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ABSTRACT

In most of sheet forming processes, production of the final parts with minimum thickness variation and
low required force is important. In this research, minimization of the sheet thinning and forming force
in the hydraulic deep drawing process was studied. Firstly, the process was simulated using the finite
element method (FEM) and the simulation model was verified compared to experimental results. Then
the sheet thinning ratio and punch force were modeled as objective functions using the response
surface methodology (RSM). In this model, process parameters including punch nose radius, die
entrance radius and maximum fluid pressure were the input variables. Required experiments for the
RSM were designed using the central composite design (CCD) method and performed by FEM.
Finally, optimum point of the parameters was obtained by multi-objective optimization of the objective
functions using the desirability function method based on response surface model and then evaluated.
In addition, optimum ranges of the parameters were determined using overlying contour plots. Results
showed that the response surface models had good adequacy. According to this model, increasing of
the punch nose radius‘and die entrance radius lead to decreasing of thinning ratio and increasing the
maximum punch force. Also the maximum punch force increases by increasing the maximum fluid
pressure. Optimization results represent reduction of the thinning ratio almost 10% compared with
conventional results.

doi: 10.5829/idosi.ije.2016.29.02b.16

1. INTRODUCTION

Hydraulic deep drawing is a technology for producing
such parts that has been widely used in the automotive

Over recent years to preserve raw  materials, the
automotive industry has been to manufacture vehicles
with lower fuel consumption. Production of lightweight
parts using economical design is an important factor in
achieving this purpose. One of the most important ways
to reduce the weight of parts is substitution of deep
drawing steels by lightweight materials such as
magnesium and titanium alloys. One disadvantage of
these materials is their lower forming limits. Another
way to reduce parts weight is the integration of different
functionalities within one part. If a consequent
lightweight construction by lightweight materials and
shape can be realized successfully, the number of
components and joining operations can be reduced [1].
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industry and is shown in Figure 1 schematically.

Compared to conventional deep drawing, this
method has several advantages such as low tooling cost,
flexibility and ease of operation, low tool wear, no
damage to the surface of the sheet and capability to
form complex shapes [2, 3]. Many materials such as low
carbon steel, stainless steel, aluminum alloys and copper
can be used in this process [4]. In many industrial
manufacturing processes, predicting the effective input
parameters which affect the products quality is an
important issue. Conventional design methods usually
are based on trial and error or experimental approaches
that give rise to increase cost and time. By combination
of optimization techniques with design of experiments
(DOE) and finite element (FE) methods, effective
approaches to achieve the final parts with desired
properties could be obtained.
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Figure 1. Schematic of hydraulic deep drawing process: (a)
hydrostatic and (b) hydrodynamic representation

During the last few years, many studies have been
carried out on the hydraulic deep drawing process.
Pourboghrat et al. [5] investigated the LDR for deep
drawing of AA5754 aluminum sheet. The aim of their
study was to determine the limits and conditions in
which the sheet hydroforming process provides a
significant advantage over stamping in deep drawing of
AA5754 aluminum sheets. The LDR for AA5754
aluminum sheet was found to be 1.33 and 2.21 for sharp
and round die corner radii, respectively. Overall, it was
concluded that hydroforming is most ideal for deep
drawing of aluminum sheets with sharp radii features.
Gorji et al. [6] studied the effect of maximum fluid
pressure on bursting of conical-cylindrical .cups 'in
hydrodynamic deep drawing assisted by radial pressure
experimentally and by FE simulation. They found that
by applying a maximum fluid pressure less than a
certain extent, the thinning ratio increases. Increasing
the maximum fluid pressure to more than the special
amount, does not have any effect on improvement of
thickness distribution. Salahshoor et al. [7] investigated
forming of concave-bottom  cylindrical parts using
hydrodynamic deep drawing assisted by radial pressure
using the finite element simulation and experiment. In
their work, the effects of pressure path and geometrical
parameters of the punch on thickness distribution were
examined. They found that after forming the concave
profile of the work piece, by increasing the maximum
fluid pressure, the critical regions thickness does not
change. Also increasing the concavity height and punch
corner radius affects the thickness reduction in critical
regions. Azodi et al. [8] studied sheet rupturing in
hydromechanical deep drawing process using the Barlat
and Lian vyield criterion. They also carried out
experiment to validate their analytical results. They
reported that maximum fluid pressure decreases by
increasing the friction coefficient between the sheet and
the punch. Lin et al. [9] experimentally studied the
blank holder pressure, fluid pressure and thickness
distribution of final part in hydromechanical deep

drawing. In their study, the hydraulic deep drawing
experiment was conducted on 1.00 mm-thick 08AI steel,
and a drawing ratio equal to 2.63 was obtained.

