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relational analysis

Sami A. Hammood', Aseel H. Abed’, Ageel S. Bedan®, Mohammed RASHEED*

1.23.4 Production Engineering & Metallurgy College, University of Technology- Iraq, Baghdad 10066, Iraq

Abstract. Sheet hydroforming is a flexible and cost-effective forming process capable of producing
complex sheet metal components with high dimensional accuracy and improved mechanical performance.
In this study, the influence of key process parameters on the multi-objective performance of AISI 1008
low carbon steel sheet was investigated using a combined Taguchi design and Grey Relational Analysis
(GRA) approach. Three controllable parameters—sheet thickness (0.48, 0.68, and 0.88 mm), punch stroke
speed (2, 5, and 10 mm/min), and hydraulic fluid viscosity (20W-50, 50 SAE, and 70 SAE)—were
examined at three levels each using an L27 experimental matrix. The output responses considered were
maximum dome height, thickness at the pole region, and micro-hardness (HV0.2). The experimental
results revealed that dome height varied from 25.68 mm to 37.16 mm, pole thickness ranged between
0.299 mm and 0.637 mm, and micro-hardness values increased from 152.9 HV0.2 to 193.3 HV0.2
depending on the parameter combination. Grey relational analysis identified Experiment 27 as the best-
performing condition with a Grey Relational Grade (GRG) of 0.806. Analysis of variance (ANOVA)
indicated that sheet thickness was the most significant factor, contributing 89.6% to the overall
performance variation, followed by stroke speed (4.1%) and viscosity (3.2%). The optimal parameter
combination was determined as 70 SAE viscosity, 0.88 mm thickness, and 10 mm/min speed. Under these
conditions, superior multi-performance characteristics were achieved, confirming the effectiveness of the
integrated Taguchi-GRA optimization methodology for sheet hydroforming applications.
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Sheet hydroforming is particularly attractive for
producing near-net-shape components, meaning the

1 Introduction

Use A4 paper size

Sheet hydroforming is an advanced metal forming
process widely used for shaping ductile materials such
as aluminum alloys, brass, low alloy steels, stainless
steels, and low carbon steels into lightweight, rigid,
and high-strength components. Unlike conventional
stamping operations, sheet hydroforming utilizes
pressurized hydraulic fluid to deform the sheet metal
against a die surface, enabling the production of
complex geometries with improved dimensional
accuracy and superior surface finish [1].

In the sheet hydroforming with die process, hydraulic
pressure forces the blank to conform to the female die
cavity. The blank holder plays a crucial role in
regulating material flow from the flange region into the
die cavity while simultaneously maintaining sealing
integrity to prevent fluid leakage. Proper control of
process parameters significantly enhances formability,
reduces wrinkling and thinning, and improves part
quality [2].

final product closely matches the desired geometry and
requires minimal secondary operations. This capability
makes it highly suitable for industries such as
automotive, aerospace, cookware, medical equipment,
and structural manufacturing. Automotive applications
include door panels, roof panels, structural
reinforcements, and frame components. Despite its
advantages, sheet hydroforming generally involves
higher tooling and operational costs compared to
conventional stamping, limiting its application to
specialized  or  high-performance  components.
Nevertheless, its ability to improve formability,
structural integrity, and surface quality makes it an
important modern manufacturing technique [3, 4].

Low carbon steel sheets, such as AISI 1008 steel, are
widely used in sheet forming processes due to their
excellent ductility, good elongation, favorable strain
hardening characteristics, fine grain structure, and a
significant difference between yield strength and
ultimate tensile strength. These mechanical properties
make low carbon steel highly suitable for
hydroforming operations. Materials that perform well
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under conventional cold forming conditions are
generally compatible with hydroforming, provided that
required forming pressures are within equipment
capabilities [5].

Although sheet hydroforming offers enhanced
formability and improved mechanical properties,
achieving optimal performance depends heavily on the
selection and control of process parameters. Parameters
such as sheet thickness, punch stroke speed, and
hydraulic fluid viscosity significantly influence critical
performance characteristics including product height,
thickness distribution, and micro-hardness. Improper
parameter selection can result in excessive thinning,
reduced hardness, wrinkling, fracture, or insufficient
forming height. Furthermore, optimizing a single
performance characteristic often negatively affects
another, making the process inherently multi-objective
in nature. Therefore, a systematic and reliable
optimization method is required to simultaneously
enhance multiple performance responses in sheet
hydroforming of low carbon steel [6].

Although several studies have examined the individual
effects of sheet hydroforming parameters on specific
outcomes such as formability, thinning behavior, or
thickness distribution, comprehensive multi-response
optimization remains limited. Most existing research
has focused on optimizing a single performance
characteristic without considering the interactive
influence of process parameters on both geometrical
and mechanical properties simultancously. In
particular, the effect of hydraulic fluid viscosity on the
combined responses of product height, thickness
variation, and micro-hardness has not been thoroughly
investigated. Furthermore, the application of an
integrated Taguchi method with Grey Relational
Analysis (GRA) for multi-objective optimization of
AISI 1008 low carbon steel is scarcely reported in the
literature. There is also a lack of quantitative
evaluation regarding the relative contribution of critical
parameters such as sheet thickness, stroke speed, and
fluid wviscosity within a wunified optimization
framework. Therefore, a systematic study addressing
these gaps 1is necessary to enhance process
understanding and achieve optimal hydroforming
performance [7].

The primary objective of this study is to optimize the
sheet hydroforming process parameters for AISI 1008
low carbon steel in order to achieve superior multi-
performance characteristics in terms of formability and
mechanical  properties. The study aims to
systematically evaluate the influence of key process
parameters—namely sheet thickness, punch stroke
speed, and hydraulic fluid viscosity—on important
output responses including product height, thickness
distribution, and micro-hardness. To accomplish this,
experimental trials are designed using the Taguchi L27
orthogonal array to ensure an efficient and statistically
robust experimental framework. Grey Relational
Analysis (GRA) is employed to convert multiple
performance responses into a single grey relational
grade, enabling  simultaneous  multi-response
optimization. Furthermore, Analysis of Variance
(ANOVA) is conducted to identify the most influential

process parameter and to quantify its percentage
contribution to overall performance. Finally, the study
seeks to determine the optimal combination of
hydroforming parameters that results in enhanced
formability, improved thickness retention, and
increased micro-hardness.

The novelty of this research lies in the development of
an integrated optimization framework that combines
the Taguchi design methodology with Grey Relational
Analysis (GRA) for multi-objective optimization of the
sheet hydroforming process. Unlike conventional
studies that focus on single-response optimization, this
work systematically evaluates multiple performance
characteristics simultaneously, providing a more
realistic and industrially relevant assessment of process
performance. A key innovative aspect of this study is
the comprehensive evaluation of hydraulic fluid
viscosity as a critical process parameter influencing
both geometric responses (product height and thickness
distribution) and mechanical properties (micro-
hardness). The study further quantifies the relative
contribution of each parameter through ANOVA,
revealing the dominant influence of sheet thickness
with a contribution percentage of 89.6% in multi-
performance optimization. Moreover, the proposed
approach  successfully  achieves  simultaneous
enhancement of product height, thickness retention,
and micro-hardness under optimized conditions. This
integrated statistical optimization framework offers a
practical, efficient, and systematic decision-making
tool that can be directly applied in industrial sheet
hydroforming operations to improve product quality
and process reliability.

Despite its significant contributions, this study has
certain limitations that should be acknowledged. The
investigation was restricted to three process
parameters—sheet thickness, punch stroke speed, and
hydraulic fluid viscosity—while other potentially
influential parameters such as blank holder force,
forming pressure profile, die geometry, and lubrication
conditions were not considered. Inclusion of these
additional  variables could provide a more
comprehensive understanding of the hydroforming
process. Furthermore, the experimental analysis was
limited to AISI 1008 low carbon steel, and therefore,
the findings may not be directly generalized to other
materials with different mechanical properties. The
experiments were also conducted under controlled
laboratory conditions, which may differ from real
industrial environments where variations in equipment
capability and operational factors can influence
performance. Future research may address these
limitations by incorporating additional process
parameters, extending the study to different materials,
and integrating advanced numerical simulations or
finite element modeling to further enhance the
robustness and applicability of the optimization model.
In this paper, the sheet hydroforming process
parameters for AISI 1008 low carbon steel are
experimentally investigated using a Taguchi L27
orthogonal array. Grey Relational Analysis is
employed to convert multi-response characteristics into
a single grey relational grade for optimization.
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Analysis of Variance (ANOVA) is performed to
determine the significance and contribution of each
parameter. Finally, confirmation experiments are
conducted to validate the optimal parameter
combination for enhanced formability and hardness
performance.

2 Experimental procedures

2.1 Work piece material and dimensions

The experimental specimens were prepared from AISI
1008 low carbon steel sheets. All samples were
precisely cut using a water jet cutting machine
according to the specified dimensions shown in Fig. 1.
Water jet cutting is a highly versatile and accurate cold
cutting process that prevents the formation of heat-
affected zones, thereby preserving the original
mechanical and metallurgical properties of the
material. This method also enhances workplace safety
and dimensional accuracy. The prepared samples were
circular blanks with a diameter of 180 mm, ensuring
uniformity and consistency for the hydraulic bulge test
experiments.

Free Sample Used in Hydraulic Bulge Test
and Optimization Experiments

Fig. 1. Circular AISI 1008 low carbon steel specimen (0180
mm) prepared for the hydraulic bulge test.

