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Abstract. Sheet hydroforming is a modern metal forming technique that employs hydraulic pressure to 
produce complex sheet components with enhanced dimensional precision and improved mechanical 
properties. In this work, the formability and mechanical behavior of AISI 1008 low-carbon steel sheets 
with thicknesses of 0.48 mm, 0.68 mm, and 0.88 mm were experimentally evaluated using the hydraulic 
bulge test and compared with the conventional Nakazima formability test. Circular specimens with a 
diameter of 180 mm were tested at a deformation rate of 10 mm/min. The Nakazima test results indicated 
maximum stresses of 4.6 MPa, 6.4 MPa, and 9.2 MPa for sheet thicknesses of 0.48 mm, 0.68 mm, and 
0.88 mm, respectively, with corresponding dome heights of 30.205 mm, 29.05 mm, and 36.423 mm. 
Conversely, the hydraulic bulge test exhibited improved forming performance, achieving burst pressures 
of 6.6 MPa, 9.58 MPa, and 11.58 MPa, along with dome heights of 32.633 mm, 30.45 mm, and 40.82 mm 
for the respective thicknesses. The failure thickness increased with the original sheet thickness, reaching 
0.345 mm for the 0.88 mm specimen. Micro-hardness measurements performed at the pole region using a 
200 g load (HV0.2) demonstrated pronounced strain hardening following hydroforming. In the case of the 
0.88 mm sheet, the maximum formed height reached 37.16 mm, while the pole thickness decreased to 
0.559 mm, accompanied by a micro-hardness value of 187.9 HV0.2. Overall, the findings demonstrate that 
sheet hydroforming provides better formability, higher load-carrying capability, and improved surface 
quality compared with conventional forming processes.

Keywords: Sheet hydroforming; Hydraulic bulge test; Nakazima test; Low-carbon steel; Formability; 
Hardness distribution; Strain hardening; Mechanical properties.

1 Introduction 
Metal forming processes have undergone significant 
development to satisfy the growing demand for 
lightweight, high-strength, and geometrically complex 
components in modern industries [1,2]. Conventional 
sheet metal forming methods, such as deep drawing 
and stamping, are widely employed; however, they 
often suffer from limitations including non-uniform 
strain distribution, excessive thinning, wrinkling, and 
premature fracture [3,4]. To address these challenges, 
advanced forming technologies have been introduced, 
among which sheet hydroforming has attracted 
considerable interest [5,6]. Sheet hydroforming 
employs hydraulic pressure as the forming medium, 
enabling more uniform stress distribution and 
improved material flow control. Consequently, the 
process provides enhanced formability, reduced 
springback, superior surface quality, and the ability to 
produce near-net-shape components with minimal 
secondary processing [6,7]. With increasing emphasis 
on weight reduction and structural efficiency in 
industries such as automotive and aerospace, 
hydroforming has become an attractive alternative to 
conventional forming techniques. 

Sheet hydroforming is an advanced metal forming 
technique in which pressurized fluid is used to shape 
ductile sheet materials into complex geometries [8,9]. 
In contrast to traditional stamping processes, where 
deformation is directly imposed by a rigid punch, 
hydroforming applies uniform hydraulic pressure to 
force the sheet against the die surface [10]. This results 
in improved strain distribution, enhanced surface 
finish, and higher formability limits [11]. The process 
is commonly applied to ductile materials such as 
aluminum alloys, brass, stainless steel, and low-carbon 
steel because of their favorable deformation behavior 
[10,11]. Recent investigations conducted between 2020 
and 2025 have further highlighted the effectiveness of 
sheet hydroforming in improving formability, strain 
distribution, and mechanical performance under biaxial 
loading conditions, emphasizing its increasing 
importance in advanced manufacturing applications 
[12–15]. 

In hydroforming processes involving a die, the sheet 
blank is clamped between the die and the blank holder 
while hydraulic pressure is applied to one side of the 
sheet [12]. The blank holder plays an essential role in 
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controlling material flow from the flange region into 
the die cavity and preventing wrinkling or leakage of 
the pressurized fluid. Through controlled pressure 
application, lightweight and structurally rigid 
components with improved dimensional accuracy and 
reduced springback can be produced. As a result, sheet 
hydroformed components are widely utilized in 
automotive body panels, aerospace structures, roofing 
elements, cookware, medical devices, and precision 
engineering products [13]. Although hydroforming 
offers superior surface quality, higher formability, and 
near-net-shape manufacturing capability, its 
widespread implementation is sometimes constrained 
by higher tooling and operational costs compared with 
conventional stamping processes [14]. Nevertheless, 
for complex geometries and high-performance 
applications, hydroforming remains both technically 
and economically advantageous, especially when 
reductions in secondary operations and assembly 
requirements are considered [15]. 
 
Low-carbon steel sheets are among the most 
extensively used materials in sheet metal forming 
because of their good ductility, weldability, moderate 
strength, and cost efficiency [16–20]. Materials 
suitable for cold-forming operations are generally 
compatible with hydroforming provided they possess 
sufficient elongation, a high strain-hardening exponent, 
fine grain structure, and a significant difference 
between yield strength and ultimate tensile strength 
[21–25]. These characteristics improve the ability of 
the material to withstand large plastic deformation 
without localized necking or premature failure. In 
addition, the required forming pressure must be 
considered in relation to the capabilities of the forming 
equipment during material selection [26–30]. 
 
