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Abstract - Hydroforming is used to create parts that are difficult in metal forming. Nimonic 90 sheet operates well at high
temperatures and pressures, making it appropriate for aerospace, processing, and industrial applications such as liquefied gas
storage, turbine blades, fasteners, etc. This study investigated the optimization of process parameters like pressure, blank holder
force and thickness in the hydroforming of Nimonic 90 sheet. In accordance with the standard ASTM E8/E8M, the mechanical
properties of Nimonic 90 sheets have been obtained by uniaxial tensile test. The sheet hydroforming process was first simulated
using the Finite Element Analysis (FEA) and then validated using experimental data for the maximum pressure required for
material failure. Since fully experimental or simulation designs are impractical, the design of experiments using the Box-
Behnken Design (BBD) was used to investigate the process parameters. Cuckoo search and particle swarm optimization
algorithms were used to predict optimized process parameters to achieve maximum deformation. Validation of the optimized
solution is done using FEA and experimentation. Formability is measured by the Forming Limit Diagram (FLD), and maximum
deformation is achieved without cracking and wrinkling. The findings revealed that the Cuckoo Search algorithm (CS) gives
better results for the optimized process parameters in the formability of the Nimonic 90 sheet. The optimum solution predicted
by the CS algorithm is less than 5% deviations from the optimal process parameters, demonstrating the best solution’s resilience.

Keywords - Formability, Sheet hydroforming, Nimonic 90, Design of experiments, Particle Swarm Optimization, Cuckoo search
algorithm.

1. Introduction

As shown in Figure 1, the hydroforming process has been
used to produce components that are difficult to manufacture
in metal forming [1]. It manufactures complex geometries
with structurally sound components rapidly, effectively, and
affordably [1][2][3]. The demand to produce solid, defect-free
parts is growing as hydroforming technology is recognized
and used extensively in the aircraft and automotive industries
[4]1[5]. The components created by sheet hydroforming can
withstand more crash energy since there are no welded joints
[6]. Hydroforming can produce all complex geometries of
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automobile components such as a front axle, rear axle
subframe, dual elbow exhaust manifold, fuel tank, and roofs
for luxury class cars [2]. The products that sheet hydroforming
produces are very close to the final prescribed geometry and
require very little modification because it is a near-net shape
manufacturing process [1]. Improved formability in
hydroforming is primarily due to strain distributed more
evenly, which gives less thinning at the corners [7]. Uniform
strain distribution leading to lower thinning at the corners is
possible in hydroforming [7].

Sheet Metal Forming

Extraction of Metal Part

Fig. 1 The Schematic of sheet hydroforming process
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Sheet hydroforming process factors include pressure,
blank holder force, sheet thickness, and so on. The amount of
fluid pressure and the surface area of the blank in contact with
the blank holder will determine the Blank Holding Force
(BHF). To avoid leaks and uncontrolled material flow, the
blank-holder force should be regulated according to the
internal pressure [8]. Product quality in sheet metal
hydroforming has been considered to be greatly influenced by
BHF [9]. The blank area in contact with the blank holder
continuously decreases during sheet hydroforming. Hence,
adequate BHF is necessary to prevent wrinkling and cracking.
Sheet thickness has an impact on formability and forming
limits [2].

Understanding the conditions that cause necking
(material instability) or fracture in all forming operations that
use sheet metal as an input material is critical. Such limits can
be represented as a Forming Limit Diagram (FLD) shown in
Figure 2, which plots the curve of major and minor strain
coordinates [10]. The major strain is always positive and is
plotted vertically, while the minor strain is plotted horizontally
[11]. A safe operating region is defined by the combination of
major and minor strains being below the Forming Limit Curve
(FLC), while failure is indicated by the region above the FLC
[12]. Primarily for early feasibility studies, formability
facilitates the rapid identification of critical areas requiring
further examination.