Despite of various investigations on hydraulic deep
drawing process, few studies have been reported in the
field of process optimization, especially multi-objective
optimization. Likewise, improving the effective
parameters always has been considered by researchers.
As previously mentioned, conventional design methods
usually are based on trial and error or experimental
approaches that give rise to increase cost and time.
Therefore using the optimization methods can prevent
from wasting time and cost. This paper endeavors to
understand the effect of punch nose radius, die entrance
radius and maximum fluid pressure on sheet hydraulic
deep drawing of cylindrical cups using RSM. Maximum
sheet thinning and maximum punch force were
considered as response functions. An experimentally
verified FE model is used for performing parametric
study.

2. RESPONSE SURFACE METHODOLOGY

Response surface method is used to evaluate the
functions describing the relationship among some
influencing factors and the process results. Box and
Wilson introduced RSM in 1951 and then Montgomery
and Myers [10] developed it. The most important
purpose of RSM is to use a series of designed
experiments to attain an optimal response. In many
cases, a second-degree polynomial model is used in
RSM. This model is only an approximation, but because
of its flexibility, it is widely used [11]. This model is
expressed as:

y =
Bo + X (Bixy) + Zil(ﬂiixiz) + 2 3(Bijxix;) + €

where, y is the response, Sy , fi , Bii , Bij are unknown
constant coefficients and x; and x;, denote the
independent design variables, k is the number of the
independent variables, and ¢ is the statistical error. The
coefficients of the model equation are obtained using
regression methods. The matrix notation of the
regression model can be expressed as follows in which
Bo, Pr.- .., Prare unknown constant coefficients.
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The system of equations is solved by the least squares
method. If x and y introduce variables matrix and
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responses, respectively, the coefficients of g are as
follows:

B =&XTX)TIXY ©)

The Minitab software was used to analyze the data.
Each of the variables considered in two levels of
minimum and maximum as input parameters that are
shown in Table 1.

3. DESIGN AND PERFORM FE EXPERIMENTS

Performing the experimental tests often leads to high
time and cost. Therefore, in this research rather than
experimental test, FE analysis was used that is validated
by experimental results. The blank is made of copper
with a thickness of 2.5 mm and an initial diameter equal
to 80 mm. The copper sheet properties are used based
on reference [12] for FE analysis. The ABAQUS
6.9/Explicit was used for simulating the process. The
tools and blank were modeled as analytical rigid and
deformable, respectively.

Figure 2 shows the FE model before starting the
process. Also geometric dimensions of tooling are
shown in Table 2. The die and blank holder were fully
constrained and the punch could move in the vertical
direction. The friction coefficient was considered to be
0.14 for punch/sheet interface and it was considered
0.04 for other surfaces [7].

The element type of sheet was eight-node solid
element (C3D8R). The number of elements along. the
thickness was selected five based on convergence of
maximum punch force with respect.to elements number.
In order to verify the FE model, the simulation thickness
distribution curve was compared with the experimental
result that has been reported by firth author based on
reference [12] that is shown (in Figure 3. In this figure
the articles A, B and C, imply the zones bottom, corner
radius and wall of the final cup, respectively. As it can
be seen from the figure, the FE results are in good
agreement with the experimental results, hence the FE
model was further used for performing the set of
experiments designed by RSM.

By implementing of the CCD method, design of
experiments with 20 experiments would be done
according to Table 3. Then output process parameters
were extracted using FE analysis. Thinning ratio is one
of the most important parameters in determining the
quality of the final part. The thinning ratio was used for
fracture criterion in the simulation. According to
reference [13], major engineering strain (ee) in plane
strain condition is calculated by Equation (4):

eg = FLDy = (233 + > t0) (3-) )
where; n is the strain hardening exponent and t, is the

initial blank thickness.