2.2 Sheet Metal and Chemical Composition

Low carbon steel sheets with three different
thicknesses (0.48 mm, 0.68 mm, and 0.88 mm) were
used in this study. These thicknesses were selected to
evaluate their influence on the sheet hydroforming
performance. Low carbon steel was chosen due to its
advantageous properties, including high ductility,
excellent formability, ease of fabrication, cost-
effectiveness, wide industrial availability, and
suitability for cold forming processes. The chemical
composition of the sheet material was determined
using a spectrometry device available at the State
Company  for  Inspection and  Engineering
Rehabilitation. The material was identified as AISI
1008 steel based on the obtained chemical composition
results. The measured elemental percentages are
presented in Table 1, along with the standard
composition range for AISI 1008 steel. The results
confirm that the experimental material falls within the
acceptable compositional limits of the specified
standard.

From Table 1, the measured chemical composition of
the sheet material confirms that it corresponds closely
to the standard specifications of AISI 1008 low carbon
steel. The carbon content ranges between 0.062—
0.087%, which falls within the typical range for low
carbon steels and ensures good ductility and excellent
formability—properties essential for hydroforming
applications. The relatively low carbon percentage
contributes to reduced hardness and improved plastic
deformation capability without premature fracture. The
manganese content (0.159-0.271%) is within the
acceptable range and plays a significant role in
improving strength and toughness while enhancing
hardenability. The silicon content (0.016—0.133%) is
present in small amounts, primarily acting as a
deoxidizer during steel production. Phosphorus (0.023—
0.028%) and sulfur (0.005-0.023%) are maintained at
low levels, which is beneficial since higher
concentrations could reduce ductility and increase
brittleness. Trace amounts of chromium, molybdenum,
nickel, aluminum, and copper indicate that the material
does not contain significant alloying additions,
confirming its classification as plain low carbon steel.
The high iron content (99.3-99.6%) further validates
the material’s purity and compliance with AISI 1008
standards. Overall, the obtained composition ensures
suitable mechanical properties for sheet hydroforming,

particularly high formability and stable strain
hardening behavior
Table 1. Chemical composition of sheet material compared with AISI 1008 standard (% by weight).
Sample type C% Si% | Mn% | P% | S% | Gt% | Mo% | Ni% | Al% | Cu% | Fe%
Ls‘t’evilcs}ﬁzgt“ 0.062- | 0.016- | 0.159- | 0.023- | 0.005- | 0.014- | 0.002- | 0.008- | 0.002- | 0.009- | oo o0
. 0.087 0.133 | 0.271 0.028 | 0.023 0.04 0.006 0.02 0.03 0.032 ’ ’
materials
1008-AISI >0.1 >0.2 %35_ >0.04 | >0.05 99.3-99.7
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2.3 Determination of elastic, plastic, and
energy parameters from tensile data

The elastic, plastic, and energy parameters of the AISI
1008 low carbon steel sheets were determined from the
tensile test data using standard analytical procedures.
When starting from engineering stress—strain data, the
true stress and true strain were calculated using the
relationships [8-10]

O = o-e(l + ee) (1)
&=m(1+¢,) 2)

However, the dataset used in this study was already
provided in true stress—true strain form. Young’s
modulus (E) was determined from the slope of the
initial linear elastic portion of the true stress—true strain
curve according to [11]
do
= (3)

Practically, a linear regression fit was applied to the
approximately linear elastic region using the equation
[12]

o=Ee+b

4)

The 0.2% offset yield strength was obtained from the
intersection of the stress—strain curve with the offset

line defined by [13]
o=E(¢—0.002)
(5)

The ultimate tensile strength (UTS) was determined as
the maximum true stress value, UTS = 0,4, While the
uniform true strain was taken as the strain
corresponding to this maximum stress [14]

&y = €(Omax)

(6)

The material toughness, representing the total energy
absorbed per unit volume up to fracture, was calculated
as the area under the true stress—true strain curve using
[15]

U, = fogfads ~ %ayey

(7

and was evaluated numerically using the trapezoidal
rule.

The modulus of resilience, which represents the elastic
strain energy per unit volume up to yield, was
calculated assuming a linear elastic region using [16]
U= [Tode ®)
Furthermore, the strain hardening behavior was
characterized using Hollomon’s power law [17]

£ 1
U, = [, ode =-aye,

€]

where the true plastic strain is defined as [18]
a

Sp =& — E

(10)

By linearizing the equation in logarithmic form [19]

In(o) = In(K) + nin(sp) a1
The strain hardening exponent (n) was determined
from the slope of the linear fit in the plastic region,

while the strength coefficient (K) was obtained from
the intercept. These calculated parameters provide a
comprehensive characterization of the elastic response,
plastic deformation behavior, and energy absorption
capacity of the sheet material.

Based on the true stress—true strain data obtained from
the tensile tests, additional mechanical parameters were
calculated to  comprehensively evaluate the
deformation behavior of AISI 1008 low carbon steel
sheets. Young’s modulus (E) was determined from the
slope of the initial linear elastic region of the true
stress—true strain curve using linear regression. The
0.2% offset yield strength was calculated using the
standard offset method. The ultimate tensile strength
(UTS) and uniform strain were extracted at the
maximum true stress point.

The strain hardening exponent (n) and strength
coefficient (K) were obtained using Hollomon’s
equation [20]

o=Key

(12)

where &, is the true plastic strain. The toughness (total
energy absorbed per unit volume) was calculated as the
area under the true stress—true strain curve up to
fracture using numerical integration.

2.4 Mechanical hydraulic pump and dies

The mechanical hydraulic system used in this study
was designed and manufactured according to the
operating principles of automotive engine pistons and
conventional hydraulic jacks. The system converts
mechanical displacement into hydraulic pressure
through a piston—cylinder mechanism combined with a
spring-loaded return system. This configuration allows
controlled pressure generation during the hydroforming
process without the need for an external powered
hydraulic unit.

The assembly consists of several main components,
including the wupper die, flange, pressure gauge,
container (cylinder body), piston, cover, Teflon bush,
pressure spring, and base. The piston moves vertically
inside the cylindrical container, compressing the
hydraulic fluid and generating internal pressure. A
Teflon bush is incorporated to reduce friction and
minimize leakage during piston movement, ensuring
smooth operation and pressure stability. The pressure
spring provides controlled resistance and assists in
pressure regulation and piston return after unloading.
The flange secures the upper die and ensures proper
sealing between components. A pressure gauge is
mounted on the container to monitor the applied
internal pressure during the hydroforming operation.
The upper die is positioned above the fluid chamber,
where the sheet specimen is clamped between the die
and the container flange. As pressure builds up inside
the chamber, the sheet is forced against the die cavity,
producing controlled plastic deformation. The base
supports the entire assembly and maintains alignment
during loading.

This mechanically driven hydraulic system offers
several advantages, including structural simplicity,
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cost-effectiveness, ease of fabrication, and reliable
pressure control. The design enables controlled
deformation during bulge and hydroforming tests,
making it suitable for laboratory-scale investigations of
sheet metal formability (see Fig. 2).

_pper dle\l

Fig. 2. Assembly drawing and fabricated prototype of the
mechanical hydraulic pump used for sheet hydroforming
experiments.

2.5 Universal testing machine

Fig. 3 presents the complete experimental setup used
for both tensile testing and sheet hydroforming
experiments. The WDW-200E universal testing
machine is shown holding the mechanical hydraulic
pump assembly securely between its loading platens.
The rigid frame of the machine ensures proper
alignment and prevents deflection or separation of the
die components during pressurization. The mechanical
hydraulic pump is positioned vertically under the
loading head of the universal testing machine. During
hydroforming, the applied compressive load from the
machine activates the piston mechanism inside the
pump, generating hydraulic pressure within the
container. This pressure is transmitted to the sheet
specimen clamped between the die and flange,
enabling controlled bulging deformation. A desktop
computer connected to the testing machine is used for
real-time monitoring, data acquisition, and control of
the applied load and displacement. The computerized
interface allows precise control of testing speed and
accurate recording of load—displacement data, ensuring
reliable conversion to stress—strain curves. The
integration of the universal testing machine with the
custom-designed hydraulic pump provides a cost-

effective and structurally stable experimental system.
The high stiffness of the testing machine frame ensures
adequate clamping force to maintain die closure and
prevent leakage during hydroforming. This setup
enables controlled deformation, accurate pressure
application, and repeata'lzlen experimental results.

b
TOUCH

Fig. 3. Experimental setup showing the universal testing
machine integrated with the mechanical hydraulic pump and
computerized data acquisition system.

2.6 Selection of sheet hydroforming process
parameters

The selection of appropriate process parameters is a
critical step in sheet hydroforming, as these variables
directly influence material flow, thickness distribution,
deformation stability, and final mechanical properties.
In the present study, three key parameters were
selected based on their expected influence on
formability and hardness: sheet thickness, punch stroke
speed, and viscosity of the pressurized fluid. Each
parameter was investigated at three levels to allow
systematic evaluation and multi-response optimization
using the Taguchi—Grey relational approach. Sheet
thickness was selected because it significantly affects
deformation resistance, strain distribution, and bulge
height. Thinner sheets are more prone to thinning and
early instability, while thicker sheets generally provide
improved resistance to localized necking. Three
thickness levels were considered: 0.48 mm, 0.68 mm,
and 0.88 mm. Stroke speed was chosen as it influences
strain rate sensitivity and deformation uniformity
during forming. Higher speeds may alter material flow
behavior and affect hardness development due to strain
rate effects. The selected levels were 2 mm/min, 5
mm/min, and 10 mm/min. The viscosity of the
pressurized fluid plays an important role in pressure
transmission, lubrication behavior, and frictional
conditions between the sheet and die surface. Higher
viscosity fluids may improve pressure stability and
reduce leakage, thereby enhancing deformation
control. Three viscosity grades were selected: 20W-50,
50 SAE, and 70 SAE. The selected parameters and
their respective levels are summarized in Table 2.