Despite the advantages of sheet hydroforming, 
challenges remain in understanding the influence of 
sheet thickness on formability and the evolution of 
mechanical properties during hydraulic bulging. 
Conventional formability evaluation techniques, such 
as the Nakazima test, provide forming limit diagrams 
under particular strain paths; however, they may not 
fully represent the biaxial stress conditions encountered 
during hydraulic bulge forming. Furthermore, limited 
experimental research has examined the relationship 
between maximum dome height, thickness reduction at 
the pole, and micro-hardness variation in low-carbon 
steel sheets subjected to hydroforming. Previous 
studies have mainly focused on aluminum alloys and 
high-strength steels, while comparatively fewer 
investigations have been devoted to AISI 1008 low-
carbon steel sheets under hydraulic bulge conditions. 
Moreover, limited comparative studies are available 
between hydraulic bulge testing and the Nakazima test 
for varying sheet thicknesses. The combined 
assessment of formability characteristics and post-
forming mechanical properties, particularly hardness 
distribution in critical regions such as the pole, remains 
insufficiently explored. 
 

The primary scientific contribution of the present study 
is the integrated experimental evaluation of both 
formability and post-forming mechanical behavior of 
AISI 1008 low-carbon steel sheets under sheet 
hydroforming conditions. Unlike many previous 
investigations that focused mainly on formability limits 
or pressure–height relationships, this work combines 
hydraulic bulge testing, comparison with the 
conventional Nakazima test, thickness reduction 
analysis, and micro-hardness measurements at the pole 
region. This integrated approach establishes a direct 
relationship between initial sheet thickness, dome 
height, thinning behavior, burst pressure, and strain 
hardening, thereby providing a more comprehensive 
understanding of the influence of hydroforming on 
deformation capability and local mechanical 
strengthening in low-carbon steel sheets. 
 
The objective of this research is to experimentally 
investigate the influence of sheet hydroforming on the 
formability and mechanical properties of AISI 1008 
low-carbon steel sheets with thicknesses of 0.48 mm, 
0.68 mm, and 0.88 mm. The study focuses on 
evaluating formability using the hydraulic bulge test 
and comparing the results with those obtained from the 
conventional Nakazima test. In addition, the effects of 
sheet thickness on dome height, thickness reduction at 
the pole, and micro-hardness variation are examined in 
order to establish a clear relationship between 
deformation behavior and mechanical performance. 
The investigation is limited to three sheet thicknesses 
and specific hydroforming conditions. Factors such as 
strain rate, lubrication, temperature effects, die 
geometry modification, and numerical simulation 
analysis were not considered. Furthermore, detailed 
microstructural characterization beyond hardness 
measurements was outside the scope of this work. 
 
This paper presents an experimental investigation of 
sheet hydroforming applied to AISI 1008 low-carbon 
steel sheets. Hydraulic bulge tests were conducted to 
evaluate formability and the results were compared 
with those obtained from the Nakazima test. The 
influence of sheet thickness on maximum dome height, 
thickness reduction at the pole, and micro-hardness 
distribution was analyzed. The findings contribute to a 
better understanding of the capability of sheet 
hydroforming to enhance the formability and 
mechanical performance of low-carbon steel sheets. 

2 Experimental procedures 

2.1 Work piece material and dimensions 

Low-carbon steel sheets with thicknesses of 0.48 mm, 
0.68 mm, and 0.88 mm were employed in this 
investigation. The material was chosen because of its 
excellent formability, low production cost, broad 
industrial availability, and compatibility with 
hydroforming processes [16,31]. The chemical 
composition of the sheets was determined using a 
spectrometer at the State Company for Inspection and 
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Engineering Rehabilitation. Based on the analysis 
results, the material was classified as AISI 1008 steel. 
Table 1 lists the experimentally measured chemical 
composition of the low-carbon steel sheets together 
with the standard composition limits for AISI 1008 
steel [32]. The obtained results verify that the material 
composition lies within the permissible range specified 
for AISI 1008 steel [17,33]. 
Table 1 shows that the chemical composition of the 
investigated sheet material is in close agreement with 
the standard specifications of AISI 1008 steel. The 
carbon content, ranging from 0.062% to 0.087%, falls 
within the typical limits for low-carbon steel, 
contributing to enhanced ductility and good formability 
characteristics. The manganese content is slightly 
below the standard range of 0.3–0.5%, which may 
improve material softness and facilitate deformation 
during forming operations. Moreover, the low 
concentrations of phosphorus and sulfur indicate 
favorable weldability and reduced susceptibility to 
brittleness. The high iron content, between 99.3% and 
99.6%, further confirms the classification of the 
material as low-carbon steel. Overall, the chemical 
composition demonstrates the material’s suitability for 
hydroforming applications. 
The experimental methodology employed in this work 
is appropriate for assessing both formability behavior 
and mechanical property evolution during sheet metal 
forming. The hydraulic bulge test provides an effective 
means of simulating biaxial stress conditions, whereas 
the Nakazima test serves as a conventional benchmark 
for comparison. The integration of controlled hydraulic 
pressure, standardized specimen geometry, and micro-
hardness measurements ensures consistent, reliable, 
and repeatable experimental results. Consequently, the 

adopted methodology is considered suitable for 
fulfilling the objectives of the present investigation. 

2.2 Samples preparation and dimensions  

All experimental specimens were fabricated using a 
water jet cutting machine according to the dimensions 
shown in Fig. 1, which illustrates the geometry and 
dimensions of the circular specimen employed in the 
hydraulic bulge test. Water jet cutting was chosen 
because it is a cold cutting technique that eliminates 
the formation of heat-affected zones, thereby 
maintaining the original mechanical and 
microstructural properties of the sheet material. In 
addition, this method provides high dimensional 
precision, smooth edge finish, and enhanced 
operational safety. The circular blanks were 
manufactured with accurate geometry to ensure 
uniform clamping conditions and consistent pressure 
distribution during the hydraulic bulge test [34–36].  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Fixed sample used in hydraulic bulge test 
(dimensions in mm). 

Table 1. Chemical composition of sheet material compared with AISI 1008 standard (% by weight). 

