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Sheet hydroforming is an advanced metal forming process that utilizes hydraulic pressure to
manufacture complex sheet components with high dimensional accuracy and improved mechanical
performance. In this study, 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 are experimentally investigated using the
hydraulic bulge test and compared with the conventional Nakazima formability test. All specimens had
a diameter of 180 mm and are tested at a deformation speed of 10 mm/min. The Nakazima test results
showed that the maximum stresses are 4.6 MPa, 6.4 MPa, and 9.2 MPa for 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. In contrast, the hydraulic bulge test demonstrated superior performance, with burst
pressures of 6.6 MPa, 9.58 MPa, and 11.58 MPa, and dome heights of 32.633 mm, 30.45 mm, and
40.82 mm for the same thicknesses. Thickness at failure increased with initial sheet thickness, reaching
0.345 mm for the 0.88 mm specimen. Hardness measurements conducted at the pole using a 200 g load
(HVO0.2) revealed significant strain hardening after hydroforming. For the 0.88 mm sheet, the
maximum product height was 37.16 mm, with a pole thickness of 0.559 mm and a micro-hardness
value of 187.9 HVO0.2. The results confirm that sheet hydroforming enhances formability, load-bearing
capacity, and surface integrity compared with conventional forming methods. In addition,
nanotechnology-based approaches such as nanoscale grain refinement, nanoparticle-assisted
lubrication, and nano-enhanced surface engineering can further improve deformation uniformity,
reduce friction effects, and enhance strain hardening behavior during hydroforming processes.
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1. INTRODUCTION

Metal forming processes have evolved significantly to meet the increasing demand for lightweight,
high-strength, and geometrically complex components in modern industries [1, 2]. Conventional sheet
metal forming techniques such as deep drawing and stamping are widely used; however, they are oftel
limited by issues such as naniform strain distribution, excessive thinning, wrinkling, and early
fracture [3, 4]. To overcome these limitations, advanced forming technologies have been developed,
among which sheet hydroforming has gained considerable attention [5, 6]. Sheet hydroforming utilizes
hydraulic pressure as a forming medium, allowing more uniform stress distribution and improved
control of material flow. This leads to enhanced formability, redwspethg back improved surface

finish, and the capability to manufacture nreatshape components with minimal secondary
operations [6, 7]. As industries such as automotive and aerospace continue to prioritize weight
reduction and structural performance, hydroforming has emerged as a promising alternative to
conventional forming processeSheet hydroforming is an advanced metal forming process that
utilizes pressurized fluid to shape ductile sheet materials into complex geometries [8, 9]. Unlike
conventional stamping, where a rigid punch directly deforms the sheet, hydroforming applies uniform
hydraulic pressure to force the sheet against a die surface [10]. This results in improved strain
distribution, enhanced surface finish, and increased formability [11]. The process is widely applied to
ductile materials such as aluminum alloys, brass, stainless steel, and low carbon steel due to thei
favorable deformation characteristics [10, 1lh].sheet hydroforming with a die, the sheet blank is
clamped between the die and the blank holder, while hydraulic pressure is applied on one side of the
sheet [12]. The blank holder plays a critical role in regulating material flow from the flange into the die
cavity and preventing wrinkling or leakage of the pressurized fluid. The controlled application of
pressure enables the production of lightweight, rigid, and structurally strong components with reduced
springback and improved dimensional accuracy. Consequently, sheet hydroformed components are
extensively used in automotive body panels, roofs, structural reinforcements, aerospace parts,
cookware, medical devices, and precision metalworking applications [ABhough sheet
hydroforming offers superior surface quality, higher formability limits, and-netshape production
capability, its adoption is sometimes limited by higher tooling and operational costs compared to
conventional stamping processes [14]. However, for complex geometries angehigimance
components, hydroforming presents a technically and economically viable solution, particularly when
the reduction in secondary operations and assembly requirements is considereaW&rbon steel

sheets are among the most widely used materials in sheet metal forming due to their good ductility,
weldability, moderate strength, and ceffiectiveness [1€20]. Materials suitable for cold forming
processes are generally compatible with hydroforming, provided they possess adequate elongation,
high strain hardening exponent, fine grain structure, and a significant difference between yield strength
and ultimate tensile strength f215] . These properties enhance t h
plastic deformation without localized necking or premature fracture. Additionally, the required
forming pressure must be evaluated in relation to equipment capabilities during material selection [26
30]. Despite the advantages of sheet hydroforming, challenges remain in fully understanding the
influence of sheet thickness on formability and the evolution of mechanical properties during hydraulic
bulging. Conventional formability assessment methods such as the Nakazima test provide forming
limit diagrams under specific strain paths, but they may not accurately represent the biaxial stress stats
experienced during hydraulic bulge forming. Furthermore, limited experimental data are available
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regarding the correlation between maximum dome height, thickness reduction at the pole, and micro
hardness variation in low carbon steel sheets subjected to hydroforming.