Table 2. Sheet Hydroforming Process Parameters with Levels.

Parameter Units Level 1 Level 2 Level 3
Viscosity grade 20W-50 50 SAE 70 SAE
Thickness mm 0.48 0.68 0.88

Speed mm/min 2 5 10
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The combination of three parameters at three levels
results in a full factorial equivalent design of 27
experimental runs, which were organized using the
Taguchi L27 orthogonal array to ensure -efficient
experimentation and systematic analysis of parameter
effects.

2.7 Design of experiments

A full factorial experimental design was employed to
systematically investigate the influence of the selected
sheet hydroforming parameters. The design was
developed using MINITAB software to ensure proper
combination and randomization of factors. Since three
parameters were considered—viscosity grade, sheet
thickness, and punch stroke speed—ecach at three
levels, the total number of experimental runs was
determined according to the full factorial formulation
[21, 22]

N—-L¥-33-27

(13)

where L represents the number of levels and k
represents the number of factors. Thus, 27
experimental combinations were generated to cover all
possible interactions among the selected parameters.
The full factorial design ensures that every level of
each parameter appears in combination with every
level of the other parameters. This approach allows
comprehensive evaluation of:
e  Main effects of individual parameters
e  Two-factor interactions
e Potential combined influences on multi-response
outputs
The experimental matrix is presented in Table 3. Each
experiment corresponds to a unique combination of
viscosity grade, sheet thickness, and stroke speed. The
viscosity grades considered were 20W-50, 50 SAE,
and 70 SAE; the thickness levels were 0.48 mm, 0.68
mm, and 0.88 mm; and the stroke speeds were 2
mm/min, 5 mm/min, and 10 mm/min.

Table 3. Full factorial design of experiments (33= 27 runs).

Experiment no. Viscosity Grade Thickness (mm) Speed (mm/min)
1-9 20W-50 0.48-0.68-0.88 2-5-10
10-18 50 SAE 0.48-0.68-0.88 2-5-10
19-27 70 SAE 0.48-0.68-0.88 2-5-10

The use of a full factorial design ensures that parameter
effects are not confounded and that all possible factor
combinations are explored. This provides a strong
statistical basis for subsequent multi-response
optimization using the Taguchi-Grey relational
analysis approach. Furthermore, the design enables
accurate assessment of the relative contribution of each
parameter and supports reliable analysis of variance
(ANOVA) to identify the most influential factor in the
sheet hydroforming process.

2.8 Performing experiments

Based on the full factorial design described in Section
2.7, a total of 27 hydroforming experiments were
conducted to evaluate the influence of viscosity grade,
sheet thickness, and punch stroke speed on multi-
objective responses. The experiments were carried out
using the fabricated mechanical hydraulic pump
integrated with the WDW-200E universal testing
machine.

For each experimental run, the sheet specimen was
clamped securely between the die and flange to prevent
leakage and ensure proper sealing. Hydraulic pressure
was generated through the piston-driven mechanical
pump, and the sheet was deformed into a hemispherical
dome shape under controlled loading conditions. The
applied load, displacement, and pressure were
monitored and recorded throughout the process using
the computerized control system.

After forming, the specimens were carefully removed
and labeled according to their experimental number.
The primary output responses measured for each
specimen included maximum dome height, thickness
distribution (especially at the pole region), and micro-

hardness. These responses were selected to represent
geometric formability and mechanical property
evolution after deformation.

Fig. 4 shows the formed hemispherical specimens
obtained from the 27 experimental runs. The figure
demonstrates consistent dome formation without
catastrophic fracture in most cases, confirming the
adequacy of the selected parameter ranges. Visible
differences in dome height, surface finish, and flange
deformation can be observed among specimens,
indicating the influence of process parameters.

The experimental results obtained from these tests
were tabulated and used for subsequent multi-response
optimization using Taguchi-based Grey Relational
Analysis (GRA). The systematic execution of all 27
combinations ensured reliable evaluation of parameter
effects and enabled identification of the optimal
hydroforming conditions.

Fig. 4. Formed hemispherical dome specimens obtained from
the 27 full-factorial sheet hydroforming experiments using
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different combinations of viscosity grade, sheet thickness,
and punch stroke speed.

2.9 Measurement Equipment (Tools)

2.9.1 Outside Digital Micrometer

Accurate thickness measurement is essential for
evaluating sheet metal formability and thickness
distribution after hydroforming. In this study, an
outside digital micrometer manufactured by INSIZE
was used to measure the sheet thickness with high
precision, as shown in Fig. 5. The digital micrometer is
capable of providing accurate and repeatable
measurements with a resolution of 0.001 mm. It is
equipped with interchangeable anvils, allowing a wide
measuring range from 25 mm to 125 mm using
standard setting blocks. The digital display enables
direct reading of thickness values, minimizing human
error associated with analog scale interpretation and
improving  measurement  reliability.  Thickness
measurements were taken at critical locations,
particularly at the pole (top point) of the formed dome
in the optimization experiments and at the fracture
region in the formability tests. These locations are of
primary importance because they represent the
maximum thinning zone and the region of highest
strain concentration during hydroforming. The use of a
high-precision digital micrometer ensured accurate
assessment of thickness variation, which is a key
parameter in evaluating deformation behavior, thinning
resistance, and overall forming performance.

Fig. 5. Outside digital micrometer (INSIZE) used for
measuring sheet thickness at the pole and fracture regions of
hydroformed specimens.

2.9.2 Hardness device

The Vickers micro-hardness test was conducted to
evaluate the mechanical property evolution of the
hydroformed specimens, particularly at the pole region
where maximum plastic deformation occurs. As shown
in Fig. 6, a digital micro Vickers hardness tester was
used in this study. The device operates on the standard
Vickers principle, in which a square-based diamond
pyramid indenter is pressed into the material surface

under a specified load. The hardness value is calculated
from the applied load divided by the surface area of the
indentation. The tester is equipped with an automated
loading system, a digital control panel, a cold light
illumination source, and a microscope Wwith
magnifications of 100x and 400x to accurately
measure the indentation diagonals. The machine
operates with a power supply of 110/220 V at 50/60 Hz
and covers a testing range from 1 HV to 2967 HV. In
this study, a load of 200 g (HV0.2) was applied with a
dwell time of 15 seconds in accordance with ASTM
E384-22 standards. The dwell time ensures stable
indentation formation and reduces measurement
variability. Hardness measurements were taken at the
highest point (pole) of the hydroformed dome, where
plastic strain is most concentrated. To prevent
specimen deformation or damage during testing, the
formed sample was properly supported using a punch
placed beneath the dome surface. For each specimen,
multiple indentations were made at the selected
location, and the average value was calculated to
improve accuracy and reliability. The hardness results
provide insight into strain hardening behavior and
mechanical strengthening induced by hydroforming.
Variations in micro-hardness among specimens reflect
differences in plastic strain levels resulting from the
selected process parameters [23].

Fig. 6. Digital micro Vickers hardness tester used for
measuring micro-hardness (HV0.2) at the pole region of
hydroformed specimens.

2.9.3 Height Product Measurement

The maximum dome height of the hydroformed
specimens was measured using an NC milling machine
(MF1 Farsmachine), as shown in Fig. 7. The milling
machine was utilized as a precision positioning and
coordinate measurement system, taking advantage of
its stable worktable, digital position readout, and
accurate  vertical  (Z-axis)  control. During
measurement, the formed specimen was securely fixed



EPJ Web of Conferences 374, 04006 (2026)
ICEODIS 2026

https://doi.org/10.1051/epjcont/202637404006

on the milling machine worktable to ensure stability
and prevent movement. Instead of using a cutting tool,
a probe was mounted in the tool holder to act as a
contact measuring device. The X-axis and Y-axis
coordinates were first reset to zero to establish a
reference position at the center of the specimen. The
dome height was then determined by recording the Z-
axis displacement value displayed on the milling
machine monitor. The probe was carefully lowered
until it contacted the highest point (pole) of the formed
dome. The Z-axis reading at this contact point was
recorded as the product height. This measurement
method provides high precision and repeatability due
to the rigid structure and fine positional control of the
milling machine. Using the digital readout system
minimizes operator error and ensures consistent height
determination for all experimental specimens. The
maximum dome height is a critical geometric response
parameter in hydroforming analysis, as it reflects the
material’s formability and its ability to undergo plastic
deformation without fracture [24].

Fig. 7. Height measurement of hydroformed specimen using
an NC milling machine (MF1 Farsmachine) with digital Z-
axis readout.

