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Abstract

The formability of 1 mm thick AA5182 aluminum alloy sheets in deep drawing of square cups by hydroforming was studied. The
influence of process parameters (peak pressure, pressure path, and blank holding force) on formability was investigated through
numerical simulations and validated with experimental work. The experiments were designed using the Taguchi method. The minimum
thickness in the formed cups (at the bottom corners) and the minimum corner radius that can be achieved were considered as the criteria
for evaluation of formability. The peak pressure was the most important process parameter affecting thinning and the minimum corner
radius that can be achieved. The variation of the pressure path had the least effect on formability. Regression models were developed for
prediction of minimum thickness in the cup and the corner radius as a function of peak pressure and blank holding force.
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1. Introduction

The importance of sheet metal forming processes with the
assistance of fluid pressure has increased significantly due to
certain advantages of these processes over conventional sheet
metal forming processes [1-3]. High pressure fluid is applied
on the blank usually through the blank holder to form it into
the shape of the die cavity, as shown in Fig. 1. The mecha-
nism of sheet hydroforming was explained by Hein and Vol-
lertsen [4].

Sheet hydroforming, in general, has a large potential to pro-
duce auto body components with consistently high levels of
tensile strength and rigidity, optimized weight, accurate ge-
ometry, and close tolerances. It has advantages like more uni-
form thickness distribution in the component, lower tooling
cost and use of modular dies to make parts of different geome-
try with the same setup. Better surface finish can be achieved
as thin film lubrication takes place between blank and blank
holder due to the presence of fluid. Trial runs and batch pro-
duction is quite economical as dies from concrete, wood or
polyurethane can also be used [5]. A single die setup can be
used for any thickness of blank material, as no mating punch
is required. Forming of two parts in a single setup as well as a
welded hollow assembly is quite possible [3, 4, 6]. Also, hy-
droforming can produce complex single body geometries with
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high structural stiffness, which using conventional forming
methods can only be produced in multiple, welded compo-
nents like body and suspension parts [7, 8]. Thus, hydroform-
ing leads to a completely new category of sheet metal formed
parts, made of sophisticated materials, produced in only one
manufacturing process, offering new prospects for light-
weight constructions and cheaper products.

Successful production of parts using hydroforming mainly
depends on design aspects of tooling as well as control of
important process parameters such as closing force or blank
holding force and fluid pressure. However, due to larger
process variables when compared to conventional deep draw-
ing, accurate process control is difficult in hydroforming.
Therefore, sheet hydroforming is still being investigated for
its overall suitability for commercial production. Erkan and
Erman [9] carried out a comparative study of high pressure
sheet metal forming, hydro-mechanical deep drawing and
conventional deep drawing on workpieces with various cross-
sections. Working windows for each process were established
based on the parameters of the circular, elliptic, rectangular
and square cross-sectional product geometries with ultralow
carbon steel.

Desai and Date [10] quantified the effect of material, tool
and process parameters on strain distribution in the drawn
sheet metal components. Higher and more uniform strain-
hardening with an expected reduction in spring-back due to
the introduction of hydrostatic pressure was illustrated by
Yang et al. [11]. Manufacturability of micro-channels in a
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Fig. 1. A schematic diagram for hydroforming of flat bottom cup-
shaped components.

bipolar plate of a fuel cell and a funnel shape was studied by
Sasawat and Koc [12] and Hojjati et al. [13], respectively, to
evaluate the effects of applied pressure on important formabil-
ity parameters such as thickness distribution, final dome
height, and distributions of equivalent stress and strain. To
increase the formability of structural parts having a shape like
that of an oil pan, Kim et al. [14] proposed a multi-stage hy-
dro-forming process of a sheet pair in which thinning was
reduced by more than 30 %. With the same aim, Shi-Hong et
al. [15] also studied sheet hydroforming process with a mov-
able female die which was kept in contact with the deformed
area of the sheet blank so that further deformation of the de-
formed area was restricted, and it resulted in less thinning than
in the hydro bulged part and remarkably improved limiting
draw ratio of stainless steel-SS304.