Previous research has primarily focused on aluminum alloys anestiggigth steels in hydroforming
applications, while comparatively fewer studies have investigated 1008 low carbon steel sheets undel
hydraulic bulge conditions. In addition, limited comparative analyses exist between hydraulic bulge
testing and the Nakazima test for different sheet thicknesses. The combined evaluation of formability
parameters and pe&irming mechanical properties, particularly hardness distribution at critical
regions such as the pole, remains insufficiently explofdds study is limited to three sheet
thicknesses of 1008 low carbon steel and specific hydroforming conditions. The effects of strain rate,
lubrication, temperature variation, die geometry modifications, and numerical simulation aagdysis

not considered. Microstructural characterization beyond hardness measurement was also outside th
scope of this investigation. Recent advances in nanotechnology have provided new opportunities to
enhance metal forming processes through nanoscale control of material behavior. Nanostructurec
materials and nanopartiessisted techniques can improve grain refinement, reduce friction during
deformation, and enhance strain distribution in sheet metal forming. In hydroforming, nanotechnology
can contribute to improved formability limits, reduced surface defects, and enhanced mechanical
properties by modifying deformation mechanisms at the nanodoalbis paper, an experimental
investigation of sheet hydroforming applied to 1008 low carbon steel sheets is presented. Hydraulic
bulge testareconducted to assess formability and compared with Nakazima test results. The influence
of sheet thickness on maximum dome height, thickness reduction at the pole, antiardoess
distribution was analyzed. The results contribute to a better understanding of the capability of sheet
hydroforming to enhance formability and mechanical properties of low carbon steel sheets

2. EXPERIMENTAL PROCEDURE
2.1. Sheet metal and chemical composition

Low carbon steel sheets with thicknesses of 0.48, 0.68, and 0.88 mm are used in this study. The
material was selected due to its good formability, low cost, wide industrial availability, and suitability
for hydroforming applications [16, 31]. Chemical composition analysis was performed using a
spectrometer at the State Company for Inspection and Engineering Rehabilitation. The material was
identified as AISI 1008 steel based on the obtained results. Table 1 presents the measured chemical
composition of the low carbon steel sheets alongside the standard AISI 1008 specification [32]. The
results confirm that the tested material falls within the acceptable compositional range of AISI 1008
steel [17, 33].

Table 1 Chemical composition of the investigated sheet material compared with AISI 1008 standard.

Sample type | oy | giog | M2 | poy | 505 | cr% | MO | Nivh | Al% | Cu% | Fe%

% %
Low carbon 0.06 | 0.01 | 0.15 | 0.02 | 0.00 0.01 0.00 0.00 | 0.00 0.00
steel sheet 2- 6- 9- 3- 5- 4 2- 3 . 9- 993-99.6
materials 0.08 | 0.13 | 0.27 | 0.02 | 0.02 0.04 0.00 0.02 | 0.03 0.03 ) )
7 3 1 8 3 ' 6 ' ' 2

0.3 - > >

0.5 | 0.04 | 0.05 99.3-99.7

1008-AISI >0.1>0.2
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From Table 1, it can be observed that the chemical composition of the investigated sheet material
closely conforms to the standard specifications of AISI 1008 steel. The carbon content ranges between
0.062—-0.087%, which is within the typical limit for low carbon steel and contributes to good ductility
and formability. The manganese content is slightly lower than the standard range (0.3—0.5%), which
may further enhance softness and ease of deformation. Additionally, the low levels of phosphorus and
sulfur indicate good weldability and reduced brittleness. The high iron content (99.3-99.6%) confirms
the material’s classification as low carbon steel. The composition supports its suitability for
hydroforming applications.

2.2. Samples preparation and dimensions

All experimental specimens are prepared using a water jet cutting machine according to the
dimensions illustrated in Figure 1 which presents the geometry and dimensions of the circular
specimen used in the hydraulic bulge test. Water jet cutting was selected because it is a cold cutting
process that prevents the formation of heat-affected zones, thereby preserving the original mechanical
and microstructural properties of the sheet material. This method also ensures high dimensional
accuracy, smooth edge quality, and improved safety during operation. The circular blanks are
produced with precise geometry to ensure uniform clamping and accurate pressure distribution during
the hydraulic bulge test [34-36].