Sample type C% Si% Mn% P% S% Cr% Mo% Ni% Al% Cu% Fe% 

Low carbon 
steel sheet 
materials 

0.062-
0.087 

0.016-
0.133  

0.159-
0.271  

0.023- 
0.028 

0.005- 
0.023 

0.014- 
0.04 

0.002-
0.006 

0.008-
0.02 

0.002- 
0.03 

0.009- 
0.032 99.3-99.6 

1008-AISI ≥ 0.1 ≥ 0.2 0.3-
0.5 ≥ 0.04 ≥ 0.05      99.3-99.7 

2.3 Mechanical hydraulic pump and dies 

The mechanical hydraulic forming system utilized in 
this study was locally designed and fabricated based on 
the working principles of automotive engine pistons 
and conventional hydraulic jacks. The apparatus 
functions as a manually operated hydraulic press in 
which mechanical force is transformed into hydraulic 
pressure to deform the sheet specimen. The system 
comprises an upper die, flange, pressure chamber 
(container), piston, cover, Teflon sealing bush, pressure 
spring, base plate, and an analog pressure gauge for 
monitoring the internal pressure, as illustrated in Fig. 2. 
The hydraulic unit consists of a manually operated 
mechanical hydraulic pump manufactured and 
assembled in Iraq specifically for laboratory-scale 
hydroforming experiments. Water was used as the 
pressure-transmitting medium. The pressure gauge has 

an operating range of 0–400 bar, allowing controlled 
application of hydraulic pressure throughout the bulge 
test. The apparatus is well suited for small-scale 
experimental investigations and enables precise control 
of pressure increase until failure of the specimen 
occurs [18,37–40]. 
 

 
 
Fig. 2. Mechanical hydraulic pump and die assembly 
used for the hydraulic bulge test. 
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2.4 Nakazima Formability Test Die 

To conduct the Nakazima formability test, the 
previously described mechanical hydraulic system was 
modified by replacing the flat piston head with a 
hemispherical punch welded directly to the piston rod, 
as illustrated in Fig. 3. This modification enabled the 
apparatus to reproduce the stretching conditions 
necessary for obtaining forming limit data under 
controlled loading conditions. The hemispherical 
punch generates biaxial tensile stresses within the sheet 
specimen until localized necking or fracture takes 
place. Both the punch and piston were fabricated from 
medium-carbon steel (AISI 1045 / Steel 45) because of 
its favorable strength, wear resistance, and 
machinability. In addition, the punch surface was 
carefully polished to minimize frictional effects during 
the testing process [19,41–45]. 

 

 
Fig. 3. Hemispherical punch (Steel 45) welded to the 

piston for Nakazima formability test. 

2.5 Experiments 

2.5.1 Hardness instrument 

The mechanical properties of the formed specimens 
were assessed using the Vickers micro-hardness test 
performed at the pole region, which represents the area 
of maximum deformation in each sample. A digital 
micro-Vickers hardness tester was utilized for this 
purpose, as illustrated in Fig. 4. The instrument 
operates with a power supply of 110/220 V at 50/60 Hz 
and is equipped with a cold-light illumination system 
to provide clear observation of the indentation marks. 
The microscope offers magnifications of 100× and 
400×, enabling accurate measurement of the 
indentation diagonals. The hardness testing range 
extends from 1 HV to 2967 HV, with an adjustable 
dwell time between 5 and 60 seconds. 
The Vickers hardness test is based on indenting the 
material surface with a square-based diamond pyramid 
under a specified load and determining the diagonal 
length of the resulting impression. In the present study, 
a load of 200 g (HV0.2) with a dwell time of 15 
seconds was applied in accordance with ASTM E384–
22 standards. During the measurements, the punch was 
placed beneath the specimen to provide adequate 
support and prevent damage during indentation 
[46,47]. Several indentations were carried out on each 
specimen, and the average hardness value was 
calculated to ensure reliable and consistent results 
[20,21]. 
 
 
 

 
 
Fig. 4. Digital micro Vickers hardness testing machine 
used in this study. 

2.5.2  Height product measurement 

The dome height of the formed specimens was 
measured using an NC milling machine (MF1 
Farsmachine), as shown in Fig. 5. The machine was 
employed as a precision measuring instrument by 
utilizing its calibrated worktable, digital readout 
system, and accurately controlled axis movements. 
Each formed specimen was firmly secured on the 
machine table to ensure stability and measurement 
precision. 

For dome height measurement, the cutting tool was 
replaced with a probe mounted in the tool holder. 
Initially, the reference plane was established by setting 
the x- and y-axes to zero at the center of the specimen. 
The probe was then gradually lowered along the z-axis 
until contact was made with the highest point (pole) of 
the formed dome. The corresponding vertical 
displacement displayed on the digital monitor was 
recorded as the dome height. Owing to the high 
positioning accuracy of the NC milling machine, this 
method provides precise and reliable measurements. 
Several measurements were conducted for each 
specimen to ensure repeatability, and the average value 
was taken as the final dome height [48–50]. 

 

 
 

Fig. 5. Measurement of dome height using NC milling 
machine (MF1 Farsmachine) 

 
The experimental methodology was designed to 

ensure reliable and repeatable measurements through 
controlled specimen geometry, fixed testing speed, 
consistent clamping conditions, and standardized 
Results and discussion  
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Results and discussion  

The results are presented through a combination of 
graphical analysis, tabulated data, and comparative 
evaluation between different sheet thicknesses and 
testing methods. Stress–height curves, burst pressure 
values, and thickness measurements are systematically 
analyzed to highlight the influence of sheet thickness 
on formability. The comparison between hydraulic 
bulge and Nakazima tests provides clear evidence of 
the improved performance under hydroforming 
conditions. The results are discussed in relation to 
deformation mechanisms such as strain hardening, 
thickness effect, and biaxial stress distribution. 