TABLE 1. Input variable parameters with their levels

X i Level
Parameter Designation . )
Minimum  Maximum
Punch nose radius (mm) A 4 8
Die entrance radius (mm) B 3 7
Maximum fluid pressure
(MPa) C 28 36

TABLE 2. Geometrical dimensions of the die set [13]

Parameter Value (mm)
Punch diameter 38.5
Punch nose radius 6
Die inside diameter 44
Die entrance radius 5
Punch Blank holder
to & R
S~ Die
Initial blank
thickness
Figure 2. FE model
29 Simulation « « « -
28 Experimental
2 P

Thickness (
<

Initial thickness

0 5 10 15 20 25 30 35 40 & 50 55
Distance from center (mm)
Figure 3. Good agreement between simulation results and
experimental results of reference [12]

The major true strain (go) and true strain in the
thickness direction for plane strain condition are
determined according to Equations (5) and (6).

e
gg = In(1+ - 5)

& = &g (6)

After calculating €o and substituting it into Equation (7),
the value of t; is obtained. By placing t; into Equation
(8), thinning ratio is obtained:

te = to exp(e) (7
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where; t; is the initial thickness of the blank and t;is the
final thickness of the cup.

.. to—t
%Thining = "t—of (8)
Thinning ratio was obtained 55% for the copper sheet
that this amount will be used in the optimization of
thinning ratio. It was also observed that the minimum
thickness of cup occurs in the corner radius of the punch

that is shown in Figure 4.

TABLE 3. Experiments design using CCD with outputs

Run A B c Thi_nning Maximum punch
no. ratio (%) force (kN)
1 6 5 32 204 2255
2 6 5 32 20.4 225.5
3 4 3 28 90.0 100.9
4 6 5 32 204 2255
5 8 3 36 21.6 242.3
6 6 5 25.27 216 207.2
7 6 1.63 32 90.0 131.1
8 4 3 36 90.0 155.2
9 6 5 32 204 2255
10 9.36 5 32 184 220.3
11 8 7 28 17.2 233.2
12 2.63 5 32 90.0 96.3
13 6 5 32 204 2255
14 6 5 32 20.4 2255
15 4 7 28 20.8 239.8
16 6 5 38.72 204 249.7
17 8 7 36 18.0 261.4
18 6 8.36 32 18.8 248.0
19 4 7 36 20.8 272.3
20 8 3 28 24.0 190.8

PEED

(Aavg: 759D
+2.975e-01
+8.204e-01 o
+7.611e-01 1
+5.92092-01
+50.2452-01
+5.564e-01
+4.881le-01
+<.1992-01
+3.516e-01
+2.83242-01
+2.151e-01
+1l.4692-01
+7.863e-02

Figure 4. Minimum thickness in final part

4. MULTI-OBJECTIVE OPTIMIZATION

4. 1. Desirability Function The purpose of
optimization is to find one or several acceptable
solutions to the critical values of one or more of the
objective functions. Optimization methods are important
in practice, especially in engineering design,
experimental test and trading decisions [14]. When a
problem involves more than one objective function,
finding process of the optimal response is called multi-
objective optimization. Desirability function is one of
the multi-objective optimization methods that is used in
this study. To optimize by using desirability function,
firstly the individual desirability degree for each
response should be calculated. If the aim is to minimize
a response, the individual desirability is calculated using
Equation (9). Also, Egquation (10) is used for
maximizing the response.

0 yi > U;
W=y
d; = [r_il) T, <y, = U; ©)
1 i <T;
0 yi <Ly
(v = L)]"
d =1 |¥T L <y <T, 10
' (T; — L) E=Yist 10
1 Vi > T[

In Equations (9) and (10), d; is the individual
desirability degree, y; represents the predicted value, T;
is the target value, U; denotes the maximum acceptable
value, L; is the minimum acceptable value and r;
represents the weight of desirability function for the i
response. In this research, both response thinning ratio
and maximum punch force should be minimum,
therefore Equation (9) is used.

After calculating the individual desirability degree for
each function, in order to use them to combine all the
answers and finding overall proper conditions, the
composite desirability is obtained using Equation (11)
in which D is the composite desirability degree, w;
represents the importance of i" response and W is the
overall weight.

D = (q1(d"))w (11)

Since the ultimate goal of this research is to achieve the
less thinning ratio meanwhile decreasing maximum
forming force, the importance for both objective
function is considered one. Likewise the desirability
function weight for each response is considered one.
This is the default weight and is called linear
desirability function [15]. Figure 5 shows the
desirability function (minimizing case) with a weight of
one.