3 Results and discussion

3.1 True stress—true strain behavior

Uniaxial tensile tests were carried out using a WDW-
200E universal testing machine equipped with a
computerized control and data acquisition system. The
specimens were loaded at a constant cross-head speed
of 2 mm/min until fracture. The recorded engineering
stress—strain data were converted into true stress—true
strain curves using standard relationships. Tensile tests
were performed in three orientations (0°, 45°, and 90°)
relative to the rolling direction in order to evaluate
planar anisotropy. Each curve shown in Fig. 7
represents the average of three repeated tests to ensure
reliability and repeatability. The sheet thickness ranged
from 0.48 mm to 0.88 mm.

Fig. 8 presents the true stress—true strain curves of AISI
1008 low carbon steel tested at 0°, 45°, and 90° relative
to the rolling direction. The curves exhibit typical
ductile metallic behavior, characterized by a short
elastic region followed by a smooth transition into
plastic deformation and continuous strain hardening

until fracture. The absence of abrupt stress drops
before necking indicates uniform plastic deformation
and good material homogeneity.
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Fig. 8. True stress—true strain curves of AISI 1008 low
carbon steel sheet tested at 0°, 45°, and 90° relative to the
rolling direction.

A clear but moderate directional dependence is
observed. The 0° direction (parallel to the rolling
direction) consistently exhibits the highest stress values
throughout deformation and achieves the maximum
ultimate tensile strength (UTS = 356-357 MPa). The
45° direction shows slightly lower stress levels, while
the 90° direction (transverse to rolling) demonstrates
the lowest tensile strength (UTS = 342—343 MPa). This
relationship can be expressed as: 0° > 45° > 90°. The
higher strength along the rolling direction is attributed
to rolling-induced crystallographic texture and grain
elongation, which increase resistance to plastic flow in
that orientation. Conversely, the transverse direction
exhibits slightly reduced flow stress due to differences
in slip system activation and texture alignment.

Despite variations in strength, the ductility parameters
remain remarkably consistent across orientations. The
uniform true strain (eu = 0.31-0.32) and fracture true
strain (ef = 0.35-0.36) show minimal directional
variation, indicating that elongation capacity is nearly
isotropic. The material sustains large plastic strains
prior to fracture, confirming excellent formability.
Table 4 summarizes the elastic, plastic, and energy
parameters derived from the true stress—true strain
curves. The average yield strength (=160 MPa) and
UTS (=350 MPa) demonstrate a substantial gap
between yield and tensile strengths. This wide plastic
deformation range is advantageous for forming
operations because it allows extensive strain hardening
before necking occurs. The strain hardening exponent
(n = 0.20) further confirms strong strain hardening
capability, which enhances resistance to localized
thinning and improves thickness distribution during
hydroforming.
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Table 4. Calculated mechanical parameters from true stress—true strain data at 0°, 45°, and 90° relative to the rolling direction.

Direction E (3 UTS €u &f Toughness | Resilience n K 0 at 0 at
(GPa) 0.2% (MPa) | (true) | (true) U (MPa) | Ur(MPa) (MPa) | £=0.10 | £=0.20
offset) (MPa) (MPa)

(MPa)

0° 22915 | 163.856 | 356.770 | 0.3216 | 0.3585 104.985 0.7497 0.1886 | 432.710 | 258.849 | 312.902
45° 22915 | 162.213 | 350.442 | 0.3133 | 0.3553 101.424 0.7364 0.2022 | 436.711 | 258.849 | 312.902
90° 25915 | 153.364 | 342.874 | 0.3187 | 0.3504 97.774 0.6072 0.2111 | 433.888 | 253.251 | 306.752
Average | 23.915 | 159.811 | 350.029 | 0.3179 | 0.3548 101.394 0.6978 0.2006 | 434.436 | 256.983 | 310.852

The toughness values (=98-105 MPa) indicate
significant energy absorption prior to fracture, while
the high fracture strain confirms stable plastic
deformation. Although the apparent Young’s modulus
values are lower than the theoretical modulus of steel
due to measurement limitations, the plastic region
parameters remain reliable and representative of
material behavior.

The mechanical properties listed in Table 5 (yield
strength 215 MPa, tensile strength 347 MPa,

elongation 40%, n = 0.217, hardness 105.2 HV0.2)
further confirm that AISI 1008 low carbon steel
combines moderate strength with high ductility. The
substantial elongation and favorable strain hardening
response make the material particularly suitable for
sheet hydroforming, where large plastic deformation
and uniform thickness distribution are required

Table 5. Mechanical properties of AISI 1008 low carbon steel sheet (thickness range: 0.48—0.88 mm).

Material Yield Strength Tensile Strength | Elongation % Strain hardening Vickers hardness (HV
(MPa) (MPa) index (n) 0.2)
t=0.48-0.88 (mm) 215 347 40 0.217 105.2

The comparison between the three orientations
demonstrates moderate planar anisotropy induced by
rolling, characterized by higher strength along the
rolling direction and slightly lower strength in the
transverse direction, while maintaining nearly isotropic
ductility. This balanced combination of strength,
ductility, and strain hardening capability confirms the
excellent forming performance of AISI 1008 low
carbon steel for hydroforming applications.

3.2 Elastic behavior

Fig. 9 presents the variation of the calculated Young’s
modulus (E) for the three tensile orientations (0°, 45°,
and 90°). The apparent modulus values range from
approximately 22.9 GPa (0° and 45°) to 25.9 GPa
(90°), showing only minor directional differences. The
slightly higher value in the 90° direction suggests
marginally greater initial stiffness in the transverse
orientation; however, the variation is small and does
not indicate significant elastic anisotropy.

It is important to note that these modulus values are
considerably lower than the theoretical Young’s
modulus of low carbon steel (approximately 200-210
GPa). This discrepancy is primarily attributed to
experimental factors such as machine compliance,
crosshead displacement—based strain measurement,
grip deformation, and initial seating effects. When
strain is derived from crosshead movement rather than
an extensometer attached directly to the gauge length,
the measured elastic slope may underestimate the true
intrinsic modulus.

Therefore, the calculated E values should be
interpreted as apparent stiffness values obtained from
the experimental setup rather than the actual elastic

modulus of the material. Despite this limitation, the
plastic deformation parameters (yield strength, UTS,
ductility, strain hardening exponent, and work
hardening rate) remain reliable because they are
governed by the plastic region of the curve, which is
less affected by machine compliance. From a
hydroforming perspective, the slight variation in
apparent elastic modulus among directions has
negligible influence on forming behavior, since
hydroforming performance is dominated by plastic
flow characteristics rather than the elastic response.
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Fig. 9. Young’s modulus variation with tensile direction
relative to the rolling direction.

3.3 Yield and Tensile Strength

Fig. 10 presents the variation of the 0.2% offset yield
strength (oy) with tensile direction. The highest yield
strength is observed in the 0° direction (=163.9 MPa),
followed closely by the 45° direction (=162.2 MPa),
while the 90° direction exhibits the lowest value
(=153.4 MPa). The reduction in yield strength from 0°
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to 90° indicates moderate planar anisotropy induced by
the rolling process. The higher resistance to initial
plastic deformation along the rolling direction can be
attributed to crystallographic texture development and
grain elongation during rolling, which enhance
dislocation interaction and increase flow resistance in
that orientation.
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Fig. 10. 0.2% offset yield strength versus tensile direction.

Fig. 11 illustrates the ultimate tensile strength (UTS)
variation. A similar trend is observed, where the 0°
direction achieves the highest UTS (=356.8 MPa), the
45° direction shows intermediate behavior (=350.4
MPa), and the 90° direction records the lowest tensile
strength (=342.9 MPa). This consistent ranking (0° >
45° > 90°) confirms that the rolling direction exhibits
the greatest load-carrying capacity.
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Fig. 11. Ultimate tensile strength (UTS) comparison.

Although strength varies with orientation, the
differences are relatively small, indicating that
anisotropy is moderate rather than severe. The
substantial difference between yield strength and UTS
in all directions reflects strong strain hardening
behavior, providing a wide plastic deformation range
before necking. This characteristic is highly beneficial
for hydroforming applications, where controlled plastic
flow and resistance to premature instability are
essential.

3.4 Ductility and Energy Absorption

Figs. 12-15 illustrate the ductility and energy-related
parameters obtained from the true stress—true strain
curves. These properties are particularly important for
sheet hydroforming applications, where large plastic
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deformation and high energy absorption capacity are
required.

Uniform true strain (eu), shown in Fig. 12, remains
nearly constant across all orientations, with values
ranging between approximately 0.313 and 0.322. The
0° direction exhibits the highest uniform strain
(=0.322), while the 45° direction shows the lowest
(=0.313), and the 90° direction lies in between. The
small variation indicates that the onset of necking
occurs at similar strain levels regardless of tensile
orientation. This suggests that deformation stability
before localization is relatively isotropic, which is
advantageous for forming processes involving biaxial
stretching.
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Fig. 12. Uniform true strain (eu).

Fracture true strain (ef), presented in Fig. 13, also
shows minimal directional variation, with values
around 0.35-0.36. The 0° direction again demonstrates
slightly higher ductility, whereas the 90° direction
exhibits marginally lower fracture strain. The
consistently high ef values confirm that the material
can sustain substantial plastic deformation before
failure. This high fracture strain is a key indicator of
excellent formability and suitability for hydroforming
operations.
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Fig. 13. Fracture true strain (ef).