Many researchers have used Finite Element Analysis
(FEA) to identify the failure in metal forming[13] [14][15].
FEA and optimization are integrated to achieve optimized
process parameters for formability in metal forming [13]
[14][15]. In the presence of multiple factors, Design of
Experiments (DOE) approaches were used to maximize
response variables. DOE is a method for producing desired
results using geometric concepts for statistical sampling. The
DOE's main objective is to achieve the required response with
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the fewest number of trials possible because conducting fewer
experiments reduces the cost and time needed to complete the
experiments. [13].

Hydroforming has been used on a variety of materials,
including steel [16] [17], aluminium alloy [18], Titanium
alloy [19] and Nickel alloys [20]. Nickel alloys are long-
lasting materials that are capable of withstanding very high
temperatures for a long period of time. High-temperature parts
of aero-engines and industrial gas turbines use nickel-based
superalloys with superior high-temperature tensile strength,
greater oxidation resistance, fatigue resistance, corrosion
resistance, weldability, and long-term structural stability [21].
The Nimonic 90 alloy belongs to the nickel-based superalloy
group. Nimonic 90 is the ideal material to use in exhaust
nozzles, gas turbine parts, and aviation parts where the
pressure and heat are extremely high [22]. Nimonic 90, despite
being strong, is also highly ductile, allowing it to be formed
through a variety of different methodologies but at higher
pressures than other metals [23].

The primary purpose of hydroforming is to generate low-
cost, high-quality products. Optimization techniques enhance
the manufacture of the greatest quality products.
Metaheuristic algorithms are an example of an optimization
technique that can be used to discover the global best solution
to a complex function. Because they can handle nonlinear
problems and various objectives, these algorithms are
frequently utilized in the optimization of process parameters
in manufacturing. In many scientific applications, many
researchers used a variety of population-based optimization
techniques, such as the genetic algorithm, differential
evolution, particle swarm optimization, and cuckoo search
algorithms have been preferred because they are more
successful than gradient techniques at locating the best
response [24].
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Forming Limit Curve (FLC)
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Fig. 2 The lllustrative of FLD
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PSO is regarded as a resilient stochastic optimization and CS algorithms. The scope of this study is to propose an
algorithm since it is less sensitive to the factors that are special optimized model and a better optimization algorithm for
to the algorithm than other evolutionary algorithms [25]. The  optimizing process parameters in hydroforming.

PSO method has been applied to process optimization. A few
PSO-based approaches have been developed to optimize the  In this study, the following objectives will help to achieve the

single-response optimization process [26]. goal:
The CS approach runs randomly using Lévy flights rather ~ ®  Derivation of FEA model for sheet hydroforming;
than basic isotropic random search, which improves the ¢ DOEand formation of regression equation;
algorithm's search performance and provides some advantages ~ ®  Optimal response using optimization approaches;
in tackling function optimization problems. Fewer parameters, ~ ®  Determination of optimum process parameters for
easy operation, uncomplicated implementation, strong hydroforming of Nimonic 90 sheet;
random search path optimization and optimization skills, and ¢  Confirmation of optimum process parameters with FEA
the capacity to converge to the global optimal are the key and experimentation;
benefits of the CS algorithm [27]. e Evaluation of forming limit diagram;

e Discussion of the FEA model’s accuracy.
The following details were included in the summary of

the literature-reviewed papers: 2. Material and Methodology
) In this section, details of material composition and its

¢ Sheet hydroforming process properties, Modeling, FEA simulation, experimentation,
e FLD and its advantages DOE, and optimization methods used are discussed.
o Nimonic alloy and its applications
e The problem of optimization, which involves 2.1. Material & its Properties

manufacturing process parameters and responses, The material used in this study was nimonic 90 sheet. Its
o Need of Optimization composition and mechanical properties were taken from the

author's previous study [2] and illustrated in Tables 1 and 2,
Existing studies lack the optimization of process respectively.

parameters in the hydroforming of Nimonic alloys. To the best

of the authors' knowledge, this is the first attempt to optimize Uniaxial tensile tests were performed in accordance with
the hydroforming process of the nimonic 90 sheets using PSO ASTM E8/E8M standards, as indicated in Figure 3.