3  Results and discussion 
The results are presented through a combination of 
graphical analysis, tabulated data, and comparative 
evaluation between different sheet thicknesses and 
testing methods. Stress–height curves, burst pressure 
values, and thickness measurements are systematically 
analyzed to highlight the influence of sheet thickness 
on formability. The comparison between hydraulic 
bulge and Nakazima tests provides clear evidence of 
the improved performance under hydroforming 
conditions. The results are discussed in relation to 
deformation mechanisms such as strain hardening, 
thickness effect, and biaxial stress distribution. 

3.1 Formability analysis 

The formability of low carbon steel sheets with 
different thicknesses (0.48, 0.68, and 0.88 mm) was 
evaluated using the Nakazima test conducted on a 
WDW-200E universal testing machine. Circular 
specimens with a diameter of 180 mm were tested at a 
constant crosshead speed of 10 mm/min until fracture 
occurred. To minimize friction and ensure uniform 
material flow during deformation, grease oil was 
applied as a lubricant between the punch and specimen 
surface. The experimental setup and fractured 
specimens are shown in Fig. 6, while the stress–height 
(deformation) relationship is presented in Fig. 7. 

 
Fig. 6. Nakazima test experiments of low carbon steel sheet 
samples with different thicknesses. 

 
 
Fig. 7. Formability analysis of low carbon steel sheets 
at a testing speed of 10 mm/min 
 
Fig. 7 illustrates the relationship between deformation 
stress and sample height (dome height) for low carbon 
steel sheets with thicknesses of 0.48 mm, 0.68 mm, and 
0.88 mm during the Nakazima test at a constant speed 
of 10 mm/min. The curves show a progressive increase 
in deformation stress with increasing dome height for 
all specimens until fracture occurs, followed by a 
sudden drop in stress, indicating failure. From the 
figure, it is evident that the 0.88 mm sheet exhibits the 
highest deformation stress and the greatest height at 
failure compared to the other samples. It reaches a 
maximum stress of approximately 9.2 MPa at a dome 
height of about 36.4 mm before fracture. This behavior 
indicates superior formability and higher load-carrying 
capacity. The 0.68 mm sheet shows intermediate 
performance, reaching a maximum stress of 6.4 MPa 
and a dome height of 29.05 mm. In contrast, the 0.48 
mm sheet demonstrates the lowest formability, with a 
maximum stress of 4.6 MPa and a height at failure of 
approximately 30.2 mm. The improved performance of 
the thicker sheet (0.88 mm) can be attributed to its 
greater resistance to localized necking and thinning 
under biaxial tensile stresses [51-55]. Thicker sheets 
can sustain higher stresses before instability occurs, 
which delays fracture and enhances overall 
deformation capability. Additionally, thicker materials 
generally exhibit better strain hardening behavior, 
allowing more uniform plastic deformation [56]. 
Comparatively, the thinnest sheet (0.48 mm) 
experiences earlier stress concentration and faster 
thinning at the pole region, leading to premature 
fracture [57]. The stress–height slope for the thinner 
sheet is lower, reflecting reduced stiffness and load-
bearing capacity. Fig. 7 clearly demonstrates that 
increasing sheet thickness significantly enhances 
formability performance under Nakazima testing 
conditions, with the 0.88 mm specimen showing the 
best mechanical response among the tested samples 
[58-60]. 
Table 2 presents the formability results of low carbon 
steel sheet specimens with different thicknesses (0.48, 
0.68, and 0.88 mm), including the maximum stress, 
height at failure, and thickness at failure. The results 
indicate that increasing sheet thickness significantly 
improves both load-bearing capacity and deformation 
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height prior to fracture. The 0.88 mm specimen 
recorded the highest maximum stress (9.2 MPa) and 
dome height (36.423 mm), demonstrating superior 
formability. In contrast, the 0.48 mm sheet showed the 
lowest stress and thickness at failure, indicating earlier 
necking and fracture. These findings confirm that 
thicker sheets exhibit enhanced resistance to localized 
thinning and improved forming performance. 
The improvement in formability with increasing sheet 
thickness can be explained by the greater resistance of 
thicker sheets to localized thinning and instability 
during biaxial deformation. A thicker sheet has a 

higher load-carrying capacity and can sustain greater 
plastic strain before necking occurs. In addition, the 
thickness increase improves stress distribution through 
the sheet section and reduces the severity of strain 
localization at the pole region. Thicker sheets also 
retain more residual thickness during deformation, 
which delays fracture initiation and allows higher 
dome heights and burst pressures to be reached. 
Therefore, the superior performance of the 0.88 mm 
sheet is scientifically attributed to improved structural 
rigidity, delayed necking, and better strain 
accommodation under hydroforming conditions. 

Table 2. Formability analysis results of low carbon steel sheets with different thicknesses. 

Samples Type Maximum Stress (MPa) Height at Failure (mm) Thickness at Failure (mm) 
sample with (t = 0.48mm) 4.6 30.205 0.186 
sample with (t = 0.68mm) 6.4 29.05 0.295 
sample with (t = 0.88mm) 9.2 36.423 0.299 

Samples Type Maximum Stress (MPa) Height at Failure (mm) Thickness at Failure (mm) 
From Fig. 7 and Table 2, it is evident that the 0.88 mm 
thick sheet exhibited the highest formability, reaching a 
maximum stress of 9.2 MPa and a dome height of 
36.423 mm before failure. In comparison, the 0.68 mm 
and 0.48 mm sheets reached maximum stresses of 6.4 
MPa and 4.6 MPa, respectively. The increased 
thickness enhances load-carrying capacity and delays 
localized necking, resulting in greater deformation 
before fracture. Moreover, higher ductility and strain 
hardening capability contribute to improved 
formability. 