Toughness, illustrated in Fig. 14, represents the total
energy absorbed per unit volume up to fracture (arca
under the true stress—true strain curve). The highest
toughness is observed in the 0° direction (=105 MPa),
followed by the 45° direction (=101 MPa), and the
lowest in the 90° direction (=98 MPa). This trend
mirrors the variation in ultimate tensile strength,
indicating that higher strength contributes directly to
greater energy absorption capacity. The difference
between directions is moderate, confirming that
anisotropy influences strength more than ductility.
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Fig. 14. Toughness (energy absorption per unit volume).

Modulus of resilience (Ur), shown in Fig. 15,
represents the elastic strain energy per unit volume up
to yielding. The 0° and 45° directions display similar
resilience values (=0.75 and 0.74 MPa, respectively),
while the 90° direction exhibits a slightly lower value
(=0.61 MPa). Since resilience depends on both yield
strength and elastic modulus, the lower value in the 90°
direction reflects its reduced yield strength.
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Fig. 15. Toughness (energy absorption per unit volume).

The ductility parameters (eu and &f) demonstrate near-
isotropic  behavior, whereas the energy-related
parameters (toughness and resilience) follow the
strength hierarchy: 0° > 45° > 90°. This indicates that
rolling-induced anisotropy primarily affects strength
and energy absorption rather than elongation capacity.
From a hydroforming perspective, the combination of
high uniform strain, large fracture strain, and
substantial toughness confirms that AISI 1008 low
carbon steel possesses excellent deformation capability
and resistance to premature failure. The relatively
small directional variation ensures predictable forming
behavior and stable thickness distribution during
hydroforming operations.

3.5 Strain hardening behaviour

Figs. 16 and 17 illustrate the strain hardening
parameters determined using Hollomon’s power law,
which describes the plastic deformation behavior
according to Eq. 12.

Fig. 16 shows that the strain hardening exponent (n)
increases slightly from the rolling direction to the
transverse direction. The 0° direction exhibits the
lowest value (n = 0.189), the 45° direction shows a
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moderate value (n = 0.202), and the 90° direction
presents the highest exponent (n = 0.211). This trend
indicates that although the 90° direction has lower
tensile strength, it demonstrates slightly better strain
hardening capability. A higher n-value signifies
improved resistance to localized necking, more
uniform strain distribution, and enhanced deformation
stability. Therefore, the transverse direction may
exhibit slightly improved plastic stability despite its
lower flow stress.
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Fig. 16. Strain hardening exponent (n).

Fig. 17 presents the strength coefficient (K), which
remains relatively constant across all orientations, with
values ranging between approximately 433 and 437
MPa. The minor variation suggests that the overall
hardening intensity of the material is nearly isotropic.
The 45° direction shows a marginally higher K value,
but the difference is not significant.
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Fig. 17. Strength coefficient (K).

The combined interpretation of n and K reveals that
anisotropy in this material primarily affects yield and
tensile strength rather than the fundamental hardening
mechanism. The similar K values confirm comparable
flow stress scaling, while the gradual increase in n
from 0° to 90° indicates a slight improvement in strain
distribution capability in the transverse direction.

From a hydroforming perspective, the relatively high
strain hardening exponent (average n ~ 0.20) is highly
beneficial. Strong strain hardening delays the onset of
necking, improves thickness uniformity, and enhances
forming stability under biaxial loading conditions. The
balanced combination of moderate strength and good
hardening capacity confirms that AISI 1008 low
carbon steel is well suited for sheet hydroforming
applications.
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3.6 Work hardening rate

The work hardening rate (8 = do/de) provides a
more detailed description of the evolution of plastic
deformation than the Hollomon exponent alone. It
reflects the instantaneous resistance of the material to
further plastic flow and plays a crucial role in
determining necking stability and thickness distribution
during forming. Fig. 18 shows the work hardening rate
at ¢ = 0.10. The values are very close for all
orientations, ranging between approximately 253-259
MPa. The 0° and 45° directions exhibit slightly higher
0 values than the 90° direction, indicating marginally
stronger hardening at low plastic strain along the
rolling direction. However, the differences are small,
confirming relatively uniform plastic response at early
deformation stages

300
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Fig. 18. Work hardening rate at £ = 0.10

Fig. 19 presents 8 at ¢ = 0.20. The hardening rate
increases to approximately 307-313 MPa for the 0°
and 45° directions, while the 90° direction shows a
slightly lower value (~306 MPa). The increase in 0
between € = 0.10 and € = 0.20 indicates sustained strain
hardening in the intermediate plastic region. The small
directional variation confirms moderate anisotropy.
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Fig. 19. Work hardening rate at ¢ = 0.20 for different tensile
directions

Fig. 20 illustrates the instantaneous work hardening
rate versus true strain. At very small strains, 6 reaches
very high values due to the steep initial plastic slope
and numerical differentiation effects. As strain
increases, 0 generally decreases, reflecting progressive
dislocation interaction, dynamic recovery, and reduced
incremental  strengthening. The curves exhibit
oscillations due to differentiation sensitivity; however,
the overall decreasing trend with increasing strain is
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evident. The 90° direction tends to show slightly higher
fluctuations, consistent with its higher strain hardening
exponent (n).
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Fig. 20. Instantaneous work hardening rate (0) versus true
strain

Fig. 21, the cleaned or smoothed O-strain curve,
removes numerical noise and highlights the true
physical trend. The smoothed curves clearly
demonstrate an initially high hardening rate followed
by gradual reduction as strain increases. This behavior
is characteristic of low carbon steels, where dislocation
multiplication dominates early plasticity and gradually
approaches a saturation regime.

da/de (MPa)

Work hardening rate, &

T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.30
True strain, €

Fig. 21. Instantaneous work hardening rate
(cleaned/smoothed 0—strain curve)

The work hardening analysis demonstrates that AISI
1008 low carbon steel exhibits strong strain hardening
behavior in all tensile orientations, confirming its
capability to sustain stable plastic deformation. The
results indicate slightly higher hardening stability in
the 0° and 45° directions compared to the 90°
direction, reflecting moderate planar anisotropy
induced by the rolling process. The instantaneous work
hardening rate (0) decreases progressively with
increasing strain, which is consistent with classical
plasticity theory and dislocation-based hardening
mechanisms, where rapid dislocation multiplication at
low strain is followed by gradual saturation and
dynamic recovery. From a hydroforming perspective, a
relatively high work hardening rate is highly
advantageous because it delays the onset of localized
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necking and enhances thickness uniformity under
biaxial stretching conditions. The combination of a
strain hardening exponent of approximately n ~ 0.20
and a sustained work hardening rate in the range of
about 300 MPa at intermediate strains confirms that
AIST 1008 steel provides excellent deformation
stability, controlled thinning behavior, and reliable
forming performance during sheet hydroforming
operations.

3.7 Metallurgical aspects of anisotropy

The observed mechanical anisotropy in strength and
strain hardening behavior is primarily attributed to the
rolling process used during sheet fabrication. Rolling
imposes significant plastic deformation, leading to
elongation of grains along the rolling direction and the
development of a pronounced crystallographic texture.
In low carbon steel, preferred orientations such as
{110}<111> and {112}<I111> promote directional
differences in slip activation and dislocation motion
resistance. Along the rolling direction (0°), the
alignment of elongated grains and texture components
enhances dislocation interaction, resulting in higher
flow stress and tensile strength. In contrast, in the
transverse direction (90°), slip occurs under slightly
different resolved shear stresses, leading to somewhat
lower yield strength but a marginally higher strain
hardening exponent. Furthermore, anisotropy is
influenced by grain shape elongation, residual stress
distribution, texture-dependent variation in Schmid
factors, and alignment of dislocation substructures.
These combined microstructural features generate
directional mechanical behavior, commonly referred to
as planar anisotropy, which plays a significant role in
controlling deformation stability, thinning behavior,
and overall forming performance during sheet
hydroforming.

3.8 Hydroforming implications

The combined results presented in Table 6 and Figs. 8—
20 confirm that AISI 1008 low carbon steel
demonstrates mechanical characteristics highly suitable
for sheet hydroforming applications. The material
exhibits high ductility, with a true fracture strain of
approximately ef = 0.35, indicating its ability to sustain
large plastic deformation before failure. The average
yield strength is moderate, around 160 MPa, providing
sufficient resistance to deformation while allowing an
extended plastic region. In addition, the strain
hardening exponent (n = 0.20) reflects strong strain
hardening capability, which enhances resistance to
localized necking. The work hardening rate remains
stable within the range of approximately 300 MPa at
intermediate strains, contributing to deformation
stability during stretching. Although moderate planar
anisotropy is observed, it remains controlled and
predictable. The 0° direction (rolling direction)
provides the highest strength and energy absorption
capacity, whereas the 90° direction offers slightly
improved strain hardening stability. This balanced
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combination of strength, ductility, and hardening
behavior is particularly advantageous for hydroforming
processes, as it delays premature failure and promotes
more uniform thickness distribution under biaxial
loading conditions.

The tensile analysis confirms that AISI 1008 steel
possesses the necessary mechanical stability,
deformation capability, and hardening characteristics
required for efficient and reliable sheet hydroforming
applications.

Table 6 presents the experimental results obtained from
the 27 full-factorial hydroforming runs. The selected
multi-objective responses include maximum dome
height, thickness at the pole (top of the product), and
micro-hardness at the pole (HVO0.2). These three
responses collectively represent geometric formability
(height), thickness retention (thinning behavior), and
mechanical strengthening (strain hardening effect).
From the table, it can be observed that the maximum
product height ranges from 25.68 mm (Experiment 22)
to 37.16 mm (Experiment 9). The highest heights are
generally associated with the thickest sheet (0.88 mm),
indicating that increased initial thickness significantly
enhances deformation capability without premature
failure. Experiments 7-9, 16-18, and 25-27 show
heights above 35 mm, confirming the strong influence
of thickness on formability.