Table 1. Nimonic 90 sheet composition [2]
S P C Cu Si Mn Fe Al Ti Co Cr Ni

0.007 0.008 0.082 0.085 0.34 0.67 0.98 1.38 2.37 16.73 18.65 Balance

Table 2. Nimonic 90 sheet - Mechanical properties [2]

Material Properties Value
Modulus of Elasticity 105.95 x 10° MPa
Yield Stress (0.2%) 587 x 10° Pa
Ultimate Tensile Stress 1271 x 10° Pa
Poisson’s Ratio 0.28
Strain Hardening Exponent at n value 0.3039
Strength Coefficient at n value 1555.3697
200
50 = 5
_ .Y
o e
o o
Ve I 3 | ™~
l i {

All Dimensions are in mm
Fig. 3 lllustrative of tensile test specimen (ASTM E8/E8M)
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Table 3. Sheet and die dimension

Component Dimension (mm)
Nimonic 90 Sheet 65 X 65
Nimonic 90 Sheet Thickness 08,1&12
Top Die 100 x 100
Bottom Die 100 x 100
Die Cavity 38 x38x20
Die Corner Radius 04 to 05

Top de——— —»

0 0.1 02 03 0.4 0.5 0.6 0.7 h/L
| | | | | | | | »
»
Thin shell
| Thick shell
_ Solid

Fig. 5 Schematic of h/L chart [15]
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Fig. 6 True Stress—Strain curve of nimonic 90 Sheet

2.2. CAD Modeling and Simulation

In this study, components are modeled as shell elements
for Finite Element Analysis (FEA) simulations using the
Autodesk Fusion 360 software, as illustrated in Figure 4.
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Because shell elements enable the modeling of narrow
features with fewer mesh components, FEA utilizes them to
attain better results and lower the computational time [28].
The thin shell approximation is used in this model since the
thickness-to-length ratio (h/L Chart) is within 0.3, according
to the approximation model presented in Figure 5. [29]. In
FEA simulation, the thickness of all surface components is
assigned. Table 3 illustrates the dimensions of all components
used in CAD modeling. The radius of the die corner should
be greater than four times the material thickness [30].

2.2.1 Finite Element Simulation

Two regions, elastic and plastic regions, were considered
when defining the properties of the Nimonic 90 sheet. The
elastic properties were assigned as shown in Table 2, and the
true stress and strain of the material's plastic region were
shown in Figure 6. Ansys Mechanical was used for meshing.
Quadrilateral elements were chosen for meshing because they
produced far smoother surfaces than triangular elements,
which frequently produced apparent anomalies on the surface
[31]. All the free elements were set to quad type, with a 2 mm
element size. Using the face sizing option, several key areas,
such as the blank surface, fillets, and corner surfaces, are
defined with lower element sizes of 1 mm. After creating the
mesh, it is exported to LS Dyna in STL format. LS-Dyna
explicit solver is used for its extensive features of FLD,
thinning percentages, and drawing beads. BHF is loaded on
the top die, and Pressure is applied on the top of the sheet. A
drawbead depth of 1mm is chosen for the analysis. Mesh
refinement for convergence study was carried out in this work.
Simulations for various mesh refining phases were performed.

2.3. Experimental Model

Experiment work was carried out utilizing a 100-ton
hydraulic press and a 1000-bar pressure pump to validate the
results of numerical simulations and decide on the optimum
process parameters. Table 3 shows the dimensions of the die
and sheet that were used.

Fig. 7 Top die and plate
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Fig. 8 Bottom die and plate

The dies depicted in Figures 7 and 8 were manufactured
out of P20 tool steel, which has a high degree of deformation
resistance [32]. The top and bottom plates were connected to
their corresponding dies by M8 bolts, enabling the hydraulic
press to clamp the die. Using a laser cutting machine, the
specimen, Nimonic 90, depicted in Figure 9, was cut
according to the dimensions.