The role of surface roughness and friction (with or without
lubrication) was extensively studied in the case of conven-
tional sheet metal forming [16-18], but in sheet hydroforming,
it was reported only by a few researchers. It was found that
sheet surface frequently becomes rougher with increasing
plastic strain if surface defects like tool marks are present
before hydroforming of a blank [19]. Higher accuracy and
surface finish were found in sheet hydroforming when com-
pared to conventional deep drawing for the production of an
automobile fuel tank [20]. Shin et al. [21] discussed the
welded blank hydroforming technology in the formability of
the engine mount bracket and the subframe. Kreis and Hein
[22] presented an integrated approach to shorten the process
chain for the manufacturing of complex hollow bodies made
of sheet metal by developing a manufacturing system that
integrates the process steps: Hydroforming, mechanical trim-
ming, laser beam welding, and hydro-calibrating.

The control of the blank holding force (BHF) plays an im-
portant role in the success of the hydroforming process. Gei-
ger et al. [23] Novotny and Hein [6] developed pressure-BHF
process windows for successful hydroforming of sheet pairs
with extra-low carbon steel (DC04) and aluminum alloy
(AA6016) materials in which forming was carried out in two
steps, preforming and calibration. Improvement in formability
has also been reported by Liu et al. [24] with the stepped-BHF
load path. Peter and Matin [25] proposed an active elastic tool
and a leakage detection CCD-camera system for pressure-
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Fig. 2. Dimensions of the die (in mm) and the experimental setup [32].

BHF load path control. A bursting pressure limit was extended,
and as a result, the formability of DC04 material was im-
proved. Halkaci et al. [26] showed that formability could be
enhanced by adding a shallow draw bead to the blank holder
in the hydro-mechanical deep drawing process. Several re-
searchers have conducted analytical studies of the high pres-
sure bulge hydroforming process. Elkholy and Al-Hawaj [27]
analyzed stresses developed and collapse pressure for a simply
supported and rigidly supported circular plate of an elastic-
perfectly plastic material. An artificial intelligence technique
known as neural networks and random neural networks
(RNNs) was developed by Karkoub [28] to predict the amount
of deformation caused by high pressure hydroforming. Ahmad
and Mohammad [29] proposed an upper bound method to
estimate pressure required for hydroforming of sheet metal
pairs. A hemispherical part was formed to validate the effect
of the parameters like work-hardening exponent, friction and
blank size.

Sheet hydroforming is especially suitable for light-weight
materials like aluminum alloys which have low formability in
conventional forming processes. AA5182 and AA5754 alu-
minum alloys were characterized and the mechanical proper-
ties were found suitable for deep drawing [30, 31]. Limited
literature is available to estimate formability under different
pressure-BHF load path conditions for hydroforming of alu-
minum alloys. The analytical study was limited only to the
prediction of bulge height under the applied pressure. In view
of this, in the present work, an experimental and numerical
study was carried out on the influence of process parameters
on formability in deep drawing of square cups by hydro-
forming from AA5182 alloy sheet and these parameters have
been optimized to maximize formability using Taguchi
method.

2. Experimental work

2.1 Experimental setup

An experimental setup was designed and developed for
deep drawing of square cup-shaped parts by hydroforming of
sheets in the thickness range of 0.5 mm to 1.4 mm. The di-
mensions of the die designed for hydroforming of square cups
and the experimental setup on a hydraulic press are shown in



B. Modi and D. R. Kumar / Journal of Mechanical Science and Technology 33 (11) (2019) 5337~5346 5339

Table 1. Mechanical properties and anisotropic parameters of AA5182
sheets.

Angle with Strain
e | YS [UTS | % |uadening S RS
direction (MPa) | (MPa) [Elongation| exp(r)lnent K (MPa) R
@)
0 161.8 | 295.0 18.0 0.35 635.1 0.75
45 145.3 | 273.0 19.6 0.36 5772 0.90
90 157.5 | 283.8 18.8 0.35 589.4 0.82
Average | 152.5|281.2 19.0 0.35 594.8 0.84 (l_{)
Standard | "o 5110 | 08 | 0004 | 305 0.08
deviation

Fig. 2. The complete details of the development of the ex-
perimental setup and the controls along with a data acquisition
system have already been published [32].