3.2 Hydraulic bluge test 

The hydraulic bulge test, considered a specialized 
application of the sheet hydroforming process, was 
conducted to evaluate the formability and burst 
pressure of low carbon steel sheets with different 
thicknesses (0.48, 0.68, and 0.88 mm). In this test, 
hydraulic pressure was gradually applied to one side of 
a circular sheet specimen while the edges were rigidly 
clamped, producing biaxial tensile stresses until 
fracture occurred. The loading was applied at a 
controlled rate corresponding to a deformation speed of 
10 mm/min. The specimens had a fixed diameter of 
180 mm. During testing, the relationship between 
applied hydraulic pressure and dome height was 
recorded until failure [61-63]. Additionally, the 
thickness at the pole (fracture zone) was measured after 

bursting to assess thinning behavior. The experimental 
setup and fractured specimens are shown in Fig. 8. 

 

 
 

Fig. 8. Hydraulic bulge test results of low carbon steel 
sheets with different thicknesses at a speed of 10 
mm/min. 
 
Table 3 presents the hydraulic bulge test results of 
fixed low carbon steel sheet specimens with different 
thicknesses (0.48, 0.68, and 0.88 mm), including burst 
pressure, dome height, and thickness at failure. The 
results show that burst pressure increases with 
increasing sheet thickness, reaching a maximum value 
of 11.58 MPa for the 0.88 mm specimen. Similarly, the 
maximum dome height was highest for the 0.88 mm 
sheet (40.82 mm), indicating superior formability 
under biaxial stress conditions. In contrast, the 0.48 
mm sheet exhibited the lowest burst pressure (6.6 
MPa) and greater thinning at failure. These findings 
confirm that thicker sheets possess higher resistance to 
bursting and improved deformation capability during 
hydraulic bulging. 

 

Table 3. Hydraulic bulge test results of the fixed samples with different thickness of low carbon steel sheet. 

Samples Type Burst Pressure (MPa) Sample height (mm) Thickness at failure (mm) 
sample with (t = 0.48mm) 6.6 32.633 0.229 

3.3 Effect of the hydraulic bulge test compared 
with the Nakazima test on sheet metal 
formability 

Fig. 9 (a, b, and c) presents a comparison between the 
hydraulic bulge test (fixed sample) and the Nakazima 
test (full-width sample) for low carbon steel sheets 
with thicknesses of 0.48 mm, 0.68 mm, and 0.88 mm, 
respectively. The curves illustrate the relationship 

between applied stress and dome height for both testing 
methods. 

(a) Sample thickness 0.48 mm 

In Fig. 9(a), the hydraulic bulge test curve (blue) shows 
higher applied stress and greater dome height 
compared with the Nakazima test curve (red). The 
hydraulic bulge specimen reaches a burst pressure of 
approximately 6.6 MPa at a dome height of about 32.6 
mm, whereas the Nakazima specimen fractures at 
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height prior to fracture. The 0.88 mm specimen 
recorded the highest maximum stress (9.2 MPa) and 
dome height (36.423 mm), demonstrating superior 
formability. In contrast, the 0.48 mm sheet showed the 
lowest stress and thickness at failure, indicating earlier 
necking and fracture. These findings confirm that 
thicker sheets exhibit enhanced resistance to localized 
thinning and improved forming performance. 
The improvement in formability with increasing sheet 
thickness can be explained by the greater resistance of 
thicker sheets to localized thinning and instability 
during biaxial deformation. A thicker sheet has a 

higher load-carrying capacity and can sustain greater 
plastic strain before necking occurs. In addition, the 
thickness increase improves stress distribution through 
the sheet section and reduces the severity of strain 
localization at the pole region. Thicker sheets also 
retain more residual thickness during deformation, 
which delays fracture initiation and allows higher 
dome heights and burst pressures to be reached. 
Therefore, the superior performance of the 0.88 mm 
sheet is scientifically attributed to improved structural 
rigidity, delayed necking, and better strain 
accommodation under hydroforming conditions. 

Table 2. Formability analysis results of low carbon steel sheets with different thicknesses. 

Samples Type Maximum Stress (MPa) Height at Failure (mm) Thickness at Failure (mm) 
sample with (t = 0.48mm) 4.6 30.205 0.186 
sample with (t = 0.68mm) 6.4 29.05 0.295 
sample with (t = 0.88mm) 9.2 36.423 0.299 

Samples Type Maximum Stress (MPa) Height at Failure (mm) Thickness at Failure (mm) 
From Fig. 7 and Table 2, it is evident that the 0.88 mm 
thick sheet exhibited the highest formability, reaching a 
maximum stress of 9.2 MPa and a dome height of 
36.423 mm before failure. In comparison, the 0.68 mm 
and 0.48 mm sheets reached maximum stresses of 6.4 
MPa and 4.6 MPa, respectively. The increased 
thickness enhances load-carrying capacity and delays 
localized necking, resulting in greater deformation 
before fracture. Moreover, higher ductility and strain 
hardening capability contribute to improved 
formability. 

3.2 Hydraulic bluge test 

The hydraulic bulge test, considered a specialized 
application of the sheet hydroforming process, was 
conducted to evaluate the formability and burst 
pressure of low carbon steel sheets with different 
thicknesses (0.48, 0.68, and 0.88 mm). In this test, 
hydraulic pressure was gradually applied to one side of 
a circular sheet specimen while the edges were rigidly 
clamped, producing biaxial tensile stresses until 
fracture occurred. The loading was applied at a 
controlled rate corresponding to a deformation speed of 
10 mm/min. The specimens had a fixed diameter of 
180 mm. During testing, the relationship between 
applied hydraulic pressure and dome height was 
recorded until failure [61-63]. Additionally, the 
thickness at the pole (fracture zone) was measured after 

bursting to assess thinning behavior. The experimental 
setup and fractured specimens are shown in Fig. 8. 