The validation experiment was carried out for maximum
pressure. As the finite element simulation was validated using
the experimental model and found to be within acceptable
limits, the same FEA simulation approach was also used to
design experiments.

2.4. Design of Experiments

The experiments were developed using the Box-Behnken
Design (BBD) of Response Surface Methodology (RSM) by
employing lower and higher levels of variable factors such as
Pressure (Pr), Blank Holder Force (BHF), and sheet Thickness
(T), as shown in Table 4, yielding 15 experiments to run using
Minitab software. Table 5 illustrates the conditions under
which the simulations were performed.

Table 4. Process parameters and its levels

Process Parameters Lower Level | Higher Level
Pressure (MPa) 30 50
BHF(kN) 180 220
Thickness (mm) 0.8 1.2

[
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Fig. 9 Nimonic 90 sheet specimen

2.5. Proposed Methods

In this section, two nature-based algorithms, Particle
Swarm Optimization (PSO) and Cuckoo Search Algorithm
(CS), are used to find optimal process parameters in the
formability of nimonic 90 sheets in the hydroforming process.

2.5.1. PSO Algorithm

At present, the PSO algorithm is used to solve real-world
problems in all fields. PSO determines the fitness function's
single value. The PSO method can be used to solve large-scale
optimization problems. [33]. PSO finds the optimal solution
through particle interaction but converges to the global
optimum rather slowly in a high-dimensional search space
[34].

Table 5. Design of experiments- BBD

Run Order Standard Order Block | Pt Type Thickness (mm) Pressure (MPa) BHF (kN)
1 14 1 0 1 40 180
2 4 1 2 1 50 220
3 12 1 2 1.2 40 220
4 1 1 2 30 140
5 1 2 30 220
6 15 1 0 40 180
7 6 1 2 0.8 50 180
8 8 1 2 1.2 50 180
9 9 1 2 0.8 40 140
10 10 1 2 0.8 40 220
11 11 1 2 1.2 40 140
12 13 1 0 1 40 180
13 7 1 2 1.2 30 180
14 2 1 2 1 50 140
15 5 1 2 0.8 30 180
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The selection of the global best is an important step in this
algorithm. Because of this, both the diversity and
convergence criteria of non-dominated solutions are affected.
The search is conducted in all directions; the global best guide
is chosen based on crowding distance calculation. Typically,
the solution with the greatest crowding distance is regarded as
the best global guide. As a result, the search has been
broadened to encompass all dimensions. When the external
archive for non-dominated solutions becomes full, the
solutions are replaced using the crowding distance calculation.
The solution in a densely populated region is replaced by the

new solution to maintain a good spread of solutions. As a
result, the algorithm generates a diverse set of solutions [33].
PSQO's performance is highly reliant on the settings (maximum
and minimum value of parameters, i.e. pressure, blank holder
force and thickness) that are chosen. The algorithm used in
this study is based on the PSO flowchart as illustrated in
Figure 10.

In this study, to achieve the best performance from the
PSO algorithm, The PSO parameters shown in Table 6 were
determined by the trial and error approach.

Create a swarm of N particles at random

Check each particle's current personal fitness value f (P* best;)

Did

f (P! best;) better than previous f (Pt! best;)

Identify (Ptbest;) as the personal
best position for i

Assign the fitness

Retain the previous best P** best;

value of the best position P! best... to ¢t best

Update the position of each particle

Maximum epochs or reached optimum?