2.2 Composition and mechanical properties

AAS5182 alloy, used in the present study, is a non-heat treat-
able Al-Mg alloy containing 4.3 % Mg, 0.34 % Mn and
0.21 % Fe. The mechanical properties and anisotropic parame-
ters of 1 mm thick AA5182 alloy sheets in the annealed condi-
tion (O-temper) are listed in Table 1.

2.3 Design of experiments

Design of experiments (DOE) techniques like the Taguchi
method and response surface methodology are used to opti-
mize the process parameters by minimizing the number of
experiments. A large number of researchers [33-35] demon-
strated the effectiveness of these methods to determine the
optimal parameters for various sheet metal forming processes.
Experiments were designed using the Taguchi DOE technique
to study the effect of process parameters (pressure path, peak
pressure, and BHF) on the formability of AA5182 alloy in
hydroforming of square cups. In addition to these three vari-
ables, friction at blank-tool interfaces also has a significant
effect on formability. The value of the friction coefficient
depends on the prevailing condition at the interface (pres-
ence/absence of lubrication and the type of lubricant) and it is
not a process parameter which can be controlled directly, and
hence it is excluded from the parametric study. However, the
effect of friction and lubrication on overall formability in hy-
droforming was reported by Modi and Kumar [36].

2.3.1 Levels of process parameters

From the preliminary experiments, it was observed that the
pressure required just to bulge the material up to the full depth
of the cavity is 10 MPa, and on further increase in pressure the
magnitude of form filling increases. The maximum pressure
the material can sustain was found to be 24 MPa. So, three
levels of peak pressure were chosen with the initial level of
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Fig. 3. Different pressure paths used in hydroforming experiments.

14.5 MPa to have considerable form filling, 19.0 MPa as an
intermediate level and 23.5 MPa as the highest level just be-
low the maximum possible pressure.

Three pressure paths as shown in Fig. 3 were considered for
the study and the total cycle time was the same in all the three
cases. In pressure path 1, the pressure was linearly increased
to 20 MPa (just below the peak pressure) in 25 seconds (form-
ing stage) and was then gradually increased during the remain-
ing part of the total cycle time of 60 seconds (calibration). The
pressure was continuously increased to peak pressure in 60
seconds in pressure path 2. In pressure path 3, a pressure of 10
MPa was reached in 40 seconds, and it was then increased to
the peak pressure at a faster rate during calibration.

The minimum closing force or sealing force found from the
experiments was just above the upward force, i.e., static equi-
librium force due to fluid pressure in the die cavity. It prevents
leakage of the fluid and ensures pressure development in the
die cavity. Estimation of closing force and its variation during
the cycle was explained in earlier work [32].

The applied blank holding force (BHF), i.e., force above the
minimum closing force, affects forming modes (the extent of
drawing/stretching and thinning). Three levels of BHF- 10 kN,
20 kN and 30 kN (in addition to the minimum closing force)
were chosen to capture its effect on hydroforming. Three ex-
periments were carried out for each set of wvariables.
MINITAB software was used for statistical analysis of the
Taguchi DOE technique.

2.3.2 Contribution of process parameters on minimum
thickness and radius at the corner

Taguchi analysis was carried out for minimum thickness
and radius at the comer (mean values) in the hydroformed
cups. Greater the better criterion was chosen for thickness
analysis, as higher thickness at corner indicates lower thinning
and better formability. Smaller the better criterion was chosen
for corner radius as a lower corner radius means better form
filling and higher geometrical accuracy.

The signal to noise (S/N) ratio was used to measure the de-
viation of responses (thickness and radius). The S/N ratio is
expressed [37] as:

S/ N ratio =—10log(MSD) (1)

where MSD is the mean square deviation of the responses.
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where n is the number of experiments and Y is the measured
value of responses.
The overall mean S/N ratio is expressed as:
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The percentage contribution of individual process parameter
on the responses can be calculated by:

% Contribution, = % x100 . @)

2.4 Measurement of output and analysis

2.4.1 Measurement of blank holding force and fluid pres-
sure

Blank holding force was sensed through a 50-ton capacity
load cell, which was attached with the press ram. A pressure
gauge and a pressure transducer were installed at the input line
of the die setup to measure and record the fluid pressure ex-
erted on the blank. Data acquisition system was used to ac-
quire load and pressure data.