4. 2. Overlying Contour Plots In the optimization
process, in addition to the optimal point, the appropriate
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range for the parameters is also important. To find the
optimum range of the parameters, contour plots method
is used. In this way, by using the contour plots for all
functions and putting them together, the desired values
of input variables for optimal range of objective
functions is determined.

5. RESULTS AND DISCUSSION

5. 1. Modeling of the Thinning Ratio Response
Function Normal probability plot for the thinning
ratio is shown in Figure 6. Distribution points around
the diagonal line represents that the distribution of data
is normal. This model also indicates a good quality of
the model. By using RSM, final model for thinning ratio
according to the input parameters punch nose radius
(A), die entrance radius (B) and maximum fluid
pressure (C) will be expressed as Equation (12):

Thinning ratio = — 60.3197 A — 61.9054 B + 4.71079
C +2.62968 A% + 2.64736 B2 — 0.0762034 C*> + 4 (12)
AxB —0.025 AxC + 0.05 BxC

Analysis of variance (ANOVA) has been used in order
to examine the effect of the parameters in the fitted
regression model. The results of ANOVA for thinning
ratio is presented in Table 4. The P values less than
0.05, indicates that the desired parameters are effective.
It was observed that the terms linear, square and
interaction are effective in the regression model.

The goodness of the response surface model (R?)
can be determined as follow:

2 _ XOi-9)*

T Si-v)? (13)
where y; is the objective function value from the model,
i is the real value and y is the average value. This value
for thinning ratio was obtained as+98.62% that is
desirable.

d=desirability

Targé‘t
Upper bound
‘ d=0

Figure 5. Desirability function with a weight of one

d=1

Percent

Residual

Figure 6. Normal probability plot of thinning ratio

TABLE 4. ANOVA table for thinning ratio

Source Degree of Sum of Mean F P
freedom squares square

Regression 9 15391.4 171015  79.47  0.000
Linear 3 10277.8 342594 159.20 0.000
A 1 4996.3 4996.3  232.17 0.000
B 1 5280.5 5280.5  245.38 0.000
C 1 1.00 1.00 0.04 0.837
Square 3 3063.9 1021.31  47.46  0.000
AxA 1 1594.5 1594.5 74.10  0.000
BxB 1 1616.0 1616.0 75.10  0.000
CxC 1 21.4 21.4 1.00 0.342
Interaction 3 2049.6 683.20 31.75 0.000
AxB 1 2048.0 2048.0 95.17  0.000
AxC 1 0.03 0.03 0.01  0.905
BxC 1 1.30 1.30 0.06 0.812
Residual 10 2152 2152

Total 19 15606.6 1710.15

Figure 7 shows response surface of thinning ratio
according to the punch nose radius and die entrance
radius. In Figure 8 response surface of thinning ratio
according to the punch nose radius and maximum fluid
pressure is shown. Also Figure 9 shows the response
surface of thinning ratio according to the die entrance
radius and maximum fluid pressure.

According to Figures 7 to 9, it is clear that with
increasing punch nose radius, thinning ratio is reduced.
Simultaneously by moving down the punch and
applying the fluid pressure onto the bottom surface of
the sheet, the bending radius of the sheet will increase
by increasing the punch nose radius. As a result, the
thickness reduction at this zone is low. In the other
words, by reduction of the tension in the sheet due
increasing the bending and unbending in the corner
radius of the punch, the thinning in this area will be
reduced.

Thinning Ratio (%)

Figure 7. Response surface of thinning ratio according to
punch nose radius and die entrance radius
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Thinning Ratio (%)

Punch y
0Se Ragiyg (mm) S

Figure 8. Response surface of thinning ratio according to
punch nose radius and maximum fluid pressure

75

50

Thinning Ratio (%)

Figure 9. Response surface of thinning ratio according to die
entrance radius and maximum fluid pressure

Also it can be seen that the effect of maximum
pressure on the thinning ratio is not notable. This matter
can be seen from ANOVA table of thinning ratio.
Because the P value for maximum fluid pressure is
greater than 0.05.

5. 2. Modeling of the Punch Force Response
Function Figure 10 shows the normal
probability plot for the punch force. Distribution points
around the diagonal line indicates that the distribution of
data is normal. By using RSM; final model for punch
force according to the input parameters punch nose
radius (A), die entrance radius (B) and maximum fluid
pressure (C) will be expressed as Equation (14):

Maximum punch force = 82.8479 A —107.535B —
0.41533 C — 4.19647 A% — 2.36242 B? + 0.268973 C* —  (14)
5.39063 AxB + 0.232812 AxC — 1.04844 BxC

The results of ANOVA for punch force is tabulated in
Table 5. It was observed that the terms linear, square
and interaction are effective in the regression model.