Update the velocity of each particle

Fig. 10 PSO flowchart
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Table 6. PSO parameters and its values

PSO Parameters Value
Size of the swarm (no. of birds), n 50
Maximum number of bird steps 100
Dimension of the problem 3
C1 0.12
Cc2 1.2
PSO Momentum or inertia w 0.9

2.5.2. Cuckoo Search Algorithm

Another population-based stochastic algorithm that draws
inspiration from cuckoos' breeding procedures is the Cuckoo
Search Algorithm (CS) [35]. Because of their unique lifestyle
and aggressive reproductive tactics, various species of the bird
family known as cuckoo are the inspiration for the CS [24].
Cuckoos employ a number of techniques to reduce the
likelihood of being abandoned by their hosts. Yang and Deb
first introduced the cuckoo search in 2009 [36], and it was
subsequently implemented in engineering optimization.

The pseudo-code for the CS algorithm [37] is as follows
begin

Objective function f(x), x = (x1, ..., xd)T

Generate initial population of n host nests xi (i=1, 2, ...,
while (t <MaxGeneration) or (stop criterion)

Get a cuckoo at random from L'evy flights

evaluate its fitness/ quality Fi

Choose a nest among n (say, j) randomly

n)

3. Result and Discussion

The maximum pressure obtained during hydroforming in
FEA simulation and experiment is shown in Table 8. As the
error percentage between simulation and experiment is less
than 10%, it suggests that the proposed simulation model can
provide accurate predictions [38] [39]. The finite element
simulation process was then performed under various
conditions based on the design of experiments (Table 5), and
the response variable, i.e., deformation (De), resulted, as
shown in Table 9.

In the author's previous study [2], an RSM optimizer is
used to predict the optimal process parameter for
hydroforming of Nimonic 90 sheets. Fluid pressure (Pr), blank
holder force (BHF) and thickness (T) of the specimen have the
greatest effect on the hydroforming of the nimonic 90 sheets.
In the optimization of parameters for hydroforming, the
purpose is to maximize the deformation (objective function)
without failure. The deformation (De) is defined as follows
[2].

De = 8.52 + 0.3483xPr — 0.00044xBHF — 14.59xT +
0.000262x PrxPr —0.000001x BHFxBHF + 7.344
XTxT —0.000000xPrxBHF —0.1925xPrxT +0.00031
xBHFxT

@)

The optimization is carried out in the proposed methods
using equation (1) and the lower and upper bound values of
process parameters shown in Table 4 to achieve the maximum
deformation.

if (Fi>Fj), Table 8. Maximum pressure obtained by FEA simulation & experiment
the new solution is replaced by j; Maximum Percentage
end Pressure (MPa) Error (%)
New nests are built by abandoning a fraction (pa) of worse EEA Simulation 53.46 £ 53
nests; _ ) ) ) Experimentation 50.5 '
The best solutions (or nests with quality solutions) should be
kept; Table 9. Deformation results obtained from FEA simulation
Rank the solutions and identify the current best Inputs Output
end while Run
. o Order Pr BHF T De
Postprocess results and visualization (MPa) (kN) (mm) (mm)
End 1 40 180 1 7.88
The CS parameters shown in Table 7 were determined by 2 50 220 1 9.62
the trial and error approach. 3 40 220 12 6.65
Table 7. CS parameters and its values 4 30 140 1 6.19
CS Parameters Value > 30 220 L 6.16
— - 6 40 180 1 7.88
Number of initial populations 50 7 50 180 08 11.9
Minimum number of eggs for each cuckoo 2 8 50 180 1.2 8.11
Maximum number of eggs for each cuckoo 4 9 40 140 0.8 9.7
Maximum iterations of the Cuckoo Algorithm 100 10 40 220 0.8 9.66
- - 11 40 140 1.2 6.68
Maximum number of cuckoos that can live at the 200 12 0 180 1 7 88
same fime _ 13 30 180 1.2 5.27
Control parameter of egg-laying 50 14 50 140 1 965
15 30 180 0.8 7.52
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Table 10. Optimal results for maximum deformation without failure