2.4.2 Measurement of strain, thickness, and corner radius
Before performing the experiments, the blank surface was
marked with a 5 mm diameter circle grid with laser marking
technique for the strain measurement. The circle deforms into
an ellipse due to the deformation of the blank into the die cav-
ity shape. The major and minor diameters of the deformed
circles (ellipses) were measured by a traveling microscope
with a least count of 0.001 mm to obtain major and minor
strains in different regions. To study the thickness variation in
the hydroformed cups, the thickness was measured at different
points along the face and the diagonal of the cup bottom at an
interval of 5 mm by using a pointed anvil micrometer of
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Fig. 4. (a) FE model used for simulation of hydroforming of square
cups; (b) initial blank; (c) a typical pressure path.

0.01 mm least count. For the measurement of corner radius, a
coordinate measuring machine was used. The thickness and
the comer radius were measured for all the cups drawn with
different combinations of process variables.

3. Numerical simulation methodology

Hydroforming of square cups was modeled and simulated
using the finite element method with the help of commercially
available software Dynaform with LS-DYNA (version 971) to
arrive at a suitable range of process parameters and evaluate
their influence on formability of AAS5182 alloy. The tools (die
and blank holder) and the blank were created by surface mod-
eling. In the present work, triangular and rectangular thin shell
elements were used with an average element size of 3 mm.
Tools were modeled as rigid bodies, neglecting very little
elastic deformation of the tools during deep drawing. A typical
FE model of the tools and the blank used for simulation of
sheet hydroforming of a 35 mm deep square cup is shown in
Fig. 4(a). A 1 mm thick square blank of 166 mm side with a
corner radius of 70 mm (Fig. 4(b)) was modeled with five
integration points through the thickness using the Gauss rule.

3.1 Material model

To represent the yielding behavior of AAS5182 alloys in
FEA accurately, Barlat’s 1989 3-parameter yield model was
used. Barlat’s model incorporates the effect of both normal
and planar anisotropy in a polycrystalline sheet during plastic
deformation [38]. This represents the material behavior in
close approximation to experimental behavior. Tensile proper-
ties and anisotropic parameters of the alloy, determined from
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the tensile tests were given as input to define the material be-
havior during plastic deformation.

3.2 Boundary conditions

The required boundary conditions were defined in the simu-
lation of hydroforming of square cups. Blank was defined as
the master surface and the dies were defined as slave surfaces.
The friction conditions were modeled using Coulomb friction
at the blank-tool interfaces. The friction condition at blank-
blank holder interface was approximated as semi-fluid film
lubrication under the influence of fluid pressure and coeffi-
cient of friction was taken to be 0.08 as suggested by Rao and
Xie [39]. The coefficient of friction at the contact between the
blank and the die (without lubrication) was taken as 0.3 (for
dry condition) [40]. The lubricated condition with Teflon was
modeled with the value of the coefficient of friction as 0.04
[32]. Pressure boundary condition was applied at all the nodes

on the blank within the area confined by a line as shown in Fig.

4(a), and the enclosed area represents the region in which the
fluid pressure was applied on the blank. A typical pressure
path defined as an input in the FE simulation of hydroforming
is shown in Fig. 4(c).

4. Results and discussion

4.1 Effect of process parameters

Some important results obtained from numerical and ex-
perimental work on hydroforming of square cups are pre-
sented in this section. A square cup that was hydroformed
with pressure path 1, peak pressure 14.5 MPa and BHF 10 kN
is shown in Fig. 5, and the measured thickness distributions
along the face and diagonal directions in the cup are also
shown.

The minimum thickness (0.88 mm) was observed at the
corner in the diagonal direction from the center of the bottom.
FE simulation result (Fig. 6) showed that the predicted major
and minor strains were well below the FLD, which means the
cup can be formed successfully with these parameters without
any risk of necking or failure, which is in agreement with ex-
perimental observation. The thickness distribution in the com-
ponent predicted in the FE simulation is also shown in Fig. 6.
The maximum thinning occurred at the four bottom corners of
the cup, and hence the minimum thickness was observed at
the corner when measured along the diagonal. The corner
radius that could be achieved experimentally with these pa-
rameters is 42.7 mm and with FE simulation, it is 39.07 mm
as shown in Fig. 9 indicating that the experimental and FE
simulation results are in good agreement. However, the corner
radius achieved with these parameters is much higher than the
desired corner radius.