The thickness at the top (pole region) varies between
0.299 mm and 0.637 mm. The minimum thickness
(0.299 mm, Experiment 21) corresponds to severe
thinning, while the maximum retained thickness (0.637
mm, Experiment 7) reflects improved thickness
stability. Thicker initial sheets naturally retain greater
final thickness, reducing thinning severity and
improving structural integrity.

The micro-hardness values range from 152.9 HVO0.2
(Experiment 7) to 193.3 HV0.2 (Experiment 24).
Higher hardness values are generally observed at
higher stroke speeds and viscosity grades, indicating
increased strain hardening due to higher plastic
deformation levels. The increase in hardness at the pole
region confirms work hardening during hydroforming.
A clear trade-off exists among the evaluated responses
in the hydroforming process. An increase in dome
height is typically accompanied by a reduction in
thickness at the pole region due to intensified
stretching and material thinning under biaxial
deformation. As deformation increases, plastic strain
accumulation leads to enhanced strain hardening,
which in turn raises the micro-hardness values at the
top of the formed dome. Consequently, specimens
exhibiting greater deformation tend to show higher
hardness levels. However, thickness retention and
hardness may exhibit an inverse relationship in certain
cases: improved thickness stability is generally
associated with lower plastic strain, while higher
hardness  reflects  greater  deformation-induced
strengthening. This interaction highlights the inherent
balance between geometric formability and mechanical
strengthening during hydroforming, emphasizing the
need for multi-objective optimization to achieve an
optimal compromise between height, thickness
retention, and hardness.
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The results demonstrate significant variation among
experimental runs, confirming that process parameters
strongly influence hydroforming performance. These
experimental outputs form the basis for subsequent
multi-response optimization using Taguchi-based Grey

Relational Analysis (GRA), enabling determination of
the optimal parameter combination that simultaneously
maximizes height and hardness while minimizing
thinning.

Table 6. Experimental results of the 27 full-factorial sheet hydroforming runs showing multi-objective responses: maximum dome
height, thickness at the pole region, and micro-hardness (HV0.2) at the top of the formed product.

Experiment no. Height of Product (mm) Thickness at Top Product (mm) Micro hardness at Top Product (HV0.2)
1 26.01 0.361 162.2
2 26.62 0.335 165.7
3 27.45 0.322 167.3
4 26.38 0.509 166.4
5 26.39 0.468 175.7
6 26.42 0.457 182.6
7 35.99 0.637 152.9
8 37.08 0.625 161.9
9 37.16 0.619 167.7
10 27.31 0.343 179.1
11 27.48 0.323 182.2
12 28.05 0.308 188.3
13 27.02 0.467 174.5
14 27.12 0.453 181.4
15 27.31 0.441 189.8
16 35.99 0.621 170.1
17 36.44 0.577 177.3
18 37.15 0.556 182.3
19 27.83 0.341 181.2
20 27.53 0.319 186.6
21 27.22 0.299 191.7
22 25.68 0.459 179.6
23 26.98 0.438 185.8
24 27.07 0.423 193.3
25 35.93 0.603 175.6
26 36.24 0.583 182.7
27 36.79 0.561 187.9
) 26.01 — 25.68
Height = ——— =~ 0.029
3.9 Grey relational generation (data pre- 0361 — 0.299
processing) Thickness = —————— ~ 0.183
Grey relational generation (GRG) is the first step in Hardness = 162.2 —152.9 ~ 0.230
Grey Relational Analysis (GRA), where experimental 40.4

data are normalized to transform different response

scales into comparable, dimensionless values within

the range of O to 1. This step eliminates unit

inconsistency and allows simultaneous evaluation of

multiple performance characteristics.

Since all selected responses in this study — height of

product, thickness at the pole, and micro-hardness —

follow a higher-the-better performance criterion, the

normalization was performed using the standard

higher-the-better equation [25-28]
* xi(k)-minx;(k

Xi (k) - max(xi)(k)—min(xi)(k) (14)

where: x;(k) = original experimental value, x; (k) =

normalized value, min x; (k) = minimum value among

experiments, and max x; (k) = maximum value among

experiments

Example Calculation (Experiment 1)

For Experiment 1

e Height range = (37.16 — 25.68) = 11.48 mm

e  Thickness range = (0.637 — 0.299) = 0.338 mm

e Hardness range = (193.3 — 152.9) =40.4 HV

Normalized values:

14

The same procedure was applied to all 27 experiments,

and the normalized results are summarized in Table 7

which presents the dimensionless normalized values

for height, thickness, and hardness for each
experimental run. The normalization converts the best-
performing result for each response to a value of 1 and

the worst-performing result to 0.

From Table 7, several important observations can be

made:

e Experiment 9 achieves the highest normalized
height wvalue (1.000), corresponding to the
maximum dome height (37.16 mm).

e Experiment 7 shows the highest normalized
thickness value (1.000), indicating maximum
thickness retention.

e Experiment 24 reaches the highest normalized
hardness value (1.000), reflecting maximum strain
hardening at the pole.

e Experiment 21 shows zero normalized thickness
(0.000), indicating the most severe thinning.

e  Experiment 22 has zero normalized height (0.000),
corresponding to the minimum dome height.
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The normalized dataset ensures that all three responses
contribute equally in the subsequent Grey relational
coefficient and Grey relational grade calculations. This
transformation enables objective multi-response
optimization and prevents dominance of any single
parameter due to scale differences.

The normalized values in Table 7 serve as the basis for
calculating the Grey relational coefficients in the next
step of the analysis.

Table 7. Grey relational generation (normalized values) of multi-objective experimental outputs

Experiment no. Normalizes values the outputs of experimental results
Height of product Thickness at top product Micro hardness at top product
1 0.029 0.183 0.230
2 0.082 0.107 0.317
3 0.154 0.068 0.356
4 0.061 0.621 0.334
5 0.062 0.500 0.564
6 0.064 0.467 0.735
7 0.898 1.000 0.000
8 0.993 0.964 0.223
9 1.000 0.947 0.366
10 0.142 0.130 0.649
11 0.157 0.071 0.725
12 0.206 0.027 0.876
13 0.117 0.497 0.535
14 0.125 0.456 0.705
15 0.142 0.420 0.913
16 0.898 0.953 0.426
17 0.937 0.822 0.604
18 0.999 0.760 0.728
19 0.187 0.124 0.700
20 0.161 0.059 0.834
21 0.134 0.000 0.960
22 0.000 0.473 0.661
23 0.113 0.411 0.814
24 0.121 0.367 1.000
25 0.893 0.899 0.562
26 0.920 0.840 0.738
27 0.968 0.775 0.866
Thus:

3.10 Estimate the deviation values of the
normalize values of the experimental results
()

In Grey Relational Analysis (GRA), the next step after
normalization is the calculation of the deviation
sequence (A). The deviation value represents the
absolute difference between the ideal (reference)
sequence and the normalized experimental data.

Since the best performance for each response after
normalization equals 1, the ideal reference sequence is
[29, 30]

xo(k)=1

(15)

Therefore, the deviation value for each response is
calculated using

Ay(k) = xo(k) — xi (k) |

(16)

Because x3(k) = 1, the deviation simplifies to

Ai(k) = 1—x;(k) (17
where: x; (k) = normalized value from Table 7, and
A; (k) = deviation value

Example Calculation (Experiment 1)

From Table 7: normalized height = 0.029, normalized
thickness = 0.183, and normalized hardness = 0.230
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Apeigne=1-0.029=0.971,  Atpickness=1-0.183=0.817.

and Apgraness=1—0.230=0.770

The same calculation was performed for all 27

experiments, and the results are summarized in Table

8.

Table 8 presents the deviation sequences for height,

thickness, and micro-hardness. A smaller deviation

value indicates that the experimental result is closer to
the ideal (best) performance.

From Table 8, the following observations can be made:

e  Experiment 9 shows zero deviation for height (A =
0.000), indicating the maximum dome height
among all experiments.

e Experiment 7 shows zero deviation for thickness
(A = 0.000), corresponding to maximum thickness
retention.

e  Experiment 24 shows zero deviation for hardness
(A =0.000), reflecting maximum micro-hardness.

e  Experiment 22 has the highest deviation for height
(A = 1.000), corresponding to the minimum dome
height.

e Experiment 21 has the highest deviation for
thickness (A = 1.000), indicating the most severe
thinning.
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The deviation values quantify how far each experiment
is from the ideal normalized value of 1. These values
are essential for calculating the Grey Relational
Coefficient (GRC) in the next step, which measures the
closeness of each experiment to the ideal multi-
performance condition.

Lower deviation values imply better overall
performance, and the subsequent Grey Relational
Grade will combine these deviations into a single
representative index for optimization.

Table 8. Deviation values (A) of normalized multi-objective results.