 

 
 

Fig. 8. Hydraulic bulge test results of low carbon steel 
sheets with different thicknesses at a speed of 10 
mm/min. 
 
Table 3 presents the hydraulic bulge test results of 
fixed low carbon steel sheet specimens with different 
thicknesses (0.48, 0.68, and 0.88 mm), including burst 
pressure, dome height, and thickness at failure. The 
results show that burst pressure increases with 
increasing sheet thickness, reaching a maximum value 
of 11.58 MPa for the 0.88 mm specimen. Similarly, the 
maximum dome height was highest for the 0.88 mm 
sheet (40.82 mm), indicating superior formability 
under biaxial stress conditions. In contrast, the 0.48 
mm sheet exhibited the lowest burst pressure (6.6 
MPa) and greater thinning at failure. These findings 
confirm that thicker sheets possess higher resistance to 
bursting and improved deformation capability during 
hydraulic bulging. 

 

Table 3. Hydraulic bulge test results of the fixed samples with different thickness of low carbon steel sheet. 

Samples Type Burst Pressure (MPa) Sample height (mm) Thickness at failure (mm) 
sample with (t = 0.48mm) 6.6 32.633 0.229 

3.3 Effect of the hydraulic bulge test compared 
with the Nakazima test on sheet metal 
formability 

Fig. 9 (a, b, and c) presents a comparison between the 
hydraulic bulge test (fixed sample) and the Nakazima 
test (full-width sample) for low carbon steel sheets 
with thicknesses of 0.48 mm, 0.68 mm, and 0.88 mm, 
respectively. The curves illustrate the relationship 

between applied stress and dome height for both testing 
methods. 

(a) Sample thickness 0.48 mm 

In Fig. 9(a), the hydraulic bulge test curve (blue) shows 
higher applied stress and greater dome height 
compared with the Nakazima test curve (red). The 
hydraulic bulge specimen reaches a burst pressure of 
approximately 6.6 MPa at a dome height of about 32.6 
mm, whereas the Nakazima specimen fractures at 

around 4.6 MPa and approximately 30 mm height. The 
improved performance under hydraulic bulging is 
attributed to the uniform biaxial tensile stress 
distribution generated by fluid pressure, which delays 
localized necking and enhances deformation capacity. 

(b) Sample thickness 0.68 mm 

Fig. 9(b) demonstrates a similar trend for the 0.68 mm 
sheet. The hydraulic bulge test achieves a higher 
maximum pressure (≈9.58 MPa) compared with the 
Nakazima test (≈6.4 MPa). Although the dome heights 
are relatively close (about 30–31 mm), the hydraulic 
bulge method sustains significantly higher stress before 
failure. This indicates improved load-bearing capacity 
and more uniform strain distribution in the bulge test. 

(c) Sample thickness 0.88 mm 

For the 0.88 mm sheet (Fig. 9(c)), the difference 
becomes more pronounced. The hydraulic bulge test 
reaches the highest burst pressure (≈11.58 MPa) and 
dome height (≈40.8 mm), while the Nakazima test 
fractures at approximately 9.2 MPa and 36.4 mm. The 
thicker sheet benefits more from the hydraulic pressure 
mechanism, which enhances biaxial stretching and 
delays fracture initiation. 

For all thicknesses, the hydraulic bulge test 
consistently produces higher applied stress and greater 
dome height at failure compared to the Nakazima test. 
This confirms that the hydraulic bulge test provides 
enhanced formability due to: 

• More uniform biaxial stress distribution 

• Reduced friction effects between punch and sheet 

• Delayed localized necking 

• Improved material utilization during deformation 

Additionally, increasing sheet thickness further 
improves formability in both tests; however, the 
improvement is more significant under hydraulic 
bulging conditions. 

Fig. 9 clearly demonstrates that the hydraulic bulge test 
yields superior formability performance compared to 
the Nakazima test for low carbon steel sheets, 
particularly for thicker specimens. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9. Comparison between hydraulic bulge test and 
Nakazima test results showing the relationship between 
applied stress and dome height for low carbon steel 
sheets with thicknesses of (a) 0.48 mm, (b) 0.68 mm, 
and (c) 0.88 mm 

The comparative analysis between the hydraulic bulge 
test and the Nakazima test, as illustrated in Figs. 7 and 
9, indicates a clear improvement in formability after 
the sheet hydroforming operation. For all investigated 
thicknesses of low carbon steel sheets, the hydraulic 
bulge test produced greater dome heights compared to 
the conventional Nakazima test. This increase in 
sample height reflects enhanced biaxial stretchability 
and improved strain distribution under hydraulic 
pressure. The fluid pressure in the bulge test promotes 
more uniform deformation, thereby delaying localized 
necking and allowing the material to withstand higher 
stresses before fracture. Furthermore, the failure 
location differs significantly between the two tests. In 
the hydraulic bulge test, fracture consistently occurs at 
the pole (top region) of the dome due to excessive 
thinning under biaxial tensile stresses and reduced 
support at maximum expansion. In contrast, the 
Nakazima test specimens typically fail along the 
sidewall region, where stress concentration and friction 
between the punch and sheet are more pronounced. 

The assessment of forming limits in this study is based 
on the combined analysis of dome height, burst 
pressure, and thickness reduction under both Nakazima 
and hydraulic bulge testing conditions. The hydraulic 
bulge test provides a more representative evaluation of 
biaxial stress states, resulting in improved formability 
compared to the Nakazima test. In addition, hardness 
distribution was evaluated at the pole region, which 
corresponds to the zone of maximum deformation. The 
significant increase in micro-hardness values after 
hydroforming confirms the occurrence of strain 
hardening due to plastic deformation. This combined 
evaluation of forming limits and hardness evolution 
provides a comprehensive understanding of material 
behavior under hydroforming conditions. 