With the combination of process parameters listed at ex-
periment number 6 in Table 2 (peak pressure 23.5 MPa, BHF
10 KN and pressure path 2), the component could be success-
fully hydroformed. The minimum thickness achieved at the
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Fig. 5. Experimentally formed cup and thickness variation along the
face and the diagonal with pressure path 1, peak pressure 14.5 MPa
and BHF 10 kN.
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Fig. 6. Formability prediction and thickness variation in FE simulation
of square cup hydroforming (pressure path-1, peak pressure 14.5 MPa
and BHF 10 kN).

corners with experiments and FE simulations is 0.80 mm and
0.82 mm, respectively. The thickness variation in the compo-
nent, obtained from FE simulations, is shown in Fig. 7. The
corner radius that could be achieved experimentally with these
parameters is 26.3 mm, and this is in good agreement with the
corner radius predicted by FE simulations, which is 22.93 mm,
as represented in Fig. 7. It can be observed from the results
that higher thinning was obtained at the corner due to higher
fluid pressure when compared to the case discussed earlier
with pressure path-1. In this case, the fluid pressure continu-
ously increased till the end leading to more biaxial stretching
at the corner towards the end.

Accordingly, a much lower corner radius was achieved due
to larger deformation in the corner region. Major and minor
strains at the comer almost reached the highest allowed safe
strains, as shown by the yellow line in the FLD (Fig. 7).

A hydroformed square cup with the process parameters of
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tion with pressure path 3, peak pressure 19.0 MPa and BHF 10 kN.

experiment number 8 (pressure path 3, peak pressure 19 MPa
and BHF 10 KN) is shown in Fig. 8. The success of the cup
was also predicted from the FE simulations. The minimum
thickness achieved at the corners with experiments and FE
simulation was 0.85 mm and 0.86 mm, respectively. The
thickness variation in the FE simulation is shown in Fig. 8.
The corner radius that could be achieved experimentally with
these parameters was 33.4 mm and it was 30.92 mm in FE
simulation as shown in Fig. 8.

Though the pressure rapidly increased in the calibration
stage in pressure path-3, the thinning in the corners was less
than the previous case due to lower peak pressure, and hence
the formed corner radius is higher.

4.2 Failure in hydroforming of square cups

The components were successfully hydroformed with all
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Fig. 9. Failure in the hydroformed cup (pressure path 1, peak pressure
23.5 MPa and BHF 30 kN): (a) Experimentally formed cup; (b) form-
ability prediction in FE simulation.
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Fig. 10. Failure in the hydroformed cup (pressure path 3, peak pressure
23.5 MPa and BHF 20 kN): (a) Experimentally formed cup; (b) form-
ability prediction in FE simulation.

sets of parameters as per the DOE (Table 2), except in the case
of pressure path 1 (experiment 3) and pressure path 3 (ex-
periment 9) with a peak pressure of 23.5 MPa. The minimum
thickness achieved at the corner in experiment 3 and experi-
ment 9 was 0.76 mm and 0.77 mm, respectively. The failure
in the cups formed in the experiments was found in the cor-
ners and the cups are shown in Figs. 9(a) and 10(a). The
strains predicted in FE simulations are also in risk of failure
zone as seen in Figs. 9(b) and 10(b), and hence the predicted
results are consistent with experimental findings. The failure is
due to higher fluid pressure and higher BHF than in the cases
discussed earlier. Higher BHF causes a higher constraint on
the material flow during initial stages of draw-in, and hence
the stretching component increases, leading to more thinning.
Therefore, the material is unable to undergo further deforma-
tion in the corners during calibration under high fluid pressure,
and hence a fracture occurs at the corner.

4.3 Main effects plot for minimum thickness

Taguchi analysis was carried out for minimum thickness
and radius at the corner of the cups from experiments and FE
simulations. Minimum cup wall thickness (in the corner re-
gion) and radius at the cup corner were chosen as responses of
the Taguchi experiments. The responses from experiments
and FE simulations are tabulated in Table 2.