D

P

Fixed Sample Used in Hydraulic Bulge Test

Figure 1 Fixed sample used in hydraulic bulge test (dimensions in mm).
2.3. Mechanical hydraulic pump and dies

The mechanical hydraulic forming system used in this study was locally designed and manufactured
based on the operating principles of automotive engine pistons and conventional hydraulic jacks. The
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device operates as a manually driven hydraulic press in which mechanical force is converted into
hydraulic pressure to deform the sheet specimen. The system consists of an upper die, flange, container
(pressure chamber), piston, cover, Teflon bush for sealing, pressure spring, base plate, and an analog
pressure gauge for monitoring internal pressure, as shown in Figure 2. The hydraulic unit is a manual
mechanical hydraulic pump, manufactured and assembled in Iraq, specifically for laboratory-scale
hydroforming experiments. The system operates using water as the pressure medium. The pressure
gauge has a working range of 0—400 bar, enabling controlled application of hydraulic pressure during
the bulge test. The device is suitable for small-scale experimental investigations and allows accurate
control of pressure buildup until specimen failure [18,37-40].
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Figure 2 Mechanical hydraulic pump and die assembly used for the hydraulic bulge test.
2.4. Formability test (Nakazima test) die

To perform 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 shown in Figure 3. This modification allowed the device to simulate the stretching conditions
required for generating forming limit data under controlled loading. The hemispherical punch induces
biaxial tensile stresses in the sheet specimen until localized necking or fracture occurs. Both the punch
and piston are manufactured from medium carbon steel (AISI 1045 / Steel 45) due to its good strength,
wear resistance, and machinability. The punch surface was carefully finished to reduce friction effects
during testing [19, 41-45].



Exp. Theo. NANOTECHNOLOQ@Y (2026) 94564

Figure 3 Hemispherical punch (Steel 45) welded to the piston for Nakazima formability test.

2.5. Measurement equipment (tools)
2.5.1. Hardness device

The mechanical properties of the formed specimens are evaluated using the Vickers micro-hardness
test, conducted at the pole (highest deformation zone) of each sample. A digital micro Vickers
hardness tester was employed, as shown in Figure 4. The device operates with a power supply of
110/220 V and 50/60 Hz and is equipped with a cold light illumination system to ensure clear visibility
of the indentation. The microscope provides magnifications of 100x and 400x for accurate
measurement of indentation diagonals. The testing range of the device extends from 1 HV to 2967 HV,
with an adjustable dwell time between 5 and 60 seconds. The Vickers test is based on pressing a
square-based diamond pyramid indenter into the material surface under a specified load and measuring
the diagonal length of the resulting impression. 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. During testing, the punch
was positioned beneath the specimen to provide stable support and prevent damage [46, 47]. Multiple
indentations are performed on each specimen, and the average value was calculated to ensure reliable
and consistent hardness results [20,21].
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Figure 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 illustrated in Figure 5. The machine was utilized as a precision measuring device by
taking advantage of its calibrated worktable, digital readout system, and controlled axis movements.
Each formed sample was securely fixed on the machine worktable to ensure stability and measurement
accuracy. To measure the dome height, the cutting tool was replaced with a probe mounted in the tool
holder. The reference plane was first established by setting the x- and y-axes to zero at the specimen
center. The probe was then carefully loared along the z-axis until it contacted the highest point (pole)
of the dome. The vertical displacement shown on the digital monitor was recorded as the product
height. This method provides high measurement accuracy due to the precise positioning capability of
the NC milling machine. Multiple measurements are performed for each specimen to ensure
repeatability, and the average value was considered as the final dome height [48-50].
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Figure 5 Measurement of dome height using NC milling machine (MF1 Farsmachine).

2.6.  Nanotechnology-based enhancement in hydroforming

Nanotechnology-based approaches can be integrated into hydroforming processes through the use of
nanoparticle-based lubricants and nanoscale surface modifications. Nanoparticles such as graphene,
MoS:, and AL:Os can be introduced to reduce friction between the sheet and tooling surfaces, resulting
in more uniform strain distribution and delayed localized necking. Additionally, nanoscale grain
refinement techniques can enhance strain hardening and improve mechanical properties of the formed
components. Although not experimentally applied in this study, these approaches represent promising
future enhancements for hydroforming processes.

3. RESULTS AND DISCUSSION
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 are 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 Figure 6, while the stress—height (deformation) relationship is
presented in Figure 7.
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Figure 6 Nakazima test experiments of low carbon steel sheet samples with different thicknesses.

12
] formability sample with (t= 0.88 mm)
formability sample with (t= 0.68 mm)
10 formability sample with (t= 0.48 mm)

[+.2]
Ly

Deformation Stress (MPa)

Sample Height (Deformation) (mm)

Figure 7 Formability analysis of low carbon steel sheets at a testing speed of 10 mm/min.

Figure 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
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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. Figure 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
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.

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

From Figure 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 bulge 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 are 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 Figure 8.