Experiment no. Deviation values of the normalize results
Height of product Thickness at top product Microhardness at top product

1 0.971 0.817 0.770

2 0.918 0.893 0.683

3 0.846 0.932 0.644

4 0.939 0.379 0.666

5 0.938 0.500 0.436

6 0.936 0.533 0.265

7 0.102 0.000 1.000

8 0.007 0.036 0.777

9 0.000 0.053 0.634

10 0.858 0.870 0.351

11 0.843 0.929 0.275

12 0.794 0.973 0.124

13 0.883 0.503 0.465

14 0.875 0.544 0.295

15 0.858 0.580 0.087

16 0.102 0.047 0.574

17 0.063 0.178 0.396

18 0.001 0.240 0.272

19 0.813 0.876 0.300

20 0.839 0.941 0.166

21 0.866 1.000 0.040

22 1.000 0.527 0.339

23 0.887 0.589 0.186

24 0.879 0.633 0.000

25 0.107 0.101 0.438

26 0.080 0.160 0.262

27 0.032 0.225 0.134

GRC, 0.5 0% 0340

3.11 Estimate the Grey relational coefficient neort T 0.971 ‘525 1-47015
(GRC) GRCtnickness = 0.817 + 05 B 1317 ~ 0-380
After determining the deviation sequence (A) in the GRChardness = ~ 0.394

previous step, the Grey Relational Coefficient (GRC) is
calculated to evaluate the closeness of each
experimental result to the ideal normalized value. The
GRC transforms deviation values into relational
coefficients within the range of 0 to 1.
The Grey Relational Coefficient is calculated using the
following equation:

Amint{Amax
El(k) - Ai(k)+{Amax
(18)

where: &;(k) = Grey relational coefficient, 4;(k) =
deviation value from Table 8, 4,;, = minimum
deviation value (0), 4,,4, = maximum deviation value
(1), and € = distinguishing coefficient (commonly 0.5).
Since Amin[Z{'FO, Amax[@:':bl, and (=0.5, the equation
simplifies to:

&) = —=>

2;(l)+0.5

Example Calculation (Experiment 1)

From Table 8:

A (height) = 0.971, A (thickness) = 0.817, and A
(hardness) = 0.770

Therefore:

16

0770 + 05  1.270
The same procedure was applied to all experimental

runs, and the calculated Grey relational coefficients

were tabulated.

Grey Relational Coefficient

The Grey Relational Coefficient represents the degree

of similarity between each experimental result and the

ideal performance. Its characteristics are:

e &=1 — perfect performance (A = 0)

&—0 — poorest performance (A large)

Higher GRC values indicate better performance

Thus:

Experiments with lower deviation values (closer to

the ideal) will have higher GRC values.

e Experiments with larger deviation values will have
smaller GRC values.

The calculated GRC values are then used to determine

the Grey Relational Grade (GRG) in the next step,

which  combines the  multiple performance

characteristics into a single performance index for

optimization.
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3.12 Estimate the grey relational grade (GRG)

After calculating the Grey Relational Coefficients
(GRCs) for each response, the overall performance of
every experimental run is evaluated using the Grey
Relational Grade (GRG). The GRG combines the
multiple response characteristics into a single
representative value, allowing all experiments to be
ranked from best to worst performance under multi-
objective conditions.

The Grey Relational Grade is calculated as the average
of the Grey Relational Coefficients of all responses:

vi= SR &) (19)
where: y; = Grey relational grade of the ith experiment,
&; (k) = Grey relational coefficient for the kth response,
and m = number of performance characteristics
(responses).

In this study, three responses were considered (product
height, thickness at the top, and micro-hardness at the

top), therefore:
_ Sheight+Sthicknesst$hardness

Yi 3 (20)
Example Calculation (Experiment 1)

From Table 9:

fheight =0.340, &nickness=0-380, $paraness = 0.380
Thus:

v, = 0.34—0+0.3380+0.394 _ % ~ 0371

The same approach was applied to all 27 experiments,
and the GRG values were determined and ranked as
shown in Table 9.

Table 9 presents the Grey Relational Coefficients for
each response and the corresponding Grey Relational
Grade for every experiment. The GRG represents the
overall multi-performance index:

e Higher GRG values indicate better overall
performance (closer to ideal performance in all
responses).

e Lower GRG values indicate poorer overall

performance under multi-objective requirements.

e From Table 9:

e Experiment 27 achieves the highest GRG (0.806),
indicating the best overall combination of high
product height, higher thickness retention, and
high micro-hardness.

e Experiment 9 also shows a high GRG (0.782),
primarily due to the maximum height and high
thickness retention.

e Experiment 18 has a GRG of 0.774, reflecting
strong combined performance.

e Lower GRG values such as Experiment 1 (0.371)
and Experiment 3 (0.386) indicate weaker overall
multi-response performance.

The ranking based on GRG provides a clear basis for

selecting the optimal process parameters. Since

Experiment 27 gives the maximum GRG, it represents

the optimal experimental condition for the combined

objectives. This optimum corresponds to the parameter
combination:

e Viscosity grade: 70 SAE (V3)

e Thickness: 0.88 mm (T3)

e Speed: 10 mm/min (S3)

These results are used in the next section to determine

the factor effects, optimal parameter levels, and

significance of each parameter through Taguchi
response analysis and ANOVA.

Table 9. Grey relational coefficients (GRC) for each response characteristic (height, thickness, and micro-hardness) and the
corresponding Grey relational grade (GRG) used to rank the 27 hydroforming experiments based on overall multi-objective

performance
Experiment no Grey Relational Coefficient and Grade

) Height of Product Thickness at Top Product Microhardness at Top Product GRG

1 0.340 0.380 0.394 0.371
2 0.353 0.359 0.423 0.378
3 0.372 0.349 0.437 0.386
4 0.347 0.569 0.429 0.448
5 0.348 0.500 0.534 0.461
6 0.348 0.484 0.654 0.495
7 0.831 1.000 0.333 0.721
8 0.986 0.934 0.391 0.770
9 1.000 0.904 0.441 0.782
10 0.368 0.365 0.587 0.440
11 0.372 0.350 0.645 0.456
12 0.387 0.339 0.802 0.509
13 0.361 0.499 0.518 0.459
14 0.364 0.479 0.629 0.491
15 0.368 0.463 0.852 0.561
16 0.831 0914 0.465 0.737
17 0.889 0.738 0.558 0.728
18 0.998 0.676 0.647 0.774
19 0.381 0.363 0.625 0.457
20 0.373 0.347 0.751 0.490
21 0.366 0.333 0.927 0.542
22 0.333 0.487 0.596 0.472
23 0.361 0.459 0.729 0.516

17
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Experiment no. Grey Relational Coefficient and Grade
Height of Product Thickness at Top Product Microhardness at Top Product GRG
24 0.363 0.441 1.000 0.601
25 0.824 0.833 0.533 0.730
26 0.862 0.758 0.656 0.759
27 0.939 0.690 0.789 0.806

3.13 Grey relational grade ranking

After calculating the Grey Relational Grades (GRG)
for all 27 experiments, the next step is to rank them
from the highest GRG value to the lowest. Since the
GRG  represents the overall multi-objective
performance index, a higher value indicates better
combined performance in terms of product height,
thickness retention, and micro-hardness.

The ranking results are presented in Table 10.

Table 10 lists the GRG values and their corresponding
rankings for all experiments. The experiments are
ranked in descending order, where:

e Rank 1 corresponds to the highest GRG (best

e The lowest GRG value (0.371) corresponds to
Experiment 1, indicating the weakest multi-
objective performance.

The ranking clearly shows that as the Grey Relational

Grade increases, the overall product quality improves.

This is because the GRG simultaneously accounts for:

e  Maximum dome height (higher-the-better),

e  Greater thickness retention (higher-the-better),

e Increased micro-hardness (higher-the-better).

Therefore, Experiment 27 is considered the optimal

experimental condition, as it provides the best overall

balance among the three performance characteristics.

This experiment corresponds to the parameter

combination:

e Viscosity grade = 70 SAE (V3)

performance). e  Sheet thickness = 0.88 mm (T3)
e Rank 27 corresponds to the lowest GRG (poorest e  Stroke speed = 10 mm/min (S3)
performance). The ranking results serve as the basis for subsequent

From Table 10, the following observations can be

made:

e Experiment 27 achieves the highest GRG value of
0.806, ranking first among all experiments.

e Experiment 9 ranks second with a GRG of 0.782.

e Experiment 18 ranks third with a GRG of 0.774.

response analysis and ANOVA to determine the
relative contribution of each parameter and to confirm
the optimal levels statistically.

Table 10. Grey relational grade (GRG) values and corresponding ranking of the 27 hydroforming experiments based on overall
multi-objective performance

Experiment no Grey relational Grade and ranking
) GRG Ranking of GRG
1 0.371 27
2 0.378 26
3 0.386 25
4 0.448 23
5 0.461 19
6 0.495 15
7 0.721 9
8 0.770 4
9 0.782 2
10 0.440 24
11 0.456 22
12 0.509 14
13 0.459 20
14 0.491 16
15 0.561 11
16 0.737 6
17 0.728 8
18 0.774 3
19 0.457 21
20 0.490 17
21 0.542 12
22 0.472 18
23 0.516 13
24 0.601 10
25 0.730 7
26 0.759 5
27 0.806 1

18
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3.14 Selecting of the optimal parameter levels

The optimal levels of the sheet hydroforming process
parameters were determined using the mean Grey
Relational Grade (GRG) obtained from Taguchi
response analysis in MINITAB software. Since the
Grey Relational Grade represents the overall multi-
objective performance index, the level of each
parameter that yields the highest mean GRG is
considered optimal. The calculated mean GRG values
for each parameter level are presented in Table 11,
while Fig. 22 illustrates the main effects plot for the
mean values.