For each combination of process parameters, three experi-
ments were carried out and the average values (maximum
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Table 2. Experimental layout and responses.

Exp | Pressure
no. path
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Table 3. Response table for means (thickness) and contribution of

process parameters.
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standard deviation for thickness is 0.01 mm and for corner
radius, it is 1.3 mm) were reported. The results predicted by
FE simulations were also compared with the experimental
results. ‘Greater the better' criterion was chosen as higher
thickness at the corner indicates lower thinning and better
formability. The plots of the main effects are shown in Figs.
11(a) and (b) for the minimum thickness observed at the cup
corner in the experiments and FE simulations, respectively.

Mean values of thickness achieved experimentally at differ-
ent levels of process parameters are also listed in Table 3.
‘Delta’ represents total variation in mean thickness caused by
the change in the level of individual process parameters. The
process parameter (peak pressure) with the highest value of
‘Delta’ was ranked one, and it has the highest influence on the
response (thickness) among all the parameters. BHF was
found to be the next influential parameter with rank 2, and the
pressure path had the least effect among all the process pa-
rameters. The contribution of each parameter was also worked
out and these results are also presented in Table 3.

4.4 Prediction of minimum thickness by regression analysis

Using the Taguchi analysis of the experimental results, a re-
gression equation for ‘minimum thickness’ was proposed (Eq.
(8)). It predicts the minimum thickness as a function of the
process parameters within the range used in the study. The
parameter ‘pressure path’ was not included in the equation as
it does not have a numerical value. The fitness of the equation
was found to be 93.9 % from the analysis of variance.

Minimum thickness (mm) =

8
1.09 - 0.0117 *Peak Pressure - 0.00161* BHF ®

where peak pressure is in MPa and BHF is in kN.

4.5 Main effects plot for the corner radius

Smaller the better criterion was chosen for the response
‘corner radius’ as lower the radius, better the form filling and
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Fig. 11. Main effects plot for minimum thickness obtained from (a)
experimental results; (b) FEA results.

hence higher geometrical accuracy of the formed part. The
plots of the main effects are shown in Figs. 12(a) and (b) for
cup corner radius obtained through experiments and FE simu-
lations respectively. The mean values of the corner radius that
can be achieved experimentally at different levels of process
parameters are also listed in Table 4. The process parameter
(peak pressure) with the highest value of ‘Delta’ was ranked
one and it had the highest influence on the response (corner
radius) among all the parameters. Pressure path was found to
be the next influential parameter with rank 2 and BHF had the
least effect among all the process parameters. The contribu-
tions of each parameter are also presented in Table 4.
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Table 4. Response table for means (corner radius) and contribution of
process parameters.

Table 5. Comparison of the results predicted from regression models
and the experimental work.

Level Pr. path Peak Pr. (MPa) BHF (kN)
1 34.47 42.20 34.14
2 32.07 32.03 33.81
3 34.57 26.87 33.14
Delta 2.50 1533 1.00
Rank 2 1 3
SS 0.992 30.832 0.138
% contribution 3.11 96.46 0.43
Main Effects Plot for Means
Corner Radius Experimental
g Pr. Path Peak Pr. (MPa) BHF (KN}
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Fig. 12. Main effects plot for corner radius obtained from (a) experi-
mental results; (b) FEA results.

4.6 Prediction of corner radius by regression analysis

Using the Taguchi analysis of the experimental results, a re-
gression equation for ‘corner radius’ was proposed (Eq. (9)). It
predicts the minimum corner radius as a function of the proc-
ess parameters within the range used in the study. As men-
tioned earlier, the parameter ‘pressure path’ was not included
in the equation as it does not have a numerical value. The
fitness of the equation was 91.8 % from the analysis of vari-
ance.

Corner radius (mm)

9
=67.1-1.70 peak pressure —0.0500 BHF ©)

Optimum For minimum . For
process thinning minimum
parameters corner radius
Pressure path 2 2
Peak pressure (MPa) 14.5 235
BHF (KN) 10 30
Responses Regression Exp. Regression Exp.
Min. thickness (mm) 091 0.91 0.77 0.78
Corner radius (mm) 41.0 44.0 24.7 25.6
4 %

42 4
40
38

36 | —A—Min corner
34 radius_BHF30kN

| =g Thinning_BHF30kN
30 4
28 4
26 4
24 4
22

20 - . v y L 10
1 12 14 16 18 20 2 24 2

Peak pressure in MPa

Mimimum corner radius in mm
w
5]
®
% Thinning

Fig. 13. Influence of peak pressure on thinning and corner radius pre-
dicted by regression equations.

where peak pressure is in MPa and BHF is in kN.

