution of the cylindrical cups of an SPCC
] sheet steel. The consensus results between the simulation
and experiment show the following conclusions:
. i
? . 1. A limited BHF of 6 to 10 kN should be used.
The thickness of the cup rim tends to thicken, while the
) | cup wall is thinned and reaches its smallest value at the
gf‘(’og‘m’ 1 position of the punch radius.
---T8 3. The thinness at the critical positions of cylindrical cups
28 Mi_ Mz M2 N N2 N3 Pl P2 FPa at elevated temperatures will be higher if the BHF value
is kept the same at room temperature.

Fig.9 The S/N ratio varies at different levels 4. To improve the uniformity of the thickness of the cylin-
drical cups, the optimal parameter set of elevated tem-
perature, punch radius, and BHF should be selected as

5 Conclusion T=250°C, 8 mm, and 8 kN, respectively.

5. In a future work, the obtained results will be used to

The SPCC sheet steel cylinder cups used in this study improve the formability of the deep drawing process

are being applied in the deep drawing process of fuel fil- with complex and difficult-to-form profiles using local

ter cups in the automobile industry. This study aims to thermal assistance.

improve the formability and limit the defects caused by

@ Springer
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Fig. 10 Deformed cylindrical
cup after deep drawing process
with optimal parameters a
Simulation; b Experiment and ¢
thickness distribution
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Fig. 10 (continued)

Table 10 Deviation in thickness distribution of cylindrical cups using
optimal parameters between FEM simulation and experiments

Measured thickness ¢ (mm) Deviation % At
(mm) at locations 3 ; .
Experiment  Simulation

1 0.686 0.676 1.46
2 0.642 0.638 0.62
3 0.618 0.608 1.62
4 0.584 0.583 0.17
5 0.571 0.576 0.88
6 0.576 0.578 0.35
7 0.583 0.582 0.17
8 0.585 0.588 0.51
Average 0.606 0.601 0.83
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