The hydraulic bulge test showed consistently higher 
formability limits than the Nakazima test for all 
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investigated sheet thicknesses. For the 0.48 mm sheet, 
the hydraulic bulge test reached 6.6 MPa and 32.633 
mm dome height, compared with 4.6 MPa and 30.205 
mm in the Nakazima test. For the 0.68 mm sheet, the 
hydraulic bulge test reached 9.58 MPa and 30.45 mm, 
whereas the Nakazima test reached 6.4 MPa and 29.05 
mm. For the 0.88 mm sheet, the hydraulic bulge test 
achieved 11.58 MPa and 40.82 mm, compared with 9.2 
MPa and 36.423 mm in the Nakazima test. These 
quantitative differences indicate that hydraulic bulging 
promotes a more uniform biaxial stress distribution, 
delays localized necking, and increases the attainable 
formability limit relative to punch-based forming. 

4 Conclusion 
The conclusions presented in this study are directly 
supported by the experimental results obtained from 
formability tests and hardness measurements. The 
observed increase in dome height, burst pressure, and 
micro-hardness values is consistent with the enhanced 
deformation behavior and strain hardening effect 
induced by hydroforming. The agreement between 
experimental data and the derived conclusions 
confirms the validity and reliability of the findings. 
Based on the experimental investigation conducted on 
low carbon steel (AISI 1008) sheets with thicknesses of 
0.48 mm, 0.68 mm, and 0.88 mm, the following 
conclusions can be drawn: The results demonstrate that 
sheet hydroforming using the hydraulic bulge test 
significantly improves the formability of low carbon 
steel sheets compared with the conventional Nakazima 
test. For all thicknesses, the hydraulic bulge test 
produced higher applied stresses and greater dome 
heights at failure. The maximum burst pressures 
recorded were 6.6 MPa, 9.58 MPa, and 11.58 MPa for 
thicknesses of 0.48 mm, 0.68 mm, and 0.88 mm, 
respectively. In comparison, the maximum stresses 
obtained from the Nakazima test were 4.6 MPa, 6.4 
MPa, and 9.2 MPa. The 0.88 mm sheet exhibited the 
best overall performance, achieving the highest dome 
height and load-carrying capacity. Experimental results 
showed that at 0.88 mm thickness, the maximum 
product height reached 37.16 mm, while the thickness 
at the pole after deformation was 0.559 mm. 
Furthermore, the micro-hardness at the pole increased 
to 187.9 HV0.2, indicating strain hardening due to 
plastic deformation during hydroforming. Failure 
analysis revealed that fracture in the hydraulic bulge 
test occurred at the top (pole) of the dome due to 
excessive thinning under biaxial tensile stresses. In 
contrast, fracture in the Nakazima test typically 
occurred along the side region, where stress 
concentration and friction effects are higher. Increasing 
sheet thickness enhances resistance to thinning, delays 
localized necking, and improves formability. The 
hydraulic bulge process provides more uniform stress 
distribution and superior deformation behavior, 
confirming its effectiveness in improving both 
formability and mechanical properties of low carbon 
steel sheets. Despite the promising findings, this study 
has certain limitations. The investigation was limited to 

three sheet thicknesses and constant testing conditions, 
without considering the effects of strain rate, 
temperature, lubrication, or die geometry variations. In 
addition, the microstructural analysis was restricted to 
hardness measurements without detailed microscopic 
examination. Future work should include a broader 
parametric study, advanced microstructural 
characterization, and numerical simulations to further 
validate and extend the current findings. The measured 
hardness increase at the pole region is directly related 
to the local strain distribution developed during 
hydroforming. The pole is the zone of maximum 
biaxial stretching and therefore experiences the highest 
plastic deformation. As deformation proceeds, 
dislocation density increases within the material, 
leading to strain hardening and a corresponding rise in 
micro-hardness. Thus, the elevated hardness value 
measured at the pole reflects the local accumulation of 
plastic strain and confirms that hydroforming not only 
changes the geometry of the sheet but also strengthens 
the material locally through work-hardening. In this 
sense, hardness distribution can be considered an 
indirect indicator of strain distribution in the formed 
part. the experimental results are consistent with 
established hydroforming theory and previous studies 
on biaxial sheet deformation. The higher dome heights 
and stress levels observed in the hydraulic bulge test 
agree with the well-known principle that fluid-pressure 
loading produces a more uniform biaxial stress state 
and reduces friction-related strain localization 
compared with punch-based forming. The observed 
improvement in formability with increasing sheet 
thickness is also consistent with classical sheet forming 
behavior, where thicker materials exhibit greater 
resistance to necking and fracture. Similarly, the 
increase in hardness at the pole is in agreement with 
strain-hardening theory, according to which regions 
subjected to higher plastic strain exhibit higher 
hardness. Therefore, the present findings are 
scientifically consistent with both theoretical 
expectations and prior hydroforming literature. 
Although repeatability was improved through repeated 
measurements and averaging, detailed statistical error 
analysis was beyond the scope of the present study. 
The results have important practical implications for 
industrial hydroforming applications. First, they show 
that increasing sheet thickness within the investigated 
range improves burst pressure capacity, dome height, 
and resistance to localized thinning, which can assist in 
selecting suitable blank thickness for components 
requiring higher formability and structural integrity. 
Second, the superior performance of hydraulic bulging 
compared with the Nakazima test confirms that 
hydroforming is advantageous for producing parts with 
more uniform strain distribution and reduced risk of 
premature fracture. Third, the increase in hardness at 
the pole indicates that hydroformed components may 
exhibit beneficial local strengthening in highly 
deformed regions. These findings can support process 
design by helping engineers define safe forming limits, 
select appropriate material thickness, and optimize 
hydroforming conditions for low-carbon steel 
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investigated sheet thicknesses. For the 0.48 mm sheet, 
the hydraulic bulge test reached 6.6 MPa and 32.633 
mm dome height, compared with 4.6 MPa and 30.205 
mm in the Nakazima test. For the 0.68 mm sheet, the 
hydraulic bulge test reached 9.58 MPa and 30.45 mm, 
whereas the Nakazima test reached 6.4 MPa and 29.05 
mm. For the 0.88 mm sheet, the hydraulic bulge test 
achieved 11.58 MPa and 40.82 mm, compared with 9.2 
MPa and 36.423 mm in the Nakazima test. These 
quantitative differences indicate that hydraulic bulging 
promotes a more uniform biaxial stress distribution, 
delays localized necking, and increases the attainable 
formability limit relative to punch-based forming. 