As the peak pressure is the most influential process parame-
ter on formability, variations of % thinning and corner radius
predicted using Egs. (8) and (9), respectively, for different
values of peak pressure are shown in Fig. 13. For a given
value of BHF, as the peak pressure increases, percentage thin-
ning increases and the achievable minimum corner radius
decreases.

However, while it is important to be able to form small cor-
ner radii in sheet metal forming, the percentage thinning can-
not exceed a certain limit (the specifications vary from prod-
uct to product) as it leads to failure. Therefore, this plot helps
to choose optimum peak pressure based on the desired corner
radius and the maximum allowable thinning for a given com-
ponent.

Though the pressure path variation has the least effect on
thickness at the cup corner, pressure path 2 was found to be
the most favorable among the three pressure paths being stud-
ied. This can be observed from the main effects plots shown in
Figs. 11 and 12. Pressure path 2 results in lowest thinning and
lowest comer radius.

4.7 Confirmation tests for minimum thinning and minimum
corner radius

Confirmation tests were conducted for the optimum pa-
rameters identified from the main effects plot for both the
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Fig. 14. Experimental results for minimum thinning (pressure path 2,
peak pressure 14.5 MPa and BHF 10 kN) and minimum corner radius
(pressure path 2, peak pressure 23.5 MPa and BHF 30 kN): (a) Formed
cups; (b) thickness variation.

minimum thickness and the corner radius. Pressure path 2,
peak pressure 14.5 MPa and 10 kN BHF were identified (from
main effects plot shown in Fig. 11) as process parameters for
least thinning at the corner. Optimum process parameters were
also identified for the corner radius from the main effects plot
(Fig. 12). The minimum corner radius was achieved with peak
pressure 23.5 MPa, 30 kN BHF and pressure path 2. The re-
sults predicted with these process parameters by regression
models and the results from experimental work are in close
agreement. The process parameters and the results are summa-
rized in Table 5. Square cups formed with optimum process
parameters for lowest thinning (maximum thickness at the
corner) and minimum corner radius are shown in Fig. 14(a). It
clearly shows better form filling with the parameters identified
for the minimum corner radius. The minimum radius is asso-
ciated with higher thinning, which eventually leads to failure
in the corner region.

The thickness variation along the curvilinear length for both
the cases are presented in Fig. 14(b) which clearly shows
higher thinning in the cup with the minimum corner radius.

5. Conclusions

Based on the results and discussions presented in this paper,
the following conclusions are drawn:

(1) Among the three process parameters (pressure path,
peak pressure, and blank holding force) studied, the peak pres-
sure is the most significant parameter influencing formability
in deep drawing of square cups by hydroforming.

(2) With the experiential setup used in this study, 1 mm
thick AA 5182 alloy can be successfully formed into square
cups of 100 mm side with a peak pressure up to nearly
24 MPa (without lubrication). Minimum thinning or maxi-
mum thickness (0.91 mm) at the corner was achieved with
pressure path 2, peak pressure 14.5 MPa and 10 kN blank
holding force (BHF). A minimum corner radius of 25.6 mm
was achieved with pressure path 2, peak pressure 23.5 MPa
and 30 kN BHF.

(3) Pressure path has the least influence on thinning at the

corner. However, pressure path 2 results in better formability
and form filling as compared to the other two pressure paths.
In the case of the corner radius, BHF has the least influence.

(4) With high peak pressure, failure was observed at one of
the bottom corners of the cup where biaxial stretching is the
predominant mode of deformation during calibration. Thin-
ning in this region was consistently found to be 23-24 % at
failure.

(5) The FE simulation predictions of minimum thickness
and comer radius are in good agreement with the experimental
results. Using the experimental and FEA results, regression
equations have been developed for prediction of minimum
thickness and corner radius and fitness of the equations was
found to be good within the range of process variables used.
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