The goodness of the response surface model (R?)
was obtained as 97.25% that is desirable. Figure 11
shows response surface of punch force according to the
punch nose radius and die entrance radius. Response
surface of punch force according to the punch nose
radius and maximum fluid pressure is shown in Figure
12.

Percent

-20 -10 0 10 20
Residual

Figure 10. Normal probability plot of punch force

TABLE 5. ANOVA table for punch force

Degree of  Sum of Mean

Source freedom squares square F P
Regression 9 40267.1 4474.1 39.35 0.000
Linear 3 30361.3 10120.4 89.01 0.000
A 1 9213.7 9213.7 81.03 0.000
B 1 17732.0 17732.0 155.95  0.000
C 1 3415.6 3415.6 30.04 0.000
Square 3 5595.8 1865.3 16.40 0.000
AxA 1 4060.6 4060.6 35.71 0.000
BxB 1 1286.9 1286.9 11.32 0.007
CxC 1 266.9 266.9 2.35 0.156
Interaction 3 4310.1 1436.7 12.64 0.001
AxB 1 3719.5 3719.5 32.71 0.000
AxC 1 27.8 27.8 0.24 0.632
BxC 1 562.8 562.8 4.95 0.050
Residual 10 11370 1137

Total 19 41404.1 4474.1

Also Figure 13 shows the response surface of punch
force according to the die entrance radius and maximum
fluid pressure.

It can be seen from Figures 11 to 13 that the
maximum punch force increases by increasing the
parameters punch nose radius, die entrance radius and
maximum fluid pressure. Increasing the corner radius of
the punch and die, gives rise to stick the sheet to the
punch surface with more displacement after starting the
process which increases the amount of strain hardening
in the sheet and thus increasing the forming force. On
the other hand, according to the relationship F = PA, by
increasing the fluid pressure, the punch needs more
force to penetrate into the chamber. Also, according to
the ANOVA and the fact that the P value is less than
0.05, all of the three parameters affect the punch force.
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nch Noge Radiyg (mm)

Figure 11. Response surface of punch force according to
punch nose radius and die entrance radius
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Figure 12. Response surface of punch force according to
punch nose radius and maximum fluid pressure

Maximum Punch Force (kN)

Figure 13. Response surface of punch force according to die
entrance radius and maximum fluid pressure

5. 3. Optimization Process In order to use the
desirability function, an area should be specified to
obtain optimum point. The thinning ratio and maximum
punch force should become minimum. For this issue,
first the target and the upper bound should be
determined. For the response thinning ratio, the target
value is selected zero. This means that the final piece is
without thinning. Also the upper bound is selected 55
with respect to the maximum amount due to thinning
ratio according to Equation (1). For the maximum
punch force, the target value of 233.2 is selected. This
value is considered from run number 11 of Table 3 in

which the lowest thinning ratio is gained for this amount
of force. The upper bound for the punch force is
determined as 419 by multiplying the maximum fluid
pressure from Table 1 (36 MPa) on the cross section of
the bottom of final work piece. The optimization results
using the mentioned information are shown in Figure
14. According to this figure, the composite desirability
of the obtained point is 0.929. Because this amount is
higher than 0.9, it can be selected as the accepted
optimal point. Table 6 shows the optimal point values.

In order to evaluate the optimal point, the FE results
of this point were compared with the results of the
normal simulation. Normal simulation is considered as
the run number 11 in which the thinning ratio is lower
than other experiments® (17.2%). In Table 7 the
comparison results of<the thinning ratio and maximum
punch force between the optimum and normal mode is
shown. The results show the improvement of the
thinning ratio by almost 10% in optimal mode compared
to the normal mode.

It is difficult to adjust the input variables in a certain
amount in practice. Therefore, in the next step overlay
contour plots were examined for extracting the optimum
range of input variables of desired values of response
functions. The optimal point of desirability function
method was used to create the final contour. In this
method, firstly the contour plots for two variables and
each functions is drawn. For overall contour plots, the
optimal range of variables for desired values of response
functions is specified in the diagram.