4 Conclusion 
The conclusions presented in this study are directly 
supported by the experimental results obtained from 
formability tests and hardness measurements. The 
observed increase in dome height, burst pressure, and 
micro-hardness values is consistent with the enhanced 
deformation behavior and strain hardening effect 
induced by hydroforming. The agreement between 
experimental data and the derived conclusions 
confirms the validity and reliability of the findings. 
Based on the experimental investigation conducted on 
low carbon steel (AISI 1008) sheets with thicknesses of 
0.48 mm, 0.68 mm, and 0.88 mm, the following 
conclusions can be drawn: The results demonstrate that 
sheet hydroforming using the hydraulic bulge test 
significantly improves the formability of low carbon 
steel sheets compared with the conventional Nakazima 
test. For all thicknesses, the hydraulic bulge test 
produced higher applied stresses and greater dome 
heights at failure. The maximum burst pressures 
recorded were 6.6 MPa, 9.58 MPa, and 11.58 MPa for 
thicknesses of 0.48 mm, 0.68 mm, and 0.88 mm, 
respectively. In comparison, the maximum stresses 
obtained from the Nakazima test were 4.6 MPa, 6.4 
MPa, and 9.2 MPa. The 0.88 mm sheet exhibited the 
best overall performance, achieving the highest dome 
height and load-carrying capacity. Experimental results 
showed that at 0.88 mm thickness, the maximum 
product height reached 37.16 mm, while the thickness 
at the pole after deformation was 0.559 mm. 
Furthermore, the micro-hardness at the pole increased 
to 187.9 HV0.2, indicating strain hardening due to 
plastic deformation during hydroforming. Failure 
analysis revealed that fracture in the hydraulic bulge 
test occurred at the top (pole) of the dome due to 
excessive thinning under biaxial tensile stresses. In 
contrast, fracture in the Nakazima test typically 
occurred along the side region, where stress 
concentration and friction effects are higher. Increasing 
sheet thickness enhances resistance to thinning, delays 
localized necking, and improves formability. The 
hydraulic bulge process provides more uniform stress 
distribution and superior deformation behavior, 
confirming its effectiveness in improving both 
formability and mechanical properties of low carbon 
steel sheets. Despite the promising findings, this study 
has certain limitations. The investigation was limited to 

three sheet thicknesses and constant testing conditions, 
without considering the effects of strain rate, 
temperature, lubrication, or die geometry variations. In 
addition, the microstructural analysis was restricted to 
hardness measurements without detailed microscopic 
examination. Future work should include a broader 
parametric study, advanced microstructural 
characterization, and numerical simulations to further 
validate and extend the current findings. The measured 
hardness increase at the pole region is directly related 
to the local strain distribution developed during 
hydroforming. The pole is the zone of maximum 
biaxial stretching and therefore experiences the highest 
plastic deformation. As deformation proceeds, 
dislocation density increases within the material, 
leading to strain hardening and a corresponding rise in 
micro-hardness. Thus, the elevated hardness value 
measured at the pole reflects the local accumulation of 
plastic strain and confirms that hydroforming not only 
changes the geometry of the sheet but also strengthens 
the material locally through work-hardening. In this 
sense, hardness distribution can be considered an 
indirect indicator of strain distribution in the formed 
part. the experimental results are consistent with 
established hydroforming theory and previous studies 
on biaxial sheet deformation. The higher dome heights 
and stress levels observed in the hydraulic bulge test 
agree with the well-known principle that fluid-pressure 
loading produces a more uniform biaxial stress state 
and reduces friction-related strain localization 
compared with punch-based forming. The observed 
improvement in formability with increasing sheet 
thickness is also consistent with classical sheet forming 
behavior, where thicker materials exhibit greater 
resistance to necking and fracture. Similarly, the 
increase in hardness at the pole is in agreement with 
strain-hardening theory, according to which regions 
subjected to higher plastic strain exhibit higher 
hardness. Therefore, the present findings are 
scientifically consistent with both theoretical 
expectations and prior hydroforming literature. 
Although repeatability was improved through repeated 
measurements and averaging, detailed statistical error 
analysis was beyond the scope of the present study. 
The results have important practical implications for 
industrial hydroforming applications. First, they show 
that increasing sheet thickness within the investigated 
range improves burst pressure capacity, dome height, 
and resistance to localized thinning, which can assist in 
selecting suitable blank thickness for components 
requiring higher formability and structural integrity. 
Second, the superior performance of hydraulic bulging 
compared with the Nakazima test confirms that 
hydroforming is advantageous for producing parts with 
more uniform strain distribution and reduced risk of 
premature fracture. Third, the increase in hardness at 
the pole indicates that hydroformed components may 
exhibit beneficial local strengthening in highly 
deformed regions. These findings can support process 
design by helping engineers define safe forming limits, 
select appropriate material thickness, and optimize 
hydroforming conditions for low-carbon steel 

components used in automotive, structural, and general 
sheet metal applications. 
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