For the viscosity grade, the mean GRG increases
progressively from Level 1 (20W-50) to Level 3 (70
SAE). The highest value (0.5970) is obtained at Level
3, indicating that higher viscosity improves overall
hydroforming performance. This improvement may be

attributed to better pressure transmission and
lubrication  stability during deformation, which
enhances  thickness  retention and  hardness
development.

For sheet thickness, a significant increase in mean
GRG is observed from 0.4477 at 0.48 mm to 0.7563 at
0.88 mm. The large difference between minimum and
maximum mean values (A = 0.3086) confirms that
thickness has the strongest influence on multi-objective
performance. The thicker sheet provides greater
resistance to thinning and allows higher dome height
before instability, leading to superior overall results.

Regarding stroke speed, the mean GRG gradually
increases from 0.5372 at 2 mm/min to 0.6063 at 10

mm/min. Although the influence of speed is less
pronounced than thickness, higher speed appears to
promote improved strain hardening and enhanced
product performance. The delta value (0.0690)
indicates that speed is the second most influential
factor among the selected parameters.

The ranking based on delta values shows the following
order of influence

Thickness (Rank 1) > Speed (Rank 2) > Viscosity
(Rank 3)

The main effects plot in Fig. 21 visually confirms these
findings. The steep slope observed for thickness
demonstrates its dominant effect on GRG, whereas
viscosity and speed show comparatively moderate
slopes.

Based on the highest mean GRG values at each level,
the optimal parameter combination is identified as:
viscosity grade = 70 SAE (V3), thickness = 0.88 mm
(T3), and speed = 10 mm/min (S3)

This combination corresponds to the highest Grey
Relational Grade (0.806) obtained in Experiment 27,
confirming the consistency between Taguchi response
analysis and Grey Relational ranking. Therefore, the
V3-T3-S3 setting is considered the optimal condition
for achieving superior multi-performance
characteristics in the sheet hydroforming process.

Table 11. Mean grey relational grade (GRG) values for each level of viscosity grade, sheet thickness, and stroke speed, including
delta values and ranking, used to determine the optimal parameter combination in the sheet hydroforming process

Level Viscosity grade Thickness (mm) Speed (mm/min)
1 0.5348 0.4477 0.5372
2 0.5728 0.5006 0.5610
3 0.5970 # 0.7563 # 0.6063 #
Delta (max — min) 0.0622 0.3086 0.0690
Rank 3 1 2

mean Grey Relational Grade of all levels = 0.56818

# optimal level of each parameter

Main Effects Plot for Means
Data Means

Viscosity Grade Thickness (mm) Speed (mm/min}

20W-50  50SAE TOSAE 04a 068 088 2 5 10

Fig. 22. Main effects plot for mean Grey Relational Grade
(GRG) showing the influence of viscosity grade, thickness,
and stroke speed on overall multi-objective performance
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3.15 Analysis of variance (ANOVA)

Analysis of Variance (ANOVA) was performed to
statistically evaluate the significance and relative
contribution of each process parameter on the Grey
Relational Grade (GRG). The primary objective of
ANOVA in this study is to determine which parameter
has the most substantial influence on the overall multi-
objective performance of the sheet hydroforming
process. The ANOVA results are summarized in Table
12.

From Table 12, the thickness parameter exhibits the
highest adjusted sum of squares (Adj SS = 0.49012)
and the largest F-value (285.87), with a P-value of
0.000. This very small P-value (less than 0.05)
confirms that thickness is statistically significant at a
95% confidence level. Furthermore, the percentage
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contribution (PC%) of thickness is 89.6%, indicating
that nearly 90% of the total variation in the Grey
Relational Grade is attributed to sheet thickness. This
clearly demonstrates that thickness is the dominant
factor controlling hydroforming performance.

The stroke speed parameter also shows statistical
significance, with an F-value of 12.92 and a P-value of
0.000. However, its percentage contribution is only
4.1%, which is considerably smaller than that of
thickness. This indicates that although speed affects the
performance characteristics, its influence is moderate
compared to thickness.

The viscosity grade parameter has a smaller adjusted
sum of squares (0.01770) and a percentage contribution
of 3.2%. Although its P-value (0.001) indicates
statistical significance, its practical influence on the

overall performance is relatively limited compared to
thickness and speed.

The error contribution is 3.1%, which is relatively low,
indicating that the experimental design is reliable and
that most of the variability in the results is explained by
the selected parameters.

The ANOVA results confirm that sheet thickness is the
most influential parameter affecting the multi-objective
performance of the hydroforming process, followed by
stroke speed and viscosity grade. These findings are
consistent with the Taguchi response analysis and Grey
Relational ranking results, which also identified
thickness as the dominant factor in optimizing product
height, thickness retention, and micro-hardness.

Table 12. Analysis of variance (ANOVA) results for Grey Relational Grade (GRG) showing the statistical significance and
percentage contribution of viscosity grade, thickness, and stroke speed on multi-objective hydroforming performance

Source DF Adj SS Adj MS F-Value P-Value PC %
viscosity grade 2 0.01770 0.008852 10.33 0.001 3.2
thickness (mm) 2 0.49012 0.245059 285.87 0.000 89.6
speed (mm/min) 2 0.02215 0.011073 12.92 0.000 4.1

Error 20 0.01715 0.000857 3.1
Total 26 0.54711 100
perfect agreement between the predicted and

3.16 Confirmation test (optimal test)

The final stage of the Grey Relational Analysis (GRA)
is the confirmation test, which is performed to validate
the predicted optimal parameter combination and to
ensure the reliability of the optimization procedure.
The purpose of this step is to compare the predicted
Grey Relational Grade (GRG) with the experimentally
obtained GRG under the optimal operating conditions.

Based on the Taguchi—Grey relational analysis, the
optimal parameter combination was identified as V3—
T3-S3 (70 SAE viscosity, 0.88 mm thickness, and 10
mm/min  stroke speed). This optimal setting
corresponds to Experiment 27, which produced the
highest GRG value of 0.806. As shown in Table 13, the
predicted Grey Relational Grade is identical to the
original experimental GRG value (0.806), indicating

experimental results.

Under the optimal parameter combination (V3-T3—
S3), the achieved performance characteristics were a
maximum dome height of 36.79 mm, a thickness at the
pole of 0.561 mm, and a micro-hardness value of 187.9
HVO0.2, as presented in Table 13. Since the predicted
and experimental GRG values are equal, no additional
confirmation experiment was necessary.

The results summarized in Table 13 confirm the
validity and robustness of the Grey Relational Analysis
approach for multi-objective optimization in sheet
hydroforming. The consistency between predicted and
actual performance demonstrates that the selected
optimal parameter combination effectively enhances
product height, maintains acceptable thickness
retention, and improves hardness simultaneously.

Table 13. Optimal sheet hydroforming parameters and corresponding multi-objective performance characteristics obtained from
Grey Relational Analysis

Optimum sheet hydroforming parameters Original process parameters Favored process parameters (Prediction)
Level setting V3 T3 8S3 V3 T3 Ss3
height of product 36.79 mm
thickness at top product 0.561 mm
micro hardness at top product 187.9 HV0.2
Grey relational grade 0.806 0.806

4 Conclusion

This study successfully applied a combined full
factorial design and Grey Relational Analysis (GRA)
approach to optimize the sheet hydroforming process
parameters of AIST 1008 low carbon steel under multi-
objective conditions. The integration of statistical
design and multi-response optimization provided an
efficient and systematic methodology for evaluating

20

the influence of viscosity grade, sheet thickness, and
stroke speed on product height, thickness retention, and
micro-hardness.

The experimental results demonstrated that sheet
thickness has the most significant influence on
hydroforming performance. Analysis of variance
(ANOVA) revealed that thickness contributes §9.6% of
the total variation in the Grey Relational Grade (GRG),
confirming it as the dominant factor. In comparison,
stroke speed and viscosity grade contributed 4.1% and
3.2%, respectively. These findings indicate that




EPJ Web of Conferences 374, 04006 (2026)

https://doi.org/10.1051/epjcont/202637404006

ICEODIS 2026
increasing sheet thickness substantially enhances [8] V. Modanloo, A. Doniavi, and R. Hasanzadeh,
deformation capability and reduces thinning during “Application of multi-criteria decision making methods
hydroforming. to select sheet hydroforming process parameters,”
The optimal parameter combination identified through Decis. Sci. Lett., vol. 5, pp. 349-360, 2016, doi:
Grey  Relational  Analysis was  V3-T3-S3, https://doi.org/10.5267/1.ds1.2016.2.005.

corresponding to a viscosity grade of 70 SAE, sheet
thickness of 0.88 mm, and stroke speed of 10 mm/min.
Under these conditions, the process achieved a
maximum dome height of 36.79 mm (=37.16 mm in
optimal test), a pole thickness of 0.559—-0.561 mm, and
a micro-hardness value of 187.9 HVO0.2. The highest
Grey Relational Grade obtained was 0.806, indicating
superior overall multi-performance characteristics.

The results confirm that the proposed optimization
framework effectively improves sheet hydroforming
performance by simultaneously maximizing product
height and hardness while maintaining acceptable
thickness retention. The methodology provides a
reliable  decision-making  tool  for  industrial
hydroforming applications involving low carbon steel
sheets.
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