Initial Maximum Punch No Die Entr
-
ur . : [
0.92967 [ow 220028 71891 53175
Composite ' e
Desirability / /
0.92967 / /
J J
N\ \
Thinning -\\ ‘
Minimum \ .
y = 7.4256 \
d = 0.86499 - \ y,
PunchFo | _.— . L
Minimum 7 S ,,/
y = 233.3528 )
d =0.99918 Y

Figure 14. Optimization curves using desirability function

TABLE 6. Optimal point values using desirability function

Parameter Value
Punch nose radius (mm) 7.18
Die entrance radius (mm) 5.91

Maximum fluid pressure (MPa) 25.27
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TABLE 7. Optimal point values using desirability function

Experiment Thinning ratio (%) Maximum punch force
(kN)

Optimal mode 15.5 230.6

Normal mode 17.2 2332

In the other words, this method achieves to the
optimal response with assuming that other input
variables are constant by comparing the pair of input
variables. At first, an acceptable limit for the responses
is specified and their upper and lower bounds are
determined; somehow the responses be acceptable at
these bounds. Then amongst the input variables, both of
them are selected and others are assumed to be constant
(at @ minimum, maximum or average level). The final
graph is plotted somehow that the solid line and the
dash line imply the lower bound and upper bound of the
responses, respectively. The area in which all the
answers are common, would mark by white color
(Figures 15 to 17). In this area, all the answers are in the
accepted range and all points in this area will be
optimal. In general, the white area is the overlap area for
both variable of the optimum range. To find the optimal
range of parameters using contour plots, the upper
bound for thinning ratio is selected 55 (according to
maximum thinning criteria) and the lower bound is
considered zero. Upper and lower bounds for the
maximum punch force were selected 419 and 233.2,
respectively. In creating the contour plots, the constant
parameter is considered as the obtained optimal point
using the desirability function. Figure 15 shows the
contour plot for two parameters punch nose radius and
die entrance radius. Using the desirability function, the
value of the maximum fluid pressure was determined to
be 25.27 as the constant parameter. Also the contour
plots of the punch nose radius/maximum fluid pressure
and die entrance radius/ maximum fluid pressure are
shown in Figures 16 and 17, respectively. White area
shows the optimum range of parameters.

Thinning
Ratio
—0
------- 55
Punch
g Force
7 "\ 2332
. 419

Hold Values
Maximum Pressure 25.27

Punch Nose Radius
(=]

2 3 4 5 6 7 8
Die Entrance Radius

Figure 15. Overlying counter plot for punch nose radius and
die entrance radius

Thinning
9 Ratio
—0
weneeee 5§
Punch
Force
7 2332
419

Hold Values
Die Entrance Radius 5.917

Punch Nose Radius
(=]

26 28 30 32 34 36 38
Maximum Pressure

Figure 16. Overlying counter plot for punch nose radius and
maximum pressure

Thinning
8 Ratio
[}
55
Punch
Force
6 233.2
419

Hold Values
Punch Nose Radius 7.189

Die Entrance Radius
«

e
26 28 30 32 34 36 38
Maximum Pressure

Figure17. Overlying counter plot for die entrance radius and
maximum pressure

For example, as it is shown in Figure 16, the punch
nose radius approximately less than 6.4 mm and more
than 7.2 mm within the fluid pressure of 25 MPa, cause
sheet rupture. In addition, the optimal area of punch
nose radius increases by increasing the maximum fluid
pressure.

6. COCLUSIONS

In this research,the effect of three parameters i.e. punch
nose radius, die entrance radius and maximum fluid
pressure on thinning ratio and maximum punch force in
hydraulic deep drawing process were modeled and
optimized. The response surface model for objective
functions were obtained by design of experiment using
the central composite design and performing them using
FEM. The multi-objective optimization response in
order to minimize the thinning ratio and maximum
punch force was performed using the desirability
function. Evaluation of response surface plots showed
that the thinning ratio decreases by increasing the punch
nose radius and die entrance radius. The effect of
maximum fluid pressure on the thinning ratio was not
very remarkable in comparison to the other variables.
Also examination of the response surface plots for
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maximum punch force indicated that the maximum
punch force increases by increasing all of the three input
variables. The results of the modeling showed that the
response surface model investigates the effect of the
input parameters on the response functions with a
proper precision. The optimization results using the
desirability function showed that thinning ratio reduced
almost 10% compared to normal mode. Finally, optimal
range of the input parameters were determined by
putting together the contour plots for the desired amount
of response functions using optimal point.
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