Process Parameters Output Response-
Methods - )
Pressure (MPa) BHF (kN) Thickness (mm) Deformation (mm)
Cs 47.81 165.45 0.8 11.378
PSO 47.64 165.54 0.83 10.988
RSM optimizer [2] 42.32 144.04 0.8 10.199
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Fig. 12 Convergence graph of CS algorithm
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Table 10 compares the results generated by the CS
algorithm with the ones obtained by PSO, and both algorithms
give better results than the RSM optimizer. The convergence
graph of the PSO and CS algorithm for the maximum
deformation obtained is illustrated in Figures 11 and 12,
respectively.
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A confirmatory FEA simulation and experiment were
conducted in this study to verify the accuracy of the optimized
result obtained by the CS algorithm. Figure 13 depicts the
confirmatory FEA simulation result. The experimental
validation result shown in Figure 14 depicts the deformed
nimonic sheet for the optimum process parameters obtained
by the CS approach.

Table 11 illustrates the predicted (CS), FEA simulation
and experimental results for achieving maximum deformation
of the nimonic 90 sheet without failure. Since the error
percentage between predicted (CS), FEA simulation and
experimental results was less than 5%, the proposed approach
(CS) can provide accurate predictions.

Resultant Displacement
1.141e-01
105101 I
9.609e-00
8.709c+00
7.808e00
6.908¢ 100
6.008¢+00 l
5107100
4207400

Fig. 13 FEA Simulation result of maximum deformation for optimized
parameters

Fig. 14 Experimental validation for optimized parameters
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Table 11. Confirmatory simulation and experimental results with CS algorithm result

Process Parameter . Deformation (mm) % of error
Pressure BHF T CS-Predicted
deformation (mm i i i i i i
(MPa) (kN) (mm) (mm) Simulation | Experimental | Simulation | Experimental
47.81 165.45 0.8 11.378 11.41 11.29 0.28 0.77

The major and minor strains of Nimonic 90 during
hydroforming for the optimized process parameters are
depicted in the forming limit diagram created using LSdyna,
as illustrated in Figure 15. Strain combinations above the FLC
result in fracture, whereas those that fall below the wrinkling
limit line result in wrinkles.

For a constant minor strain, a wider gap between the FLC
and wrinkling limit lines indicates a greater possibility of
forming [40]. Since the space between the FLC and the
wrinkling limit line was greater in the FLD, as illustrated in
Figure 15, the Nimonic 90 sheet was better suited for forming.

Traditional FLD Max

Major True Strain

|

T

0
Minor True Strain

0.1 0.4

Fig. 15 Forming Limit Diagram for optimized parameters in Nimonic 90 - 28 Safe 71 Severe thinning. (A) Forming limit curve (FLC), (B) Risk
of Failure, (C) Wrinkling limit line

4. Conclusion

This study used two optimization approaches, PSO and
CS algorithms, to investigate the optimum process parameters,
pressure, blank holder force, and thickness in the
hydroforming of Nimonic 90 sheet and formability study
based on the FLD. The key findings of this study can be
described concisely as follows.
To determine the formability, a proper FEA model was
developed and to obtain optimum process parameters,

156

PSO and CS algorithms were used; the results show that
the CS algorithm gives better results than the PSO
approach;

Based on the optimization and verified simulation and
experiments, the important parameters for preventing
wrinkling during the forming state and achieving
maximum deformation were BHF of 165.45 kN, pressure
of 47.81 MPa and sheet thickness of 0.8 mm,
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e The formability of the Nimonic 90 sheet tested was good
for all strain conditions.

e In comparison to the tension-compression condition, the
formability was greater under conditions of plane strain
and biaxial tension;

e During sheet hydroforming, the fluid pressure caused the
sheet to stretch in the flange area, causing strains above
the wrinkling limit curve in the Forming Limit Diagram
(FLD), which is a favourable condition for forming;

e  Since the FLD obtained by simulation indicated no failure
zone, these optimum process parameter values were

Future studies will focus on applying the same
methodology for checking the formability of other
superalloys, and the same can be implemented for complex
geometry parts.
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